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Nanohybrid liposomes coated with amphiphilic hyaluronic acid–
ceramide (HACE) was developed for targeted delivery of anticancer drug and
in vivo cancer imaging. Doxorubicin (DOX) and Magnevist were used as a
model anticancer drug and a magnetic resonance (MR) imaging probe,
respectively. Nano-sized liposomal formulation which has mean diameter
ranged from 120 to 130 nm and a narrow size distribution was developed.
Encapsulation efficiency of DOX in liposomes was higher than 50%, and zeta
potential of HACE-used liposomes (F3) was negatively higher than that of
control liposomes (F2), indicating that liposomal surface was coated with
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HACE. When the particle size distribution of both formulations was
monitored in serum condition, HACE-coated liposomes showed enhanced
stability than control liposomes, without forming aggregation. The prepared
formulation showed sustained release profile and the release rate of DOX was
increased in acidic pH than in physiological pH. In vitro cytotoxicity study,
HACE-coated liposomes exhibited reduced cytotoxicity compared with
control liposomes. In cellular uptake study, uptake of DOX from HACEcoated liposomes was improved by the interaction between HA and CD44
receptor. By MR imaging study, HACE-coated liposomes were demonstrated
to have enhanced diagnostic activity with passive targeting and active
targeting. In a pharmacokinetic study in rats, DOX encapsulated in liposomal
formulation showed significantly prolonged circulation compared to DOX
solution. In addition, pharmacokinetic parameters of liposomal formulation
were further enhanced by surface coating with HACE, indicating that
introducing HACE can increase in vivo stability. Based on these results, the
HACE-coated nanoliposomal formulation may be a promising delivery
system for targeted cancer therapy and cancer diagnosis.

Keywords: HACE; nanoliposomal formulation; tumor targeting; drug
delivery; MR imaging; pharmacokinetic property
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1. Introduction

1.1. Anticancer drugs

For the treatment of cancer, various types of anticancer drug have been
developed for several decades. Each developed drug has its own mechanisms
to cause cytotoxicity against cancer cells, including DNA-alkylation, DNAcrosslinking with organic heavy metal complex, topoisomerase inhibition,
antimetabolites, and intercalation with DNA [1]. With these mechanisms, the
drugs provoke apoptosis facilitation, metastasis inhibition, or angiogenesis
inhibition, eventually treating cancer [2].
However, these anticancer drugs also have cytotoxicity against normal
cells, thus they can cause unintended adverse effects. Because most of the
anticancer drugs have low selectivity against tumor cells, unwanted
accumulation of drug in normal tissues can be occurred, and this phenomenon
can deteriorate cancer treatment. For example, doxorubicin, one of the
anthracycline antibiotics, is reported to have a broad anticancer activity
spectrum, so it can be used to treat various types of solid tumor [3, 4]. But the
drug can cause cardiotoxicity and myelosuppression [5, 6]. Because of this
dose-dependent toxicity and narrow therapeutic index, dose augmentation can
be limited [7]. In another case, docetaxel, one of the most impactive
anticancer agent over the past decade, shows cytotoxicity by blocking
microtubules’ function and inhibiting anti-apoptotic gene Bcl2 [8, 9]. With
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these function, docetaxel has been used to treat many types of cancer,
including breast cancer, non-small cell lung cancer, gastric adenocarcinoma,
prostate cancer, and squamous cell cancer [10]. However, like other antitumor
agents, these activities are not only aimed at tumor cells, but also at normal
cells, thus the drug may raise haematologic side effects, thrombocytopenia,
leukopenia, and anaemia, for example [10].
Except the adverse effects mentioned above, furthermore, the anticancer
agents have other drawbacks, such as stability, solubility, and pharmacokinetic
problems. For instance, camptothecin, a topoisomerase-targeting natural plant
alkaloid, is reported to have a potent anticancer activity, but the drug has some
limitations to be used in cancer treatment because of its poor water solubility
and structural instability [11-13]. Camptothecin has an active lactone ring
which can be rapidly hydrolyzed in bloodstream and become less active
molecule [14, 15]. Meanwhile, doxorubicin, a potent anticancer agent
explained above, shows very short distribution half-life and large volume of
distribution when it is administered as a free form [16]. This rapid systemic
distribution and short blood circulation can cause systemic toxicity and
inefficient treatment.

1.2. Nanoparticulate delivery systems

As mentioned above, applying the anticancer drugs as an unfabricated
form has numerous defects, leading to cancer treatment failure. To solve these
problems, nanoparticulate carriers were introduced to drug delivery system.
2

There are various types of nano-sized drug delivery systems, including
liposomes, polymeric micelles, solid lipid nanoparticles, nanoemulsion,
dendrimers, and nanocomplexs. Diverse types of nanoparticulate drug
delivery systems were developed, and these systems have gained much
interests for cancer treatment [17-25].
Compared to unfabricated drug, nanoparticulate systems have numerous
strong points. First, nanoparticles can encapsulate water-insoluble drugs.
Hydrophobic drugs are hard to be absorbed orally, and easy to be precipitated
when they are administered as a solution form. However, by incorporating the
drugs to nanocarriers, drug solubilization problem can be solved. With this
encapsulating property of nanoparticles, we can achieve sustained release
drug delivery system. For the several decades, various methods were
attempted to prepare sustained release system by using nanoparticle systems
[26-29]. Especially, a biocompatible hydrophobic polymer, poly(lactic-coglycolic) acid (PLGA), has been widely researched and usually showed very
long-term release profiles over several weeks [30-33]. In addition,
nanoparticle can enhance encapsulated drug’s stability. It has been reported
that some drugs unstable in the bloodstream can be protected by encapsulation
into nanoparticle system [17, 34]. Moreover, pharmacokinetic properties can
also be improved by nanocarriers. Normally, when hydrophilic drug is applied
intravenously, it is rapidly eliminated by renal filtration [35]. And
hydrophobic drug is usually transformed to hydrophilic metabolite by liver
enzyme. In this case, nanoparticles can avoid uptake by reticuloendothelial
(RES) system. If drug is encapsulated into nanoparticles, the drug can avoid
3

renal filtration and enzymatic metabolization, leading to prolonged blood
circulation.

1.3. Tumor-targeting strategies

Above all, in anticancer drug delivery, tumor-targeting strategies can be
granted via nanoparticle systems. Theoretically, tumor targeting mechanisms
are normally classified into passive targeting and active targeting [36-38].
Between these strategies, passive tumor targeting is founded on enhanced
permeability and retention (EPR) effect, and this effect is based on the
nanoparticles’ physical properties and peculiar characteristics of tumor region.
Generally, it has been reported that tumor site has leaky vasculature condition
and impaired lymphatic drainage system, unlike normal tissues or organs [39,
40]. In this condition, nanoparticles can selectively infiltrate into tumor region,
without penetrating blood vessels of normal tissues. In addition, nanoparticles
accumulated in tumor site are not easily eliminated because of the
dysfunctional

lymphatic

system.

Thus,

anticancer

agent-containing

nanocarriers can be accumulated into tumor region and continuously show
cytotoxicity by releasing the drug gradually.
Although the passive targeting strategy can contribute to the improved
tumor targeted therapy, it also has some drawbacks. The mechanism has low
tumor specificity, and cytotoxic potential to normal cells still exists. To
complement this problem, diverse active targeting strategies have been tried
by using tumor-tartgeting ligands, such as antibody, peptide, polysaccharide
4

and folic acid [41-43]. By conjugating tumor-targeting ligand with polymer,
the polymer-based nanoparticles can be incorporated into tumor cells via
receptor-mediated endocytosis. With this active targeting strategy, anticancer
agents can be delivered to tumor region more selectively, resulting decrease of
nonspecific cytotoxicity to normal cells.

