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Abstract

Preparation and characterization of self-assembled nanoparticles based on lowmolecular-weight heparin and stearylamine conjugates for controlled delivery of
docetaxel
Dong-Hwan Kim
Department of Pharmaceutical Science
College of Pharmacy
The Graduate School
Seoul National University

Part І. Synthesis and characterization of amphiphilic polymer consisted of lowmolecular-weight heparin and stearylamine for the preparation of self-assembled
nanoparticles

Low-molecular-weight heparin (LMWH) is a hydrophilic polysaccharide with anticancer
activity and reduces anticoagulant activity than unfractionated heparin. Stearylamine (SA)
was conjugated to LMWH to prepare amphiphilic polymeric drug carrier that forms selfassembled nanoparticles in aqueous environment. LMWH-SA (LHSA) conjugates were
synthesized with various molar ratios (LMWH:SA = 1:1, 1:3 and 1:5) using EDC and NHS as
coupling agents. The structures of LHSA conjugates were characterized by 1H-NMR.
Physicochemical properties of LHSA-based self-assembled nanoparticles were then
characterized in terms of particle size, zeta potential and morphology. Among the conjugates
synthesized, stable nanoparticles with the mean diameter of 178 nm was formed in the molar
I

ratio of 1:5 (LHSA5). The critical micelle concentration (CMC) of LHSA5 conjugate under
aqueous condition was 0.044 mg/ml. The anti-coagulant activity of LHSA5 nanoparticles was
31.92% of free LMWH. These results suggest that LHSA5 conjugate could be a potential
biomaterial for the preparation of self-assembled nano-sized drug delivery systems which has
biological activity of LMWH and can encapsulate poorly water-soluble anticancer drugs for
tumor-targeted delivery.

Keywords: Low-molecular-weight heparin, Stearylamine, Amphiphilic polymer, Selfassembled nanoparticle, Drug delivery

Part Ⅱ. Characterization and evaluation of self-assembled nanoparticles based on lowmolecular-weight heparin and stearylamine conjugates for controlled delivery of
docetaxel

Low-molecular-weight heparin (LMWH)–stearylamine (SA) conjugates (LHSA)-based selfassembled nanoparticles were prepared for intravenous delivery of docetaxel (DCT). 1-Ethyl3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide were used as coupling
agents for synthesis of LHSA conjugates. The physicochemical properties, in vitro antitumor
efficacy, in vitro cellular uptake efficiency, in vivo antitumor efficacy, and in vivo
pharmacokinetics of LHSA nanoparticles were investigated. The LHSA nanoparticles
exhibited a spherical shape with a mean diameter of 140–180 nm and a negative surface
charge. According to in vitro release and in vivo pharmacokinetic test results, the DCT-loaded
LHSA5 (LMWH:SA = 1:5) nanoparticles exhibited sustained drug release profiles. The blank
LHSA nanoparticles demonstrated only an insignificant cytotoxicity in MCF-7 and MDAMB
II

231 human breast cancer cells; additionally, higher cellular uptake of coumarin 6 (C6) in
MCF-7 and MDAMB 231cells was observed in the LHSA5 nanoparticles group than that in
the C6 solution group. The in vivo tumor growth inhibition efficacy of DCT-loaded LHSA5
nanoparticles was also significantly higher than the Taxotere-treated group in the MDAMB
231 tumor xenografted mouse model. These results indicated that the LHSA5-based
nanoparticles could to be a promising anticancer drug delivery system.

Keywords: Amphiphilic polymer, Docetaxel, Drug delivery, Low-molecular-weight heparin,
Self-assembled nanoparticle

Student Number: 2011-30499

III

Contents

Abstract……………………………………………………………………………………… І
List of Tables……………………………………………………………………………… IV
List of Figures…………………………………………………………………………… IV

Part І. Synthesis and characterization of amphiphilic polymer consisted of lowmolecular-weight heparin and stearylamine for the preparation of self-assembled
nanoparticles

1. Introduction………………………………………………………………………………. 2
2. Materials and methods…………………………………………………………………… 3
2.1. Materials……………………………………………………………………………….. 3
2.2. Synthesis of LHSA conjugates………………………………………………………… 4
2.3. Characterization of LHSA conjugates…………………………………………………. 5
2.4. Preparation and characterization of LHSA-based nanoparticles………………………. 5
3. Results…………………………………………………………………………………….. 6
3.1. Synthesis and characterization of LHSA conjugates…………………………………... 6
3.2. Quantitative analysis of LMWH in LHSA conjugate and its anticoagulant activity…... 7
3.3. CMC determination of blank LHSA nanoparticles…………………………………….. 7
3.4. Preparation and characterization of LHSA-based self-assembled nanoparticles………. 7
4. Discussion…………………………………………………………………………………. 8
5. Conclusion……………………………………………………………………………….. 10
IV

6. References……………………………………………………………………………….. 11

Part

. Characterization and evaluation of self-assembled nanoparticles based on low-

molecular-weight heparin and stearylamine conjugates for controlled delivery of
docetaxel

1. Introduction……………………………………………………………………………... 26
2. Materials and methods…………………………………………………………………. 28
2.1. Materials……………………………………………………………………………… 28
2.2. Synthesis and characterization of LHSA conjugates………………………….……… 29
2.3. Preparation and characterization of LHSA-based nanoparticles……………………... 29
2.4. In vitro docetaxel release studies….……………………………………………... 30
2.5. In vitro cytotoxicity of conjugate……………………………………………………... 31
2.6. In vitro antitumor efficacy studies……………………………………………………. 31
2.7. Cellular uptake studies………………………………………………………………... 32
2.8. In vivo antitumor efficacy…………………………………………………………….. 33
2.9. In vivo pharmacokinetic study in rats………………………………………………… 33
2.10. Statistical analysis…………………………………………………………………… 35
3. Results…………………………………………………………………………………… 35
3.1. Synthesis and characterization of LHSA conjugates…………………………………. 35
3.2. Preparation and characterization of LHSA-based self-assembled nanoparticles…….. 36
3.3. In vitro docetaxel release……………………………………………………………... 37
3.4. In vitro cytotoxicity of conjugate……………………………………………………... 37
3.5. In vitro antitumor effect………………………………………………………………. 37
V