1.4. Hyaluronic acid

Among the various ligands, hyaluronic acid (HA), a biocompatible
polymer, has been widely researched as a tumor-targeting ligand for CD44
receptor which is overexpressed in several types of cancer cells [44-47].
Actually, other targeting ligands, including small molecules, peptides and
proteins, should be conjugated to drugs or nanoparticle-composing polymers
for the targeted anticancer drug delivery [48-50]. However, HA can form
nano-sized formulations and deliver anticancer drugs to tumor site selectively
by itself without conjugating other tumor-targeting ligands. Thus, HA can be a
useful functional polymer which has large potential to be developed to tumortargeting carrier systems.
Among the various nano-sized formulations, HA has been researched to
prepare polymeric micelles by conjugating it with drug itself or other
polymers, PLGA, alkyl chain, deoxycholic acid, for example [51-54].
Polymeric micelles are composed of amphiphilic polymer which has both
hydrophilic group and hydrophobic group. When the polymer is dissolved in
aqueous solvent at relatively high concentration, above the polymer’s own
5

critical micelle concentration (CMC), it can form nano-sized micelles by selfassembling. With this fabrication, hydrophobic group forms core inside of
micelles, and surface of the micelles is composed of polymer’s hydrophilic
group. In this case, poorly soluble drug can be encapsulated into the
hydrophobic inner core and released by degrees.
In our previous studies, hyaluronic acid-ceramide (HACE) composed of
hydrophilic hyaluronic acid oligomer and hydrophobic ceramide(CE) was
synthesized and developed for targeted anticancer drug delivery (Fig.1) [5558]. It was confirmed that HACE has proper amphiphilic property for the
preparation of nano-sized micelles and CD44 receptor-mediated tumor
targetability. In most researches, HACE showed sufficient anticancer drug
encapsulation and sustained drug release profiles. In addition, the HA-based
formulation did not show significant cytotoxicity against tested cells,
indicating the nanocarrier’s demonstrated safety. Above all, through in-depth
investigations of the HACE nanoparticles using various cancer cell lines and
animal models, the particle system was confirmed to have better antitumor
efficacy and pharmacokinetic properties, compared to original anticancer
agents. Furthermore, to overcome the own physicochemical defects of the
HACE particles, other functional polymers were introduced to the delivery
system by mixing or conjugation, and the research showed enhanced
pharmaceutical properties [56-58].

1.5. Preliminary studies
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With these excellent potentials mentioned above, HACE particulate
system was modified or applied to other formulations. First, interconnecting
HACE

polymer

was

attempted

for

the

further

improvement

of

physicochemical characteristics of the HACE-based micelles [59]. Actually,
the HACE nanoparticle system has superb tumor targetability and
pharmacokinetic properties, but the delivery system still has some
shortcomings such as somewhat low drug loading capacity, low in vivo
stability, and insufficient drug release. In vitro release test of our previous
study, only about 20% of drug was released from HACE nanoparticles for a
week [55]. It is reported that surface or core crosslinking has been considered
as a method for controlling drug release rate and in vivo pharmacokinetic
performance [60-62]. For this purpose, by crosslinking each HACE molecule
with adipic acid dihydrazide (ADH), interconnected HACE was prepared and
researched for the enhanced anticancer drug delivery system (Fig.2). After the
crosslinking, synthesis of interconnected HACE structure was confirmed by
comparing interconnected polymer’s 1H-NMR spectrum with that of the
unmodified HACE (Fig.3). The increase in the integration ratio of the
chemical shifts at 1.5 ppm (-CH2 of ADH and CE) to 0.9 ppm (terminal -CH3
of CE) was indicative of the conjugated polymer. With the interconnected
HACE, doxorubicin (DOX)-loaded polymeric micelles were prepared and
their morphology was observed by transmission electron microscopy (TEM)
(Fig.4b). Compared with unmodified HACE nanoparticles, interconnected
HACE nanoparticles showed increased particle size, reduced zeta potential,
and significantly increased DOX encapsulation efficiency (Table 1). The in
7

vitro release rate of interconnected HACE nanoparticles was higher than that
of unmodified HACE nanoparticles, and both formulations did not induce
serious cytotoxic effect (Fig.5 and Fig.6). In vitro cellular uptake study based
on confocal laser scanning microscopy (CLSM), the fluorescence intensity of
DOX in the interconnected HACE nanoparticles was slightly stronger than
that of control HACE nanoparticles and DOX solution (Fig.7). Finally, in
vitro antitumor efficacy test, DOX in the interconnected HACE nanoparticles
eventually showed higher cytotoxic effect than the other two groups (Fig.8).
Meanwhile, HACE was combined with PLGA nanoparticle system for
the preparation of new nano-sized carrier systems [63]. As mentioned above,
PLGA, composed of lactic acid and glycolic acid, has suitable
biocompatibility, biodegradability and sustained drug-releasing activity, so it
was widely researched as a polymer for the various types of nanoparticle
formulations, including anticancer drug delivery [30-33]. Although the PLGA
has several advantages, the polymer’s insufficient tumor targetabililty remains
a limitation to be resolved. To improve PLGA nanoparticles’ tumor
targetability, many tumor targeting ligands have been introduced to the
particle systems [64, 65]. To acquire the individual strong points of PLGA and
HACE,

embedding

PLGA

nanoparticles

to

self-assembled

HACE

nanostructure was attempted. As a result, docetaxel (DCT)-loaded
nanoparticles which have narrow size distribution and spherical shape were
prepared, and it was confirmed by particle size analyzer and scanning electron
microscopy (SEM) (Fig.9). And compared to control PLGA nanoparticles,
PLGA nanoparticle-embedded HACE nanostructure showed slightly increased
8

particle size and higher negative zeta potential (Table 2). By performing solidstate

studies,

including fourier-transform

infrared

(FT-IR)

analysis,

differential scanning calorimetry (DSC) analysis, and powder X-ray
diffraction (PXRD) analysis, it was revealed that PLGA particles were
incorporated into HACE nanostructure and DCT was encapsulated into
nanoparticles as an amorphous form (Fig.10). In vitro DCT release test,
sustained release patterns were observed for 10 days in both formulations
(Fig.11). And both formulations did not showed significant cytotoxicity in the
in vitro cytotoxicity test over the period tested (Fig.12). In vitro cellular
uptake study observed by CLSM, the intensity of coumarin 6 loaded in each
formulation was higher in HACE nanostructure group than in control PLGA
nanoparticle group (Fig.13). Finally, through in vivo near-infrared
fluorescence (NIRF) imaging study using tumor xenografted mouse model, it
was confirmed that HACE nanostructure has better tumor targetability than
control PLGA nanoparticles (Fig.14).
Through various experiments explained above, it was demonstrated that
the development potential of HACE can be expanded. However, despite of
modified formulations’ enhanced physicochemical properties and tumor
targetabilities, they are not perfectly applicable under in vivo condition.
Especially, pharmacokinetic property was not improved yet in both cases [59,
63]. In addition, both formulations were not used to encapsulate probes for
cancer diagnosis except a fluorescence probe.

9

1.6. Theranostics

Recently, a new pharmaceutical concept which combines disease
diagnosis and drug delivery, so called “theranostics”, has been researched for
the excellent cancer therapy. The theranostic systems can provide efficient
cancer treatment strategies and convenience for patients. Specifically, by
applying the systems, we can deliver anticancer drugs to target site and grasp
cancer prognosis simultaneously, thus optimized treatment plan can be
selected. For this system, tumor-targeting strategies, generally consisting of
passive and active targeting, have also been applied. By introducing suitable
targeting techniques to theranostic systems, these techniques can maximize
therapeutic efficacy and minimize side effects in the chemotherapy process.
For these tumor-targeting-based strategies, nano-sized delivery systems have
been widely researched. And related to cancer diagnosis, several probes for
magnetic resonance (MR), positron emission tomography (PET), computed
tomography (CT), single-photon emission computed tomography (SPECT),
and fluorescence imaging have been introduced to the nano-sized delivery
systems for the development of in vivo imaging techniques [57, 66, 67]. With
these diagnostic probes, various formulations, including nanoparticles,
micelles, liposomes, emulsions, and nanogels, have been used as carriers [56,
68-70].

1.7. Liposomes
10

Among the formulations above, liposomes have attracted much interest
because of their advantages. Liposomes have biocompatibility and convenient
size control property, and they can encapsulate both hydrophilic and
hydrophobic drugs [71]. With these advantages, surface modification can be
an appropriate way to enhance in vivo performance of liposomes. Related to
this, surface-modification with hydrophilic polymers, such as polyethylene
glycol, poly-N-vinyl pyrrolidone, polyvinyl alcohol, was used to improve the
stability and circulation time of the liposomes in the blood stream [72-74]. It
has been reported that the stability of a colloidal dispersion can be enhanced
by the formation of protective shell composed of with hydrophilic polymers
[71, 75]. In this regard, development of polymer hybridized liposomes can be
a proper alternative for improving in vivo stability of original formulations.
In this investigation, HACE-coated nanohybrid liposomes were prepared
for the targeted anticancer drug delivery MR imaging of cancer. As explained
above, HACE has been used in tumor-targeted delivery of anticancer drugs
[55, 56, 58]. In particular, HACE was also used to in vivo cancer imaging as a
MR probe-conjugated form, but there was a complicated step to conjugate
HACE polymer with MR imaging probes [57]. In this study, anticancer drug
and MR imaging probe-encapsulated nanoliposomes were prepared by
embedding amphiphilic HACE into the lipid bilayer of liposomal surface. To
be specific, the hydrophobic residue (CE) may be anchored in the
hydrophobic lipid bilayer and the hydrophilic chain (HA) attached to the outer
surface of the liposomes (Fig.15). This combined formulation can acquire the
advantages of both components; the tumor targetability of HACE and the in
11

vivo stability of the liposomes.
In

this

study,

the

physicochemical

properties

of

the

hybrid

nanoliposomes, containing DOX and Magnevist, were investigated. And the
formulation’s cytotoxicity and cellular distribution were evaluated in MDAMB-231 cells. Cancer diagnostic properties, by MR imaging, and in vivo
pharmacokinetic properties of DOX were also assessed in animal models.

2. Materials and Methods

2.1. Materials

Doxorubicin hydrochloride (DOX HCl) was purchased from Boryung
Pharmaceutical Co., Ltd. (Seoul, Korea). Egg phosphatidylcholine (Lipoid
E100) was obtained from Lipoid AG (Ludwigshafen, Germany). Magnevist
(N-methylglucamine

salt

of

the

gadolinium

(Gd)

complex

of

diethylenetriamine pentaacetic acid; gadopentetate dimeglumine) was
purchased from Bayer HealthCare Pharmaceutical Inc. (Wayne, NJ, USA).
HA oligomer and DS-Y30 (ceramide 3B; mainly N-oleoylphytosphingosine)
were from Bioland Co., Ltd. (Cheonan, Korea) and Doosan Biotech Co., Ltd.
(Yongin, Korea), respectively. Chloromethylbenzoyl chloride and tetra-nbutylammonium hydroxide (TBA) were obtained from Sigma-Aldrich Co. (St.
Louis, MO, USA). Cell culture medium (RPMI 1640, Waymouth), penicillin,
12

streptomycin, N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES)
buffer solution, and heat-inactivated fetal bovine serum (FBS) were purchased
from Gibco Life Technologies, Inc. (Grand Island, NY, USA). All other
reagents were of analytical grade.

2.2. Preparation of DOX-loaded nanoliposomal formulations

HACE was synthesized as reported previously [58]. Briefly, HA (12.21
mmol) and TBA (9.77 mmol) were solubilized in double-distilled water
(DDW; 60 mL) and stirred for 30 min. The resulting activated HA–TBA was
acquired by freeze-drying. DS-Y30 ceramide (8.59 mmol) and triethylamine
(9.45 mmol) in tetrahydrofuran (THF; 25 mL), and 4-chloromethylbenzoyl
chloride (8.59 mmol) in THF (10 mL) were mixed to synthesize DS-Y30
linker. DS-Y30-containing linker was obtained from concentration and
recrystallization processes after stirring for 6 h at 60 °C. HA–TBA (8.10
mmol) and the DS-Y30-containing linker (0.41 mmol) were solubilized in
THF/acetonitrile mixture (4:1, v/v) and stirred for 5 h at 40 °C. After
eliminating impurities and organic solvents, HACE was finally obtained.
The liposomal formulations were fabricated according to a reported
liposome preparation method with minor modifications [76]. The composition
of each formulation is presented in Table 3. Three formulations, Gd-loaded
HACE-coated nanohybrid liposomes (F1), DOX/Gd-loaded liposomes (F2),
and DOX/ Gd-loaded HACE-coated nanohybrid liposomes (F3) were
prepared by a thin-film hydration method. For the preparation of F1
13

formulation, Lipoid E100 (80 mg), cholesterol (20 mg) and HACE (20 mg)
were dissolved in methanol (20 mL) and the organic solvent was removed by
evaporation (Büchi R-200 rotary evaporator, Flawil, Switzerland) at 60 °C for
30 min. After the evaporation, aqueous mixture containing Magnevist (2 mL)
and 5 mM HEPES buffer (18 mL) was added to a thin film-coated flask and
hydrated at 60 °C for 30 min. The resulting lipid dispersion was sonicated
with a probe-type sonicator (Vibra-Cell VC 750 ultrasonic processor, Sonics
& Materials, CT, USA) for 15 min, and passed through an extruder (Northern
Lipids, Inc., Canada) equipped with 0.2 μm filter three times. For F2, Lipoid
E100 (80 mg) and cholesterol (20 mg) were solubilized in methanol (20 mL)
and the organic solvent was completely evaporated at 60 °C for 30 min. To
remaining film, ammonium sulfate solution (250 mM, 10 mL) was added and
hydrated at 60 °C for 30 min. Equal to F1, the resulting preparation was
sonicated for 15 min and extruded three times. The liposomal dispersion was
then blended with a mixture composed of DOX HCl (2 mg/mL) dissolved in 5
mM HEPES buffer (8 mL) and Magnevist (2 mL). For F3, HACE (20 mg)
was added to the composition of F2 while other preparation methods were
identical to that of F2. After preparing each formulation, it was incubated at
60 °C for 2 h. To remove unloaded salt, drug and Magnevist, the formulations
were transferred into a dialysis bag (molecular weight cut-off: 6–8 kDa) and
dialyzed against double-distilled water (DDW) for 2 days. For storage, 0.6 g
of sucrose was dissolved to dialyzed dispersion and lyophilized.
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2.3. Characterization of DOX-loaded liposomal formulations

The synthesis of HACE was characterized by 1H-NMR as reported
previously [58]. Characteristics of the nanoliposomal formulations, including
particle size, polydispersity index, and zeta potential, were measured with a
light-scattering spectrophotometer (ELS-Z; Otsuka Electronics, Tokyo, Japan).
To compare the stability of liposomes in biological fluids, F2 and F3
formulations were incubated in PBS (pH 7.4) and 50% (v/v) FBS (in PBS, pH
7.4) for 1 or 24 h, and the mean particle size of each formulation was
monitored. The encapsulation efficiency (EE) and DOX HCl content of each
formulation were determined by high-performance liquid chromatography
(HPLC) system after dispersing the formulations in DDW and diluting with
100× the volume of the mobile phase. The drug was assayed by Waters HPLC
system (Waters Co., Milford, MA) equipped with a separation module
(Waters e2695), a fluorescence detector (Waters 2475), and a reverse-phase
C-18 column (Xbridge, RP-18, 250 × 4.6 mm, 5 μm; Waters Co.). For the
quantification of DOX, fluorescence wavelengths of excitation and emission
were set to 480 nm and 560 nm, respectively. The flow rate was 1.0 mL/min
and the injection volume for analysis was 20 μL. The mobile phase consisted
of 10 mM potassium phosphate buffer (pH 2.5) and acetonitrile containing 0.1%
(w/w) triethylamine (71:29, v/v). The lower limit of quantification (LLOQ)
was 25 ng/mL and precision and accuracy were within the acceptable range.
Gd (major element of Magnevist) contents of each formulation were
determined using an inductive coupled plasma-atomic emission spectrometer
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(ICP–AES; Optima 4300 DV; PerkinElmer Inc., Wellesley, MA). The
morphology of each liposomal formulation was observed by transmission
electron

microscopy

(TEM).