3.6. In vitro cellular uptake study…………………………………………………………. 38
3.7. In vivo antitumor efficacy…………………………………………………………….. 39
3.8. In vivo pharmacokinetic study………………………………………………………... 39
4. Discussion………………………………………………………………………………... 40
5. Conclusion……………………………………………………………………………….. 43
6. References……………………………………………………………………………….. 45

국문초록……………………………………………………………………………………. 63

Appendix …………………………………………………………………………………... 65

VI

List of Tables

Part І. Synthesis and characterization of amphiphilic polymer consisted of lowmolecular-weight heparin and stearylamine for the preparation of self-assembled
nanoparticles

Table 1 Characterization of LHSA conjugates……………………………………………... 17
Table 2 Characterization of LHSA nanoparticles…………………………………………... 18

Part

. Characterization and evaluation of self-assembled nanoparticles based on low-

molecular-weight heparin and stearylamine conjugates for controlled delivery of
docetaxel

Table 1 Characterization of LHSA5 nanoparticles…………………………………………. 52
Table 2 Pharmacokinetic parameters of Taxotere and DCT-loaded LHSA5 nanoparticles after
a single intravenous injection (8mg/kg) in rats (n=4)………………………………………. 53

VII

List of Figures

Part І. Synthesis and characterization of amphiphilic polymer consisted of lowmolecular-weight heparin and stearylamine for the preparation of self-assembled
nanoparticles

Figure 1 Synthetic scheme for LHSA conjugates. …………………………………………. 19
Figure 2 1H NMR spectra of (a) LMWH and (b) LHSA1 and (c) LHSA3 (d) LHSA5 and (e)
SA, respectively. Samples were dissolved in D 2O for 1 H NMR analysis [R= -SO3 (predominant) or –COCH3 (peak #13); R`=SA]. …………………………………………... 20
Figure 3 Standard absorbance curve for quantitative analysis of LMWH. ………………... 21
Figure 4 Relationship between the ratio of integration area (2.80/1.95 ppm) and molar ratio
of SA/LMWH based on their physical misture. ……………………………………………. 22
Figure 5 CMC determination of LHSA5 nanoparticles. Fluorescence intensity ratio (I1/I3)
according to LHSA5 concentration as plotted and CMC was estimated from the threshold
concentration of self-assembled nanoparticles. …………………………………………….. 23
Figure 6 Size distribution and TEM images of LHSA nanoparticles. ……………………... 24

Part

. Characterization and evaluation of self-assembled nanoparticles based on low-

molecular-weight heparin and stearylamine conjugates for controlled delivery of
docetaxel

Figure 1 Schematic illustration of LHSA-based nanoparticles. …………………………… 54

VIII

Figure 2 Size distribution and TEM images of DCT-loaded LHSA5 nanoparticles. The length
of the scale bar in TEM images is 500 nm (ｘ200,000). …………………………………... 55
Figure 3 In vitro release profile of DCT from LHSA5-based nanoparticles. Each point
represents as mean ± S.D. (n=3). …………………………………………………………... 56
Figure 4 In vitro cytotoxicity of LHSA5 in (a) MCF-7 and (b) MDAMB 231 cells. Cell
viability was measured by MTS-based assay after incubating LMWH or LHSA5 at various
polymer concentrations for 24 h. Data represent as mean ± S.D. (n=5). …………………... 57
Figure 5 In vitro antitumor efficacy of Taxotere and DCT-loaded LHSA5 nanoparticles in (a)
MCF-7 and (b) MDAMB 231 cells. ………………………………………………………... 58
Figure 6 In vitro cellular uptake study of coumarin 6 was observed by CLSM in MCF-7 and
MDAMB 231 cells after incubating for 2 h. Merged images composed of coumarin 6 (green
color) and DAPI (blue color) were shown. Groups were as follows; control, blank LHSA5
nanoparticles, coumarin 6 solution, coumarin 6-loaded LHSA5 nanoparticles. …………. 59
Figure 7 In vitro cellular uptake study of coumarin 6 was observed by FACS in (a) MCF-7
and (b) MDAMB 231 cells after incubating for 2 h. Groups were as follows; control, blank
LHSA5 nanoparticles, coumarin 6 solution, coumarin 6-loaded LHSA5 nanoparticles. Data
represent as mean ± S.D. (n=4). …………………………………………………………. 60
Figure 8 In vivo antitumor efficacy in the MDAMB 231 tumor-bearing mouse model. (a)
Tumor volume (mm3) profiles according to time (day) are shown. All samples were injected
on day 0, 7, and 14. Points indicate the means ± SD (n=5). (b) Body weight (g) was also
measured with tumor size measurement for 18 days. Points indicate the means ± SD (n=5). *p
< 0.05 compared with the control group; #p < 0.05 compared with the LHSA5 group; +p <
0.05 compared with the Taxotere group. …………………………………………………… 61

IX

Figure 9 In vivo pharmacokinetic profile after intravenous injection of Taxotere and DCTloaded LHSA5 nanoparticles formulation in rats at a dose of 8 mg/kg as DCT. Points
represent the mean ± SD (n=4). ……………………………………………………………. 62

X

Part І. Synthesis and characterization of amphiphilic polymer consisted of
low-molecular-weight heparin and stearylamine for the preparation of selfassembled nanoparticles
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1. Introduction