All

formulations

were

adhered

to

Formvar/carbon-coated copper grids, stained with 2% uranyl acetate and
washed with DDW. The liposome-adsorbed grids were then dried for 10 min
and observed by TEM (JEM 1010; JEOL, Tokyo, Japan).

2.4. In vitro drug release test

DOX release test of F2 and F3 was performed in vitro. In this test,
phosphate-buffered saline (PBS, pH 5.5, 6.8, and 7.4, adjusted with
phosphoric acid) was used as a release media. The release pattern was
monitored for 7 days at 37 °C with 50 r pm rotation using shaking bath. The
formulation (equivalent to 50 μg DOX HCl) was added to a dialysis bag
(molecular weight cut-off: 12-14 kDa) and was immersed in 20 mL of PBS
(pH 5.5, 6.8, and 7.4). During the test, 0.2 mL PBS aliquot was collected and
equal volume of fresh medium was replenished at predetermined time point (1,
3, 6, 9, 12, 24, 48, 72, 96, 120, 144, and 168 h). To analyze DOX
concentration, HPLC system described above was used.

2.5. In vitro cytotoxicity test

MDA-MB-231 cells, human breast cancer cells, were obtained from the
Korean Cell Line Bank (KCLB, Seoul, Korea). RPMI 1640 medium
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containing 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin was
used as a culturing medium, and the cells were cultured in CO2 incubator (5%
CO2 atmosphere and 95% relative humidity at 37 °C). The cytotoxicity of
blank (with no loading DOX) F2 and F3 formulations was assessed by MTSbased assay. Cells were seeded in 96-well plates at a density of 1.0 × 104 per
well, and incubated in CO2 incubator for 24 h. After removing culture media,
predetermined concentrations of blank F2 and F3 (0–500 μg/mL) were
applied to cells and incubated for 24, 48, or 72 h under the same condition of
cell culture. After the incubation, cells were treated with the MTS-based
CellTiter 96 AQueous One Solution Cell Proliferation Assay Reagent
(Promega Corp., WI, USA) at 37 °C for 4 h. Then, absorbance of each sample
was detected at a wavelength of 490 nm with an EMax Precision Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA). With the absorbance data,
cell viability (%) was calculated by comparison with the positive control (only
culture media, without F2 or F3) on the same day.

2.6. In vitro cellular uptake study

Cellular uptake and distribution of the DOX in each formulation were
evaluated in MDA-MB-231 cells by confocal laser scanning microscopy
(CLSM). Cells were cultured based on the method described in cytotoxicity
study section. For CLSM study, cells were seeded onto culture slides (surface
area of 1.7 cm2 per well, four-chamber slides, BD Falcon, Bedford, MA, USA)
at a density of 1.0 × 105 per well, and incubated overnight in the CO2
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incubator. After removing cell culture media, DOX solution, F2, and F3 were
added and incubated for 2 h. In this study, DOX concentration was set to 50
μg/mL. Next to the incubation, the cells were washed with PBS (pH 7.4) three
times and fixed with 4% formaldehyde for 10 min. To prevent fading of
fluorescence of DOX and to stain the nuclei, Vectashield mounting medium
with 4′,6-diamidino-2-phenylindole (DAPI; H-1200; Vector Laboratories Inc.,
Burlingame, CA, USA) was used. Cellular uptake and distribution were then
observed by CLSM (LSM 710; Carl-Zeiss, Thornwood, NY, USA).

2.7. Phantom study

MR images of prepared formulations (F1-F3) were acquired by 4.7-T
MRI apparatus (BioSpec 47/40; Bruker, Karlsruhe, Germany). At 25-500 μM
Gd, the T1 contrast intensities of the prepared liposomes were scanned. The
conditions for MRI were as follows: echo time (TE) = 7.76 ms, repetition time
(TR) = 1000 ms, matrix = 128 × 128, field of view (FOV) = 5 × 6 cm, and
slice thickness = 2 mm.
The T1 relaxivity (r1) was calculated using the following formula.
1
1
( )
=( ) +
𝑇1 𝑜𝑏𝑠
𝑇1 𝑑

1 [M]

In this equation, (1/T1)obs and (1/T1)d represents the relaxation rates of
protons in the presence and absence of Gd, respectively, and [M] is the Gd
concentration.
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2.8. In vivo MRI study

The tumor targetability of nanoliposomes was confirmed by monitoring
MR images of tumor-xenografted mice. To prepare MDA-MB-231 tumorxenografted mouse model, female BALB/c nude mice (5 weeks old; Charles
River, Wilmington, MA, USA) were used. An MDA-MB-231 cell suspension
(2 × 106 cells in 0.1 mL culture medium) was subcutaneously injected into the
right back of the mice. After tumor volume reaches 200mm3 (3 weeks postinjection), F2 and F3 were injected via the tail vein at a dose of 0.1 mmol
Gd/kg. MR images of the cancer in the mouse model were obtained using a
4.7-T MRI apparatus (BioSpec 47/40; Bruker). T1-weighted images (axial
section) were obtained before the injection and at 0, 30, 60, and 120 min postinjection. The conditions for the in vivo MRI study were as follows : TE = 10
ms, TR = 260 ms, FOV = 3.5 × 3.5 cm, matrix = 256 × 256, and slice
thickness = 1 mm. The signal intensity (SI) in the region of interest (ROI), the
tumor region, was calculated according to the reported method with slight
modification [57]. Enhancement of the SI (%) is presented as the ratio
between the increase in SI (SI-SIpre) and the pre-image SI (SIpre).

2.9. In vivo pharmacokinetic study

For the in vivo pharmacokinetic study of DOX, male Sprague Dawley
rats (7–9 weeks old and weighing 200–250 g) were acquired from Orient Bio,
19

Inc. (Seongnam, South Korea). The animal study was approved by the
Institutional Animal Care and Use Committee of Seoul National University
(Seoul, Republic of Korea). Rats were maintained in a clean room (Animal
Center for Pharmaceutical Research, College of Pharmacy, Seoul National
University) at 20–23 °C and a relative humidity of 50 ± 5%. Drug
administration and collecting blood samples were performed based on the
reported method with minor modifications [56]. After anesthetizing rats, the
femoral artery and vein of each rat were cannulated with a syringe-connected
polyethylene tube (PE-50 ; Clay Adams, Parsippany, NJ). After the surgical
operation, DOX solution, F2, and F3 were intravenously injected via the
cannulated tube at a dose of 3 mg/kg. At predetermined times (1, 5, 15, 30, 45,
60, 90, and 120 min for DOX solution; 1, 5, 15, 30, 45, 60, 90, 120, 180, 240,
360, 540, and 1,440 min for F2 and F3), 300 μL of blood samples were
collected via the cannulated femoral artery. After collecting each blood
sample from rats, sodium chloride (0.9%) solution containing heparin (20
U/mL) was injected via the cannula immediately. After centrifuging blood
samples, 150 μL of plasma was collected and stored at −70 °C until analysis.
DOX in the plasma sample was analyzed by an HPLC method reported
previously with slight modifications [56]. Each plasma sample (150 μL) was
mixed with 10 μg/mL of propranolol HCl (internal standard) solution in DDW
(25 μL) and acetonitrile (550 μL). After vortexing the mixture for 5 min and
centrifuging (16 ,000 ×g, 5 min), 300 μL of supernatant was transferred to a
new tube and the solvent was removed under a nitrogen gas stream at 50 °C.
After the evaporization, residues in the tubes were reconstituted with mobile
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phase (60 μL) by vortexing for 5 min. Then all tubes were centrifuged (16,000
×g, 5 min) and 10 μL of the clear supernatant was used for HPLC analysis.
The composition of mobile phase used in the quantification of DOX in plasma
was 10 mM potassium phosphate buffer (pH 2.5) and triethylamine-dissolved
(0.1% (w/w) acetonitrile (73:27, v/v), and other analytical conditions were
same as described method for the in vitro samples. The inter- and intra-day
coefficients of variation were within the acceptable range. Pharmacokinetic
parameters, such as total area under the plasma concentration–time curve
from time zero to time infinity (AUC), terminal half-life (t½ ), total body
clearance (CL), apparent volume of distribution at steady state (Vss), and
mean residence time (MRT), were calculated using the WinNonlin software
(Pharsight, Mountain View, CA, USA).

2.10. Data analysis

All experiments were performed at least three times and the data are
expressed as means ± standard deviation (SD). Analysis of variance (ANOVA)
was used for statistical analysis.

3. Results

3.1. Preparation and characterization of nanohybrid
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liposomes

For the preparation of theranostic nanocarrier system, DOX HCl and
Magnevist were used as a model drug and a MR imaging probe, respectively.
And to grant active-tumor targeting moiety to liposomal system, HACE was
introduced in liposome preparation process. In this investigation, we used
HACE synthesized according to a reported method, and conjugation of the
polymer was confirmed by 1H-NMR analysis in a previous study [58]. And
considering the lower ratio of HACE to lipid of nanoparticle formulation, F3
was expected to have polymer-hybridized liposomal structure. Because of this,
a control HACE micellar group was omitted in this study. As a result of
preparation, all formulations were generally homogeneous transparent.
Through characterization of nanoliposomal formulations using particle size
analyzer, it was confirmed that mean diameters of all formulations dispersed
in DDW ranged from 120 to 130 nm (Table 4). A narrow-ranged size
distribution of each formulation was confirmed by measuring polydispersity
index and observing distribution histogram. In addition, the morphological
shape of formulations was spherical as observed by TEM (Fig.16). And
according to the data in Table 4, F2 and F3 liposomal formulations were
confirmed to contain DOX with suitable encapsulation efficiency higher than
50%. Through this result, it was demonstrated that hydrophilic drug was
successfully encapsulated by a remote loading method using an ammonium
sulfate gradient. Meanwhile, not only the content of DOX, but the content of
Magnevist was measured by quantification of Gd using ICP–AES. The
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average values of Gd content (%) in lyophilized samples of F1, F2, and F3
were 3.56, 1.95, and 1.57%, respectively. And zeta potential of F3 was
negatively higher than that of F2, indicating that surface of F3 was coated
with negative HA part of HACE.
In addition to the basic characterization studies explained above, particle
size monitoring test in biological fluid was also performed to compare the
stability of each formulation in vivo condition. The particle size distribution of
drug-loaded formulations (F2 and F3) dispersed in PBS or 50% FBS was
monitored according to incubation time (Fig.17). The size distribution pattern
of F2 and F3 in PBS was similar to that in DDW, without aggregation
(Fig.17a). Despite the presence of salts in PBS, the liposomal formulations
(F2 and F3) adequately maintained their stability. However, the size
distribution pattern of the conventional liposomal formulation (F2) in 50%
FBS was obviously altered. Aggregates larger than 1 μm were detected
immediately after incubation in 50% FBS conditions (Fig.17b), and similar
distribution pattern were observed after incubation for 1h and 24 h (Fig.17c
and d). In contrast to the case of F2, HACE-coated formulation (F3)
maintained the particle size distribution during the incubation time, exhibiting
better stability in vitro of F3, compared with F2. These results support the
prospect that F3 has superior in vivo stability and pharmacokinetic
performance.

3.2. In vitro drug release test
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DOX release pattern of F2 and F3 was monitored at pH 5.5, 6.8, and 7.4
(Fig.18). Overall, both formulations showed sustained release profile for 7
days and reached equilibrium at 6th day in every pH condition. In each
formulation group, release rate was increased in more acidic pH. In particular,
after 7 days of release test, the released amounts of DOX from F3 were 30.45
± 2.48% (pH 7.4), 42.88 ± 1.33% (pH 6.8), and 55.12 ± 1.84% (pH 5.5),
respectively. Especially, the release amount of DOX from F3 was higher than
that from F2 in pH 5.5, indicating that release rate can be enhanced after the
endocytosis of liposomes to cancer cells. Interestingly, initial burst release
pattern in F3 decreased at acidic condition compared to that in F2.

3.3. In vitro cytotoxicity test

In vitro Cytotoxicity of blank F2 and F3 formulations was evaluated
using MDA-MB-231 cells. After incubating cells with various concentrations
(up to 500 μg/mL) of blank formulations, cell viability (%) was measured by
MTS-based assay after incubation for 24, 48, and 72 h (Fig.19). As a result,
cell viability of F2 gradually decreased as time goes by. On the other hand,
cell viability of F3 in all concentration range was almost 100% over the
period tested (72 h). In particular, cell viabilities of F2- and F3- treated groups
after incubation for 72 h were 40.67 ± 7.41 and 106.15 ± 1.92%, respectively.
The results indicate that cytotoxicity of liposomes can be reduced by surfacecoating with HACE.
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3.4. In vitro cellular uptake study

The in vitro cellular distribution of DOX was estimated by CLSM after 2
h incubation of DOX samples. In this study, enhanced cellular uptake of
HACE-coated liposomes was observed. With the distribution of DAPI (blue
color), for the staining of nucleus, the intracellular distributions of DOX (red
color) in DOX solution, F2, and F3 groups were captured in CLSM images
(Fig.20). In DOX solution group, DOX was localized mainly in nucleus with
a strong intensity. Compared to DOX solution group, the fluorescence
intensity of control liposome group (F2) was weak. However, the intensity of
DOX of F3 group was higher than that of F2 group and similar to that of
solution group. According to these results, it was demonstrated that
introducing HACE, tumor-targeting polymer, can enhance intracellular
distribution of nanoliposomal formulation.

3.5. Phantom study

Because the MR imaging probe, Magnevist was encapsulated into the
liposomal formulations, the diagnostic activity of the formulation should be
assessed by in vivo MR imaging study. Prior to the study, phantom study was
performed to measure each formulation’s contrast-enhancing efficacy. In the
Gd concentration range from 25 to 500 μM, the MR signal was enhanced as
the concentration of Gd increased (Fig.21). T1 relaxivity (r1) values of F1, F2,
and F3, calculated by the equation described in the section 2.7., were 5.94,
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6.29, and 6.35 mM−1 s−1, respectively. From the results, the linearity was
established between Gd concentration and the 1/T1 value.