In the past decades, polymeric nanoparticulate systems have been widely studied for drug
delivery [1-3]. Their advantages include the penetration enhancement through capillary
vessels to target organs (i.e., passive targeting), prolonged systemic circulation by avoiding
phagocytosis, improved efficacy, and reduced toxicity [4, 5]. Numerous biocompatible and
biodegradable materials such as poly(lactic acid) [6, 7], poly(glycolic acid) [8],
polycaprolactone [9, 10], polysaccharides [11], proteins [12] and polypeptides [13] have been
employed for the preparation of polymeric nanoparticles. Among them, polysaccharides have
been extensively used to prepare nanoparticles for drug delivery [4]. Polysaccharides are
natural biomaterials, and they thus are generally safe, non-toxic, biocompatible and
biodegradable. They have various derivable groups which can be readily modified with other
chemicals. For instance, several polysaccharide derivatives including chitosan [14, 15] and
hyaluronic acid derivatives [16, 17] have been synthesized and evaluated.
Heparin is a biocompatible, biodegradable, and water-soluble natural polysaccharide,
which is reported to have diverse biological activities including anti-coagulation, antiinflammation, and anti-angiogenesis [18]. In addition to its well-known anticoagulant activity,
heparin has been studied for anticancer activity [19, 20]. However, unfractionated heparin
(UFH) may cause several adverse effects including bleeding, which is the major drawback
restricting its clinical applications. On the other hand, low-molecular-weight heparin (LMWH)
exerts a reduced anticoagulant activity, but improved anticancer activity than UFH [21]. Thus,
LMWH is preferable to UFH for the initial treatment of venous thromboembolism prevalent
in cancer patients [22]. LMWH exerts its anticancer activity by affecting the proliferation,
adhesion, angiogenesis, migration, and invasion of cancer cells. Although the exact
2

mechanism of LMWH interference with cancer biology still remains unclear, it may involve
the inhibition of both coagulation and non-coagulation-dependent pathways of tumor
progression [23]. In addition, heparin has affinity to laminin α1 chian, a major component of
the basement membrane matrix in several cells, that can directly promote the cell adhesion
and spreading of B16F10, M2, HT1080, and PC12 cells [24]. Thus, researchers have studied
heparin derivatives to apply LMWH as anticancer drug carriers, as well as targeting to cancer
cells [25, 26]. These idiosyncratic properties make heparin an attractive biomaterial for
anticancer drug delivery system [27, 28].
It is also well known that amphiphilic polymers can be synthesized by grafting
hydrophobic residues to the hydrophilic polymer, such as heparin. They can form selfassembled nanoparticles composed of a hydrophilic shell and a hydrophobic core in the
aqueous environment. Heparin-drug conjugates have been evaluated for their feasibility as
anticancer agents in the form of macromolecular prodrugs [29, 30]. However, poorly watersoluble drugs can also be encapsulated in the internal hydrophobic core, and drug solubility
can be increased [31, 32]. Thus, the objective was to design novel amphiphilic LMWHstearylamine (LHSA) conjugates, which form self-assembled nanoparticles for targeted
anticancer drug delivery. Stearylamine (SA), an aminated fatty acid, was conjugated to
LMWH by EDC/NHS-coupled reaction to produce amphiphilic LMWH derivatives. LHSAbased self-assembled nanoparticles were then prepared and characterized in terms of their
particle size, zeta potential, morphology, CMC, and composition.

2. Materials and methods

2.1. Materials
3

Low-molecular-weight heparin (LMWH, 101 IU/mg, average molecular weight : 4,500
Da) was purchased from Nanjing King-Friend Biochemical Pharmaceutical Co. Ltd. 1-Ethyl3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), toluidine
blue and stearylamine (SA) were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).
Docetaxel was purchased from Taihua Co. (Xi’an, China). Formamide (FA), tetrahydrofuran
(THF), acetonitrile (HPLC grade) were supplied by Fisher Scientific Korea Ltd. Coatest
Factor Xa assay kits were purchased from Chromogenix (Milano, Italy). Water was purified
by distillation, deionization, and reverse osmosis (Milli-Q plus). All other reagents were of
analytical grade and obtained from commercial sources.

2.2. Synthesis of LHSA conjugates
Amphiphlic LHSA conjugates were synthesized from LMWH and SA. Briefly, LMWH
(1g) was dissolved in formamide (200 mL) by gentle heating. To synthesize the LHSA
conjugates, different amounts of EDC and NHS (3 mol/mol, SA) were mixed with LMWH
solutions at room temperature, followed by the addition of different amounts of SA (1, 3, and
5 mol/mol, LMWH) dissolved in THF (132 mL). This solution was stirred at room
temperature for 24 h. The mixtures were precipitated in excess cold acetone (5 times the
volume of mixture) under vigorous agitation, filtered by glass filter (G4), and stirred for 30
min. The residues on the glass filter were carefully washed three times with cold acetone to
remove excess EDC, NHS, and SA, followed by filtering with 50 mL of DDW. The filtrate
was dialyzed with dialysis membrane (molecular weight cut-off = 1 kDa; Spectrum
Laboratories, Laguna Hills, CA, USA) against distilled deionized water (DDW) for 48 h and
lyophilized.
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2.3. Characterization of LHSA conjugates
The 1H-NMR spectra were obtained using a Varian FT 500-MHz NMR spectrometer
(Varian Inc., Palo Alto, CA, USA). Samples (10 mg/mL) were dissolved in D2O.
Additionally, The values of the proton peaks from the 1H-NMR spectra were integrated to
determine the molar substitution of LHSA. Linear regression was prepared from the physical
mixture of LMWH and SA at various molar ratios (LMWH:SA =0.5:1, 1:1, 1:2, and 1:4)
dissolved in the mixture of D2O/THF-d8 (1:1). The ratio of the integration area (2.80/1.95
ppm) of each physical mixture was calculated. The content of the conjugated LMWH was
analyzed by the colorimetric method using toluidine blue [33]. Briefly, 0.1 mL aliquot of
toluidine blue solution (0.05 g of toluidine blue dissolved in 1 L of 0.01 N HCl containing
0.2 % NaCl) was transferred into the test tubes. LMWH standard solution (0.1 mL) with
various concentrations (0.1~2.0 μg/mL in 0.2 % NaCl) was added to the toluidine blue
solution. After adding hexane (1.0 mL), the solution was vortexed for 30s, after which was
allowed for a phase separation. The absorbance of the aqueous layers was determined at 631
nm on a UV spectrophotometer. The anticoagulant activities of LMWH and LHSA
conjugates were determined by Coatest anti-FXa chromogenic assay (Chromogenix, Milano,
Italy). Critical micelle concentration (CMC) of LHSA was investigated by using pyrene as a
fluorescence probe, as described previously [34]. Pyrene solution in THF (2 × 10-6 M) was
prepared, and the THF was evaporated under a gentle nitrogen (N2) gas stream for 1 h at 60oC.
LHSA solution in DDW (1 mL), in the concentration range of 10-5 to 1 mg/mL, was added to
each tube to achieve a final pyrene concentration of 6 × 10-7 M. Intensity ratio (I1/I3) in the
excitation spectra was calculated and plotted. The excitation wavelength was fixed at 334 nm
after scanning from 350 nm to 550 nm, and the slit openings for excitation and emission were
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set at 10 and 3 nm, respectively. Fluorescence measurements were performed using a
fluorescent spectrometer FP-6500 (JASCO CO., Tokyo, Japan).

2.4. Preparation and characterization of LHSA-based nanoparticles
Mean diameter, poly-dispersity index and zeta potential of the nanoparticles were
determined using a light scattering spectrophotometer ELS-Z (Otsuka Electronics, Japan).
LHSA conjugates (10 mg) were resuspended in DDW (1 mL) by vertexing for 30 s, and
filtered through a 0.22-μm pore size syringe filter (Minisart RC 15, Sartorius Stedium
Biotech GmbH, Goettingen, Germany). The morphology of LHSA-based nanoparticles was
assessed by transmission electron microscopy (TEM, JEM 1010, JEOL, Japan). The
nanoparticle suspensions were stained with 2 % (w/v) phosphotungstic acid (PTA), placed on
a copper grid coated with carbon film, air-dried for 10 min, and photographed.

3. Results

3.1. Synthesis and characterization of LHSA conjugates
Heparin and its derivatives have been widely used as drug delivery systems [26, 35, 36].
In this study, SA, an aminated fatty acid, was conjugated to LMWH to produce an
amphiphilic polymer. The amine group of SA was covalently coupled to carboxylic group of
LMWH in the presence of EDC and NHS, thus producing amphiphilic LHSA conjugates
(Figure 1). In this coupling reaction, several LHSA conjugates were synthesized by adjusting
the feed ratio of SA to LMWH (LHSA1- LMWH:SA = 1:1, LHSA3- LMWH:SA = 1:3,
LHSA5- LMWH:SA = 1:5, respectively). The synthesized LHSA conjugates were confirmed
by 1H-NMR analysis (Figure 2). The 1H-NMR spectra of LHSA conjugate exhibited proton
6

signals for both LMWH and SA. Although the existence of broad proton peaks of the LMWH,
the presence of SA in LHSA conjugate was confirmed by its chemical shifts at 0.8- 1.2 ppm.
The results indicated that the degree of substitution of LHSA increased with the increase in
the feed ratio of SA.

3.2. Quantitative analysis of LMWH in LHSA conjugate and its anticoagulant activity
For quantitative determination of LMWH in LHSA conjugate, the toluidine blue-based
colorimetric method was utilized. The standard curve of LMWH (0.2–2.0 μg/mL
concentration) shows linearity in the range (Figure 3). The physical mixtures of LMWH and
SA with various molar ratios, prepared for calculation of the molar substitution ratio of
LHSA, were analyzed by 1H-NMR. The linear regression line was plotted by the ratio of the
integration area between the SA peak (2.80 ppm) and the LMWH peak (1.95 ppm). The
degree of substitution of LHSA5 was calculated to be 34.0%, which indicates that
approximately 1.7 of SA is conjugated to each LMWH (Figure 4).The amount of LMWH
associated with LHSA conjugate was determined (Table 1). The anticoagulant activity of the
LHSA1, LHSA3 and LHSA5 was calculated to be 60.41, 32.09 and 31.92 % as compared to
free LMWH (Table 1). The anticoagulant activity of LHSA conjugate decreased as its
LMWH content decreased, which is consistent with previously reported heparin derivatives
[37, 38].

3.3. CMC determination of blank LHSA nanoparticles
CMC of LHSA nanoparticles was determined by fluorescence intensity measurements in
the presence of pyrene as a probe. The fluorescence intensity ratio (I1/I3) was measured at a
various concentration of LHSA conjugate and the CMC was estimated from the threshold
7

concentration of self-assembled nanoparticles (Figure 5). The CMC value of LHSA5 was
0.044 mg/ml but those of LHSA1 and LHSA3 could not be determined (Table1). This result
suggests that LHSA5 conjugate can form more stable nanoparticulate structures in aqueous
environment rather than LHSA1 or LHSA3.