3.6. In vivo MRI study

The in vivo diagnostic capabilities of the nanoliposomal formulations (F2
and F3) were evaluated using a MDA-MB-231 tumor-xenografted mouse
model. In this study, after the intravenous injection of F2 and F3 to the tumorxenografted mice, T1-weighed MR images of the mice were obtained at
predetermined time points (Fig.22). Because Magnevist was reported to be
nonspecifically distributed and rapidly eliminated from the body, MR images
of the Magnevist itself were not acquired in this experiment [77]. When the
contrast enhancing effect of each formulation in tumor region was quantified,
the enhancement of SI value for F2 ranged from 31.12 to 37.92% for 2 h,
while the SI value for F3 was increased up to 89.12% at 2 h post-injection
(Fig.23). The SI enhancement of F3 at 2 h was 2.59-fold higher than that of
F2. According to these results, it was seemed that F3 was accumulated to
tumor region with better intensity than F2 by additional active targeting
activity based on interaction between HA and CD44 receptor.

3.7. In vivo pharmacokinetic study

The in vivo pharmacokinetic properties of DOX after intravenous
administration in rats were investigated. DOX concentrations in the plasma26

time profiles of DOX solution, F2, and F3 are presented and pharmacokinetic
parameters calculated from the drug concentration-time profiles are also
shown (Fig.24 and Table 5). Compared to CL of DOX solution group (67.97
± 9.01 mL/min/kg), the CL value of F2 and F3 was decreased to 0.57 ± 0.16
mL/min/kg and 0.22 ± 0.06 mL/min/kg, respectively. And AUC values of F2
(5491.31 ± 1226.13 μg min/mL) and F3 (14731.33 ± 3793.55 μg min/mL)
were increased significantly (P < 0.05), compared with that of DOX solution
(44.86 ± 6.84 μg min/mL). In addition, terminal t½ and MRT of F2 and F3
were also clearly increased versus the DOX solution (P < 0.05). The Vss
values of F2 and F3 were also significantly lower than that of DOX solution
(P < 0.05). In addition to the obvious alterations in pharmacokinetic
parameters of the both formulations (F2 and F3) versus DOX solution, there
were also significant differences in the pharmacokinetic parameters between
F2 and F3. According to the pharmacokinetic parameter data, in vivo
clearance (CL) of F3 was decreased to 38.60% of CL for F2 (P < 0.05). AUC,
terminal t½ , and MRT values of F3 were 2.68-, 1.52-, and 1.61-fold higher
than those of F2, respectively. These results indicate that F3 shows a
prolonged

circulation

property,

resulting

enhanced

pharmacokinetic

performance, compared to DOX solution and F2.

4. Discussion

In this study, HACE-coated hybrid nanoliposomes were prepared for the
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targeted drug delivery and enhanced MR imaging of cancer. A synthesized
amphiphilic polymer, HACE was introduced to conventional liposomal
formulation for the fabrication of tumor-targetable nanocarrier system. As
mentioned above, HA has been widely used to the targeted drug delivery
system and cancer diagnosis because of its targeting ability for CD44
receptor-overexpressing tumor cells. In our previous studies, HACE was
successfully used for the tumor-targeted drug delivery and cancer imaging
[55-58]. In these former studies, HACE formed nano-sized micelles and
encapsulated hydrophobic drug by its self-assembling properties. HACE has
tumor-targetability and self-assembly as explained above, and liposomal
formulation can encapsulate hydrophilic drug and has superior in-vivo
stability. To gain the merits of both formulations, nanoliposomal formulation
coated with HACE was prepared. As described above and in Fig.15,
considering the chemical structures of HACE and phospholipid, a material of
liposomes, it is estimated that CE residue of HACE is embedded in the lipid
bilayer and the hydrophilic surface of the liposomes is coated with HA part.
An anticancer agent, DOX HCl was encapsulated into the nanoliposomal
formulations, and Magnevist was also incorporated into the hydrophilic core
of them. To encapsulate DOX efficiently, remote loading method with
ammonium sulfate gradient was used. During the preparation of formulation,
the concentration of ammonium sulfate in the core of the liposome is higher
than that of the external aqueous phase. This condition makes DOX be
accumulated to the inner core. Then the weak base, DOX forms gel-like
precipitate with negative charged sulfate ion [78, 79]. With these mechanisms,
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DOX can be encapsulated into the liposomal formulation with a high
efficiency.
After the preparation, all formulations showed particle size ranged from
120 to 130 nm and narrow size distribution. Although the measured particle
size is suitable for the passive targeting strategy based on EPR effect,
monitoring particle size in the blood stream is considered to be more
important for the in vivo intravenous application of formulation. It has been
reported that intravenously administered nanoparticles can interact with
various biological components in the blood stream and form large aggregates
[80, 81]. By this phenomenon, blood circulation of nanoparticles can shorten,
and the aggregates can be accumulated into unwanted organs. Because of
these reasons, the stability of nanoliposomal formulations should be evaluated
in biological fluids. As shown in Fig.17, HACE-coated F3 showed better
stability in the presence of serum compared to F2. These results represent F3
can perform improved in vivo circulation and diagnostic accuracy based on its
superior in vivo stability.
In vitro release test, release rate of DOX was faster in more acidic pH
condition, and this profile was shown in both formulations. These results can
be explained by the increase of DOX solubility in acidic pH and weakening of
interactions between DOX and liposomal formulation. Higher DOX release in
acidic pH conditions can be helpful in anticancer drug delivery. The pH of
tumor regions is more acidic than that of normal organs, and this may improve
anti-tumor efficacy in tumor site and decrease toxicity in normal regions.
Meanwhile, lower burst release pattern was detected in F3, compared to F2.
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As shown in Table 4, zeta potential of F2 is less negative than that of F1, due
to part of DOX being adsorbed on the liposomal surface with charge
interaction. From the data, it is estimated that the interaction between DOX
and HACE can retard the initial drug release.
In vitro cytotoxicity test, F3 showed significant less cytotoxicity against
MDA-MB-231 cells than F2. In this test, F2 dispersion applied to cells formed
aggregation in high concentration range during incubation time, and this
precipitates caused cytotoxicity. However, F3 did not showed aggregation in
all concentration range, resulting cell viability around 100%. This appearance
is similar to the result of the stability test in biological fluids (Fig.17). The
cytotoxicity of the liposomal formulations is dependent on several factors,
including the lipid type, the amount of lipid, and the charge of the lipid [82,
83]. In the case of F3, HACE coated on the outer surface of liposomal
formulation seems to have prevented the disruption of cellular membranes
caused by lipid. In addition, HACE granted negative charge to the liposomal
surface, and this may inhibit aggregation of nanoliposomes. The low
cytotoxicity of the HACE-liposome (F3), compared with the plain liposomal
formulation (F2), will enhance the safety of the nanocarrier itself, facilitating
its successful use in in vivo condition.
MDA-MB-231 cell, used to evaluate the nanoliposomal formulations is a
human breast cancer cell line that overexpresses the CD44 receptor, so the
cell line was used in the research of the interaction between HA and CD44
receptor [84]. In the in vitro cellular uptake test, F3 showed improved cellular
uptake to MDA-MB-231 cells compared to F2, and the uptake DOX intensity
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of F3 was similar to that of solution form. In the case of DOX solution, DOX
can penetrate cell membrane by diffusion, so relatively large amount of drug
can freely enter the cancer cells and become localized in cell nucleus. On the
other hand, in the case of F2, DOX is incorporated in liposomal formulation
which has no targeting moiety. Because of sustained release property of the
liposomal formulation, less amount of DOX diffuse to tumor cells from the
extracellular space, leading to less cellular uptake. However, F3 has active
targeting moiety, so the formulation can enter the cells with higher intensity
via receptor-mediated endocytosis (RME). In our previous research, HACE
nanoparticles were demonstrated to have uptake mechanism based on RME
pathway [55-58]. Considering this active targeting of the HACE and the result
of in vitro cellular uptake test, F3 is expected to perform superior targeted
drug delivery to tumor site, compared to normal liposomal formulation.
For the efficient cancer diagnosis, various strategies using MR imaging
have been researched. Through phantom study, all formulation (F1, F2 and F3)
exhibited similar contrast-enhancing efficacy and linearity between the
enhancing effect and Gd concentration. With these diagnostic activities, in
vivo MR imaging performance of each formulation was evaluated using
tumor-xenografted nude mouse model. As shown in Fig.22 and Fig.23, it was
confirmed that the larger amount of Magnevist loaded in F3 was accumulated
in tumor region than that of F2. Of course, F2 is also a nano-sized system, so
the formulation can be distributed to tumor site by passive targeting strategy
based on EPR effect. However, F3 can target tumor region more actively than
F2, via HA-CD44 receptor interaction, resulting improved contrast-enhancing
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effect. The tendency of these results is similar to in vitro cellular uptake study
(Fig.20) and our previous reports [56-58]. In addition, the stability data in
biological fluids shown in Fig.17 also support the diagnostic excellence of
HACE-used formulation. It can be estimated that enhanced stability of
nanoliposomal formulation in bloodstream contributed to avoidance of RES
system and efficient MR probe delivery to tumor region. Considering these
supporting data, we can conclude that the HACE-coated nanoliposomal
formulation can perform both drug delivery and cancer diagnosis with an
adequate tumor targeting and stability.
Finally, in the in vivo pharmacokinetic study, both liposomal
formulations (F2 and F3) showed significantly prolonged drug circulation
profile compared to DOX solution. By encapsulating DOX into liposomes,
AUC, t½ and MRT were increased, and CL and Vss were decreased. And
between both liposomal formulations, pharmacokinetic parameters of F3 were
improved than those of F2. Because DOX has low molecular weight and
amphiphilicity, free DOX can be rapidly distributed to tissues and organs
systemically. In the in vitro cellular uptake test, the large amount of DOX
solution permeated into the cancer cells. However, under in vivo condition,
free DOX is rapidly eliminated from the central compartment of body, so it
could not be delivered to tumor region intensively. Moreover, nonspecifically
distributed DOX can cause serious adverse effects to normal tissues and
organs. In contrast to solution form, liposomal formulations are usually
restricted to the central compartment, and this phenomenon leads to the
decrease of Vss [85, 86]. By inhibiting rapid distribution of drug and sustained
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release property, liposomes can prolong the circulation time of the drug.
Meanwhile, compared to F2, enhanced pharmacokinetic parameters of F3
could be explained by its stability in biological fluids. As described in Fig.17,
F2 formulations formed aggregation in serum condition, but F3 did not.
HACE coating of liposomes may contribute to the reduction of the interaction
with serum opsonins and uptake by RES, resulting prolonged circulation of
liposomes in the blood stream. Thus, we can confirm that HACE coating can
not only enhance diagnostic efficiency of nanocarrier system but can prolong
the circulation time of applied formulations.

5. Conclusion

For the targeted anticancer drug delivery and MR imaging of cancer,
HACE-coated nanoybrid liposomal formulation was developed and evaluated.
As a result of preparation, nano-sized liposomes around 120 nm with narrow
size distribution were prepared. The prepared formulation showed sustained
DOX release pattern, and the release rate was increased at acidic pH.
Compared to F2, HACE-used F3 showed excellent serum stability and lower
in vitro cellular cytotoxicity. And because of the active targeting moiety of F3,
cellular uptake of DOX from the F3 was higher than that from F2. By in vivo
MR imaging study, diagnostic efficiency of both formulations were compared,
and F3 was confirmed to have superior contrast-enhancing effect than F2 with
higher tumor selectivity. Furthermore, HACE-coating enhanced in vivo
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stability of liposomal formulation, resulting prolongation of drug circulation
time and improvement of pharmacokinetic parameters. According to the data
explained above, the developed HACE-coated nanoliposomal formulation is
considered to a promising delivery system for the targeted anticancer agent
delivery and precise tumor imaging.
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Table 1 Characterization of DOX-loaded nanoparticles
Composition

Mean diameter
(nm)

Polydispersity
index

Zeta potential
(mV)

Encapsulation
efficiency (%)a

Drug content
(%)b

HACE/DOX NP

153.33 ± 1.60

0.15 ± 0.01

-24.61 ± 1.85

46.45 ± 0.54

5.49 ± 0.07

Interconnected
HACE/DOX NP

198.97 ± 18.14

0.28 ± 0.01

-11.54 ± 1.74

89.50 ± 2.37

10.06 ± 0.24

Data are presented as mean ± standard deviation (SD) (n = 3).
a

b

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐷 𝑢𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =

𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑖𝑛 𝑁𝑃
𝑖𝑛𝑝𝑢𝑡 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑖𝑛 𝑁𝑃

𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑖𝑛 𝑁𝑃
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋−𝑙𝑜𝑎𝑑𝑒𝑑 𝑁𝑃
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 100

 100

Table 2 Characterization of DCT-loaded nanoparticles
Composition

Mean diameter
(nm)

Polydispersity
index

Zeta potential
(mV)

Encapsulation
efficiency (%)a

DCT/PLGA NP

254.57 ± 8.98

0.10 ± 0.04

-10.50 ± 0.61

67.11 ± 0.89

DCT/PLGA/
HACE NP

286.20 ± 4.35

0.10 ± 0.04

-15.97 ± 1.28

67.04 ± 0.24

Data are presented as mean ± standard deviation (SD) (n = 3).
a

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =

𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝐶𝑇 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑖𝑛𝑝𝑢𝑡 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝐶𝑇 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

50

 100

Table 3 Composition of nanohybrid liposomal formulations
Composition

F1

F2

F3

Lipoid E100 (mg)

80

80

80

Cholesterol (mg)

20

20

20

HACE (mg)

20

-

20

DOX HCl (mg)

-

20

20

Magnevist (mL)

2

2

2
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Table 4 characterization of liposomal formulations
Formulation

Mean diameter
(nm)

Polydispersity
index

Zeta potential
(mV)

Encapsulation
efficiency (%)a

Drug content
(%)b

F1

130.07 ± 4.90

0.24 ± 0.01

-27.92 ± 0.37

-

-

F2

124.47 ± 4.00

0.23 ± 0.01

7.09 ± 0.28

55.21 ± 0.82

1.53 ± 0.02

F3

125.43 ± 4.57

0.21 ± 0.02

-14.29 ± 0.43

58.82 ± 0.31

1.63 ± 0.01

Composition
F1 : Blank magnetic nanohybrid liposome
F2 : DOX-loaded magnetic liposome
F3 : DOX-loaded magnetic nanohybrid liposome
Data are presented as mean ± standard deviation (SD) (n = 3).
a

b

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐷 𝑢𝑔 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =

𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑖𝑛 𝐹𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑖𝑛𝑝𝑢𝑡 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑖𝑛 𝐹𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑖𝑛 𝐹𝑜𝑟𝑚𝑎𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋−𝑙𝑜𝑎𝑑𝑒𝑑 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
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 100

 100

Table 5 Pharmacokinetic parameters of DOX after intravenous injection in
rats at a dose of 3mg/kg
Parameter

DOX solution

F2

AUC (μg∙min/mL)

44.86 ± 6.84

5491.31 ± 1226.13

Terminal t1/2 (min)

96.47 ± 9.79

314.99 ± 62.69

CL (mL/min/kg)

67.97 ± 9.01

0.57 ± 0.16

MRT (min)

17.71 ± 1.73

319.50 ± 37.54

a

513.81 ± 57.98ab

Vss (mL/kg)

1208.35 ± 241.37

182.66 ± 51.20

a

110.61 ± 32.36a

Data are presented as mean ± SD (n ≥ 3).
a

P < 0.05 compared to DOX solution group.