3.4. Preparation and characterization of LHSA-based self-assembled nanoparticles
The mean diameter and zeta potential values are shown in Table 2. Mean diameter of
self-assembled nanoparticles based on LHSA was ranged in 140-180 nm. LHSA5
nanoparticle has a narrow size distribution (< 0.2 of polydispersity index), compared to
LHSA1 and LHSA3 nanoparticles (> 0.2 of polydispersity index). This result indicates the
higher substitution ratio of SA to LMWH can make more compact and stable LHSA
nanoparticle. The zeta potential values of the nanoparticles were negatively charged due to
the LMWH located on the surface of the shell. It implies LHSA nanoparticles may also exert
the biological activity of heparin. The shape of the LHSA nanoparticles was observed by
TEM (Figure 6). LHSA5 nanoparticles exhibited spherical shape, on the other hand, LHSA1
and LHSA3 nanoparticles rendered broken or slightly aggregated morphology.

4. Discussion

Novel amphiphilic LHSA conjugates with different LMWH to SA mole ratio were
synthesized and the feasibility of forming stable self-assembled nanoparticles was studied.
From 1H NMR analysis of LHSA conjugates, the proton peak of SA (chemical shifts at 0.81.2 ppm) in LHSA1 and LHSA3 was lower than LHSA5 (Figure 2). Accurate substitution
ratio (SA to LMWH) can be determined from 1H NMR spectrum of LHSA. In previously
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study [39], the correlation of molar ratio of arachidic acid (AA) to chitosan oligosaccharide
(CSO) was evaluated using 1H NMR from physical mixture of AA and CSO in DMSO-d6. In
this study, however, LMWH has a strong hydrophilic property, while SA has a strong
hydrophobic property. Therefore, none of NMR solvent could simultaneously dissolve
physical mixture of SA and LMWH. Because of this limitation, the content of LMWH in
LHSA was indirectly analyzed by the toluidine blue colorimetric method [33]. It is assumed
that established assay (Figure 3) could help identify the synthesis of LHSA and calculate the
weight ratio of heparin and SA. These results are in consistent with those of the anticoagulant
activity of LHSA conjugates calculated by anti-FXa chromogenic assay (Table 1). The
anticoagulant activity of LHSA conjugates decreased as the amount of chemically coupled
SA increased (Table 1)
All LHSA1, LHSA3 and LHSA5 conjugates prepared in this study could form selfassembled nanoparticles with the particle size of 140–180 nm. It is well known that
nanoparticles with a mean diameter < 200 nm can effectively accumulate in the tumor via the
enhanced permeation and retention (EPR) effect and exhibit reduced uptake by
reticuloendothelial system (RES) [40, 41]. Among them, LHSA5 nanoparticles showed more
narrow size distribution and stable spherical morphology than LHSA1 and LHSA3
nanoparticles (Figure 6). However, LHSA1 and LHSA3 conjugates did not possess the
hydrophobicity necessary for the formation of stable nanoparticle due to low substitution
ratio of SA. Additionally, CMC value of LHSA5 conjugate was significantly lower (44 μg/ml)
than those of other low-molecular-weight surfactants or amphiphilic polymers [42, 43],
indicating that it can form stable nanoparticle structure even in the lower polymer
concentration after dilution with body fluids.
SA of LHSA could constitute an internal hydrophobic core, while LMWH of LHSA
9

could constitute a hydrophilic outer shell of the nanoparticles in aqueous environment. SA
located in the core could provide the area that can encapsulate insoluble drugs [44]. It was
interesting to note that the zeta potential values of LHSA nanoparticles were negatively
charged, indicating that LMWH located on the surface of the shell. Therefore, even the
anticoagulant activity of LHSA seems to be lower than unmodified LMWH, LHSA still can
possess the activity of heparin after forming nanoparticles. Since LMWH is effective in
reducing the risk of embolic event in patients with malignancy and acute venous
thromboembolism [45], use of LMWH in cancer patients is recommended in numerous
guidelines and is now regarded as a standard of care [46]. Thus, the self-assembled LHSA5
nanoparticle could be attractive as an anticancer drug carrier, which has a synergic effect with
poorly water-soluble anticancer drug encapsulated in the core. Further studies are underway
in this laboratory to evaluate the feasibility of LMWH nanoparticles as a novel anticancer
drug carrier for tumor-targeted delivery.

5. Conclusion

LHSA conjugates were successfully synthesized and self-assembled nanoparticles based
on LHSA were prepared. The LHSA-based nanoparticle has LMWH moiety on the outer
shell resulting in negative surface charge. Among synthesized conjugates, LHSA5 could form
stable self-assembled nanoparticles in the aqueous environment with a narrow size
distribution. Since LHSA5 nanoparticle showed 30% anticoagulant activity compared to free
LMWH, it is also expected to maintain the other heparin activities. These results suggested
that LHSA5-based nanoparticles could be an attractive tumor-targeted delivery system for
anticancer drugs.
10
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Table 1 Characterization of LHSA conjugates

Sample

FXa (%)

CMC (mg/ml)

LMWH content (μg/ μg)

LHSA1

60.41

N.D

0.96

LHSA3

32.09

N.D

0.91

LHSA5

31.92

0.044

0.85

Abbreviations: FXa, Factor Xa; CMC, Critical micelle concentration; LMWH, lowmolecular-weight heparin; N.D, not determined.
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Table 2 Characterization of LHSA-based nanoparticles.