b

P < 0.05 compared to F2 group.
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F3

a

a

a

14731.33 ± 3793.55
477.77 ± 62.81ab
0.22 ± 0.06ab

ab

Figure 1 Chemical structure of hyaluronic acid-ceramide
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Figure 2 Chemical structure of interconnected hyaluronic acid-ceramide
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HACE

Interconnected HACE

Figure 3 1H-NMR spectrum of HACE and interconnected HACE, solubilized
in d6-DMSO and D2O mixture (1:1, v/v)
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(a)
HACE/DOX NP

interconnected HACE/DOX NP

HACE/DOX NP

interconnected HACE/DOX NP

(b)

Figure 4 (a) Particle size distribution histograms of DOX-loaded
nanoparticles and (b) TEM images of nanoparticles
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Released amounts of DOX (%)
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Figure 5 In vitro release of DOX from HACE-based nanoparticle
formulations measured in different pH condition (pH 5.5, 6.8 and 7.4) (n = 3)
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(a)

(b)

Figure 6 Cytotoxicity test of a (a) HACE and (b) ADH-modified
interconnected HACE in the MDA-MB-231 cells (n = 5)
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(a)

(b)

(c)

(d)

DAPI

DOX

merged

Figure 7 Cellular uptake test of (a) control, (b) DOX solution, (c) DOXloaded

HACE

nanoparticles,

and

nanoparticles in MDA-MB-231 cells
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(d)

DOX-loaded

interconnected

Figure 8 In vitro cytotoxicity test of DOX solution, DOX-loaded HACE
nanoparticles, and DOX-loaded interconnected nanoparticles in MDA-MB231 cells (n = 3)
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(a)
DCT/PLGA NP

DCT/PLGA/HACE NP

(b)
DCT/PLGA NP

DCT/PLGA/HACE NP

Figure 9 (a) Particle size distribution histograms and (b) SEM images of
nanoparticles
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Figure 10 Solid state studies of nanoparticles. (a) FT-IR analysis, (b) DSC
analysis and (c) PXRD analysis
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Figure 11 In vitro release profiles of DCT/PLGA nanoparticles and
DCT/PLGA/HACE nanostructures (n = 3)
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Figure 12 In vitro cytotoxicity test of blank PLGA and PLGA/HACE
nanoparticles after (a) 24h, (b)48h and (c) 72h of incubation (n = 5)
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PLGA NP
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Figure 13 In vitro cellular uptake test of coumarin 6-loaded nanoparticles in
MDA-MB-231 cells
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PLGA NP

PLGA /HACE
NP

Figure 14 In vivo NIRF imaging in MDA-MB-231 tumor xenografted mouse
model after intravenous injection of Cy5.5-conjugated nanoparticles
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Figure 15 Schematic illustration of MR-visible HACE-coated nanohybrid
liposomes containing DOX
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F1

F2

F3

Figure 16 Size distribution histograms (left) and TEM images (right) of
liposomal formulations. The scale bar in TEM images represents 200 nm.
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F2

F3

(a)

(b)

(c)

(d)

Figure 17 Alteration in size distribution of F2 and F3. Size distribution of
each formulation was measured under the following conditions; (a) PBS (pH
7.4), (b) 0 h in 50% FBS solution, (c) 1 h later in 50% FBS solution, and (d)
24 h later in 50% FBS solution.
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(a)

(b)

Figure 18 In vitro drug release from the developed formulations; F2 (a) and
F3 (b). Data are expressed as means ± SD (n = 3)
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Figure 19 In vitro cytotoxicity test of blank F2 and F3 in MDA-MB-231 cells.
Cell viability was measured after 24h (a), 48h (b) and 72h (c) of incubation.
Data are expressed as means ± SD (n = 4). *P<0.05, compared to that of
blank F2.
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DOX

Merged

Control
(no treatment)

DOX
solution

F2

F3

Figure 20 Intracellular distribution profile of DOX solution, F2 and F3 in
MDA-MB-231 cells visualized by CLSM after 2 h incubation. (Red and blue
colors indicate DOX and DAPI staining, respectively. The length of the scale
bar is 10 μm.)
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Figure 21 Phantom study of F1, F2 and F3 at 4.7-T. T1-weighed MRI
phantom images at 25-500 μM Gd concentration (a) and the relationship
between longitudinal relaxation (1/T1) and Gd concentration.
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(a)
F2 (pre)

F2 (post)

F2 (0.5h)

F2 (1h)

F2 (2h)

F3 (pre)

F3 (post)

F3 (0.5h)

F3 (1h)

F3 (2h)

(b)

Figure 22 Axial T1-weighed images of MDA-MB-231 tumor-bearing mice
before and after the intravenous injection of nanoliposomal formulations (a)
F2 and (b) F3 at a dose of 0.1 mmol Gd/kg. The boundary of the tumor region
is represented by a yellow dotted line in the post-image (0h).
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Figure 23 SI change-time profiles (%) in ROI (tumor) of F2 and F3-injected
groups. Each point is the mean ± SD (n = 3).
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Figure 24 Time-dependent DOX concentration profiles of DOX solution, F2
and F3 in rat plasma. Each point is the mean ± SD (n ≥ 4).
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국문초록

본 연구에서는 항암제의 표적화 전달 및 정확한 암 진단을 위해,
암세포

표적

지향성을

가진

양친매성

고분자인

히알루론산-

세라마이드 (HACE)가 적용된 나노리포좀을 제조, 평가하였다.
해당 리포좀 제조에 있어서 독소루비신을 항암제로서 사용하였고,
진단을 위한 자기공명영상 조영제로서 가도펜테틴산-디메글루민이
포함된 마그네비스트 주사제를 사용하였다. 제조 결과, 리포좀의
평균 입자 크기가 120~130 nm 범위이며, 입도분포가 균일하고, 50%
이상의 약물 봉입율을 가지는 것을 확인하였다. HACE 가 사용된
리포좀의

경우

비교함으로써

표면

리포좀

제타전위를
표면에

측정,

히알루론산

대조군

부분이

리포좀과

코팅된

것을

확인하였다. 제조한 리포좀을 대상으로 용출실험을 진행한 결과 두
제제 모두 일주일간 지속적으로 약물이 방출되었고, 낮은 pH
조건에서 용출속도가 증가하였다. 기존 리포좀에 HACE 를 코팅한
결과 혈청 조건에서 안정성이 더 높게 나타났고, 세포를 이용한
안전성 실험에서도 낮은 독성을 보였다. in vitro 조건에서 암세포로
약물 적용 시, HACE 코팅된 리포좀의 경우 히알루론산 그룹과
CD44

수용체의

상호작용으로

인해

세포

내

약물

전달이

증가하였다. 암세포가 이식된 누드마우스를 대상으로 리포좀 제제
투여 후 자기공명 이미징 분석 결과, HACE 코팅된 리포좀 적용 시
암 부위에 대한 조영제의 신호 강도가 증가하는 것으로 나타났다.
랫트를 대상으로 약물동태학 실험 시 리포좀 형태로 적용된 경우
용액 형태로 적용할 때보다 현저히 혈중순환이 연장되었고, 혈청
조건에서 안정성이 높았던 HACE 코팅된 리포좀의 경우 기존
리포좀보다 혈중농도를 더 높게 유지하고 소실 속도가 줄어듦을
확인하였다. 위 실험 결과를 미루어볼 때, 리포좀에 HACE 를
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적용할 경우 암세포에 대한 표적지향성을 부여하고 제제 자체의
안정성을 증가시킬 수 있어, 항암제의 전달 및 암 진단을 개선시킬
수 있는 것으로 확인되었다.

주요어 : 히알루론산-세라마이드; 나노리포좀; 암 표적화; 약물전달;
자기공명 이미징; 약물동태학적 특성
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