Sample

Particle size (nm)

Polydispersity index

Zeta potential (mV)

LHSA1 nanoparticles

146.1 ± 8.92

0.251 ± 0.07

–15.39 ± 8.44

LHSA3 nanoparticles

175.6 ± 6.54

0.225 ± 0.08

–33.92 ± 1.34

LHSA5 nanoparticles

177.9 ± 7.22

0.169 ± 0.04

–33.13 ± 0.72

Note: Data presented as mean ± SD (n=4).
Abbreviations: LHSA, LMWH-SA; SD, standard deviation.
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Figure 1 Synthetic scheme for LHSA conjugates.
Abbreviations: LMWH, low-molecular-weight heparin; SA, stearylamine; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; NHS, N-hydroxysuccinimide.
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Figure 2 1H NMR spectra of (a) LMWH and (b) LHSA1 and (c) LHSA3 (d) LHSA5 and (e)
SA, respectively. Samples were dissolved in D2O for 1H NMR analysis [R= -SO3(predominant) or –COCH3 (peak #13); R`=SA].
Abbreviations: 1H-NMR, proton nuclear magnetic resonance; LMWH, low-molecularweight heparin; SA, stearylamine.
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Figure 3 Relationship between the amounts of heparin and those determined UV absorbance
at 631 nm.
Abbreviations: UV, ultra violet; Abs, absorbance.
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Figure 4 Relationship between the ratio of integration area (2.80/1.95 ppm) and molar ratio
of SA/LMWH based on their physical mixture.
Note: Samples were dissolved in D2O/THF-d8 mixture (1:1) for 1H NMR analysis. Each
point represents the mean ± SD (n=3).
Abbreviation: SA, stearylamine; LMWH, low-molecular-weight heparin.
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Figure 5 CMC determination of LHSA5 nanoparticles. Fluorescence intensity ratio (I1/I3)
according to LHSA5 concentration as plotted and CMC was estimated from the threshold
concentration of self-assembled nanoparticles.
Notes: Pyrene is used as fluorescence probe. Ratio of intensities of the first and third vibronic
peak (I1/I3) is considered to estimate the CMC of LHSA5.
Abbreviations: CMC, critical micelle concentration; LHSA, LMWH-SA.
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(a) LHSA1 nanoparticles

(b) LHSA3 nanoparticles

(c) LHSA5 nanoparticles
Figure 6 Size distribution and TEM images of LHSA nanoparticles. The length of the scale
bar in the TEM image is 500 nm (x200,000).
Abbreviations: TEM, transmission electron microscopy; LHSA, LMWH-SA.
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1. Introduction

Over the past decade, nanoparticulate drug delivery systems containing anti-cancer
agents have been investigated extensively due to their specific accumulation behavior at the
tumor site [1, 2]. Nanoparticulate drugs can be distributed to tumor vasculatures by the
enhanced permeability and retention (EPR) effect, taking advantage of the leaky vascular
nature of tumor tissues that provides for passive tumor targeting [3, 4]. Additionally, these
nanoparticulate drugs offer the advantages of prolonged systemic circulation by avoiding
phagocytosis, improved efficacy, and reduced toxicity. Numerous biocompatible and
biodegradable materials, such as poly(lactic acid) [5, 6], poly(glycolic acid) [7],
polycaprolactone [8, 9], polysaccharides [10], proteins [11], and polypeptides [12], have been
used for the preparation of polymeric nanoparticles. Among them, polysaccharides have been
used extensively to prepare nanoparticles for drug delivery [2]. Polysaccharides are natural
biomaterials; thus, they are generally safe, non-toxic, biocompatible, and biodegradable. They
have various derivable groups that can be modified with other chemicals. Among the drug
delivery systems, self-assembled nanoparticles have been studied for the encapsulation and
sustained release of poorly soluble drugs [13-15]. The use of amphiphilic polymers can be
used to form nanoparticles with a hydrophobic core and a hydrophilic shell. This structure
enables the encapsulation and deliver of poorly soluble drugs, extending the circulation time
of nanoparticles in the bloodstream.
Docetaxel (DCT), an antimitotic chemotherapy medication and a semi-synthetic
analogue of paclitaxel, is a particularly important anticancer agent that has been used for the
treatment of many cancers, exhibiting cytotoxic activity in breast, ovarian, prostate, and nonsmall cell lung cancer cells [16-18]. As with all chemotherapies, however, adverse effects are
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common; side effects, such as neutropenia, peripheral neuropathy, musculoskeletal toxicity,
and hypersensitivity reactions, have been verified. In its commercial formulation (Taxotere® ),
non-ionic surfactant Tween 80 (polysorbate 80) and 13% ethanol in saline have been used to
dissolve DCT, due to its poor solubility in water [19]; however, this formulation is associated
with unpredictable hypersensitivity reactions and other side-effects [20]. Thus, many new
systems—including micelles, emulsions, and conjugates with other polymers—have been
developed to deliver DCT to tumor sites with minimal adverse reactions [21-23].
Heparin is a biocompatible, biodegradable, water-soluble natural polysaccharide coupled
with various biological activity, including anti-coagulation, anti-inflammatory, and antiangiogenesis effects [24, 25]. In addition to its well-known anticoagulant activity, the
anticancer activity of heparin has been evaluated [26, 27]. Low-molecular-weight heparin
(LMWH) exerts its anticancer activity by affecting the proliferation, adhesion, angiogenesis,
migration, and invasion of cancer cells. Although the exact mechanism of LMWH
interference with cancer biology still remains unclear, it may involve the inhibition of both
coagulation

and non-coagulation-dependent

pathways

of tumor progression

[28].

Furthermore, in a study of venous thromboembolism (VTR) therapy, a significant reduction
in the mortality rate was noted in the LMWH treatment group among the cancer patients [26].
Thus, these idiosyncratic properties facilitate the development of heparin-based delivery
systems [29, 30]. However, unfractionated heparin (UFH) causes adverse effects, such as
bleeding, which have limited its application. LMWH has a reduced anticoagulant activity and,
thus far, appears to have a greater anticancer effect than UFH [31]; thus, LMWH is preferable
to UFH for the initial treatment of VTR prevalent in cancer patients [32].
In this study, the objective was to synthesize an amphiphilic polymer comprised of
LMWH and stearylamine (octadecylamine, SA) for the preparation of self-assembled
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nanoparticles for anticancer drug delivery. This negatively charged nanoparticle was prepared
using LMWH-SA (LHSA) conjugates, with LMWH as the hydrophilic segment and SA as its
hydrophobic counterpart. SA (18-carbon saturated fatty amine) is used for the synthesis of
uniform nanoparticles [33]. The physicochemical properties of LHSA-based nanoparticles
containing DCT were characterized by determining size, zeta potential, and DCT-loading
efficacy. DCT release from nanoparticles and the cytotoxicity of blank nanoparticles were
also investigated. Moreover, the optimized formulation was evaluated via in vitro cellular
uptake study using confocal laser scanning microscopy (CLSM) and fluorescence-activated
cell sorter (FACS) measurements, and in vivo antitumor efficacy and pharmacokinetic studies.

2. Materials and methods

2.1. Materials
LMWH (101 IU mg−1), with an average molecular weight of ~4500 Da, was purchased
from

Nanjing

King-Friend

Biochemical

Pharmaceutical

Co.

Ltd.

1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), SA, coumarin 6
(C6), and pyrene were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). DCT was
purchased from Taihua Co. (Xi`an, China). Formamide (FA), tetrahydrofuran (THF), and
acetonitrile (HPLC grade) were supplied by Fisher Scientific Korea Ltd. Dulbecco’s modified
Eagle’s medium (DMEM), RPMI 1640 (developed by Roswell Park Memorial Institute),
heat-inactivated fetal bovine serum (FBS), streptomycin, and penicillin were obtained from
Gibco Life Technologies (Karlsruhe, Germany). Water was purified by distillation,
deionization, and reverse osmosis (Milli-Q Plus). All other chemicals were of analytical grade
which were purchased from commercial sources.
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2.2. Synthesis and characterization of LHSA conjugates
Amphiphilic LHSA conjugates were synthesized from LMWH and SA as described in
previous report. In brief, LMWH (1g) was dissolved in formamide (200mL) by gentle heating.
To synthesize the LHSA conjugates, EDC (636 mg) and NHS (384 mg) were mixed with
LMWH solutions at room temperature, followed by the addition of SA (300 mg) dissolved in
THF (132mL). This solution was stirred at room temperature for 24h. The mixture was
precipitated in excess cold acetone under vigorous agitation. This mixture was filtered by
glass filter (G4) and stirred for 30 min. The residues on the glass filter were carefully washed
three times with cold acetone to remove excess EDC, NHS and SA, followed by filtering
with 50ml of DDW. The filtrate was dialyzed with dialysis membrane (molecular weight cutoff= 1 kDa; Spectrum Laboratories, Laguna Hills, CA, USA) against DDW for 48 h. The
dialyzed products were lyophilized. LHSA conjugate was dissolved in D2O and analyzed by
1

H NMR (500 MHz)
Aliquot of conjugates were dissolved in D2O (10 mg mL−1), and 1H-NMR spectra were

obtained by using a Varian FT 500-MHz NMR spectrometer (Varian Inc., Palo Alto, CA,
USA). The values of the proton peaks from the 1H-NMR spectra were integrated to determine
the molar substitution of LHSA. Linear regression was prepared from the physical mixture of
LMWH and SA at various molar ratio (LMWH:SA =0.5:1, 1:1, 1:2, and 1:4) dissolved in the
mixture of D2O/THF-d8 (1:1). The ratio of the integration area (2.80/1.95 ppm) of each
physical mixture was calculated.

2.3. Preparation and characterization of LHSA-based nanoparticles
A simple modification of our previous methods was used for the self-assembly of LHSA
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and drug encapsulation [34]. LHSA (5 mg) and 1 mg of DCT were completely solubilized in
1 mL of FA; the solvent was evaporated under gentle nitrogen (N2) flow for 5 h at 80°C.
LHSA and DCT-coated tubes were resuspended with 1 mL of DDW by vortexing for 3 min,
followed by filtering through a 0.22-μm pore-size syringe filter (Minisart RC 15, Sartorius
Stedium Biotech GmbH, Goettingen, Germany).
The mean diameter, polydispersity, and zeta potential of the nanoparticles were
determined using a light scattering spectrophotometer (ELS-Z, Otsuka Electronics, Japan) at
a polymer concentration of 5 mg mL−1. The morphology of the LHSA nanoparticles was
assessed by transmission electron microscopy (TEM) (JEM 1010, JEOL, Japan). The
nanoparticle suspensions were stained with 2% (w/v) phosphotungstic acid (PTA), placed on
a copper grid coated with carbon film, air-dried for 10 min, and photographed.
The nanoparticle suspensions were distilled with FA to disrupt the self-assembled
structure. The drug encapsulation efficiency of drug-loaded nanoparticles was measured
using high-performance liquid chromatography (HPLC).34 The HPLC instrument consisted of
a dual pump (Waters 515), an auto-sampler (Waters 717 plus), an ultraviolet detector (Waters
2487) and a reverse-phase C-18 column (250 × 4.4 mm, 5 μm, Shiseido, Japan). The mobile
phase was a mixture of acetonitrile and DDW (55:45, v/v). The eluent was monitored at 230
nm and a flow rate of 1.0 mL min−1. The DCT concentrations were determined using 20 μL of
injection volume at room temperature. The lower limit of quantitation (LLOQ) was 500 ng
mL−1.

2.4. In vitro docetaxel release studies
The LHSA5 nanoparticles (the volume equivalent of 100 μg of DCT) were loaded in
semi-permeable Mini-Gebaflex-tubes with a molecular weight cut-off of 6–7 kDa (Gene Bio30

Application Ltd., Israel), and were immersed in the medium (10 mL). The dissolution
medium was phosphate-buffered saline (PBS, pH: 7.4) containing 0.5% (w/v) Tween 80 at
37°C, and was rotated at 50 rpm. Aliquot (0.2 mL) of medium was collected at predetermined
times (1, 2, 3, 4, 6, 9, 12, 24, 48, 72, 96, and 144 h), and fresh media (37°C) of equal volume
of was added to maintain sink condition. The amounts of DCT released into the medium were
analyzed by HPLC.

2.5. In vitro cytotoxicity of conjugate
MCF-7 and MDAMB 231 cells were purchased from the Korean cell line bank (Seoul,
Korea), and were cultured in RPMI-1640 medium with 1% (v/v) penicillin (100 U mL−1),
streptomycin (0.1 mg mL−1) and 10% (v/v) FBS. They were incubated in a humidified 5%
CO2 atmosphere at 37°C.
The cytotoxicity of LHSA5 conjugate polymer was evaluated in MCF-7 and MDAMB
231 cells by using MTS-based assay. MCF-7 and MDAMB 231 cells (1.0 × 104 cells) were
seeded in 96-well plates. Various concentrations of LHSA5 polymer in the culture medium
were incubated for 24 h at 37°C, after which the cells were treated with an MTS-based
CellTiter 96 AQueous One Solution Cell Proliferation Assay reagent (Promega Corp., WI, USA)
for 4 h at 37°C by the manufacturer’s protocol. The absorbance of the medium was read at
490 nm using the Emax Precision Microplate Reader (Molecular Devices, CA, USA)

2.6. In vitro antitumor efficacy studies
In vitro antitumor efficacy was evaluated using MTS-based assays. MCF-7 and MDAMB
231 cells (1.0 × 104 cells) were seeded in 96-well plates for 24 h. After washing cells twice
with PBS, they were incubated with various concentrations (0.1, 1.0 and 5.0 μM) of DCT
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solution (Taxotere) or DCT-loaded LHSA5 nanoparticles for 24 h at 37°C. Then, the cells
were treated with an MTS-based CellTiter 96 AQueous One Solution Cell Proliferation Assay
reagent for 4 h at 37°C by the manufacturer’s instructions. The absorbance at 490 nm was
read using an Emax Precision Microplate Reader, and are expressed as percentage of viable
cells compared with the control group (i.e., without DCT).

2.7. Cellular uptake studies
The cellular uptake efficiency of the LHSA5 nanoparticles was investigated by CLSM
with C6-loaded nanoparticles [34]. C6 was also loaded in nanoparticles using a similar DCT
loading method. Either MCF-7 or MDAMB 231 cells were seeded on culture plates (BD
Falcon, Bedford, MA, USA) at a density of 1.0 × 105 per well (1.7-cm2 surface area), and
incubated for 24 h at 37°C. C6 (2 μg) was added alone or entrapped in the LHSA5
nanoparticles, after which was incubated for 2 h at 37°C. Then, the cells were washed with
PBS (pH: 7.4), and were fixed with formaldehyde solution (4%, v/v) for 10 min. After
completely drying the liquid content, A VECTASHIELD mounting medium with 4′, 6diamidino-2-phenylindone (DAPI; H-1200 Vector Laboratories, Inc., CA, USA) was added to
prevent fading. Finally, the cells on the slides were observed by using CLSM (LSM 510,
Carl-Zeiss, Thornwood, NY, USA).
The cellular uptake efficiency the LHSA5 nanoparticles was also determined by flow
cytometry. MCF-7 and MDAMB 231 cells were seeded on 24-well plates at a density of 5 ×
105 per well and incubated overnight at 37°C. After removing the culture medium, the cells
were incubated with free C6 or C6-loaded LHSA5 nanoparticles for 2 h. The cells were then
completely washed with PBS (pH: 7.4). After they were detached and centrifuged, the
supernatant was then removed. The cell pellets were suspended again with PBS containing 2%
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(v/v) FBS. The uptake efficiency was analyzed by a BD FACSCalibur flow cytometry system
equipped with the Cell Quest Pro software (Becton Dickinson Bioscience, San Jose, CA,
USA).

2.8. In vivo antitumor efficacy
Tumor-xenografted mouse model was prepared by using female BALB/c nude mice (5
weeks old; Charles River, Washington, MA) for in vivo anticancer efficacy evaluation. They
were kept in a light-controlled room at 22 ± 2°C temperature and 55 ± 5% relative humidity
(Animal Center for Pharmaceutical Research, College of Pharmacy, Seoul National
University, Seoul, Korea). The experimental protocols were approved by the Animal Care and
Use Committee of the College of Pharmacy, Seoul National University. Tumor-xenografted
mouse were prepared by subcutaneous injection of MDAMD 231 cells (3 × 106 cells per
mouse) in the right lateral flank. After measuring the tumor size with Vernier calipers, the
tumor volume (mm3) was calculated by the following formula: volume = 0.5 × longest
diameter × shortest diameter2. After 14 days, when the MDAMB 231 tumor became palpable,
tumor volume and body weight measurements commenced. The mice were randomly divided
into four groups: the control (no treatment), blank LHSA5 nanoparticles, DCT solution
(Taxotere), and DCT-loaded LHSA5 nanoparticles groups. DCT solution or DCT-loaded
LHSA5 nanoparticles were intravenously injected at a dose of 30 mg kg−1 as DOC on days 0,
7, and 14. Tumor volume and body weight were measured for 18 days.

2.9. In vivo pharmacokinetic study in rats
Male Sprague-Dawley rats (280-300 g body weight) were used for pharmacokinetic
studies. Under light anesthesia (30 mg kg−1 Zoletil® , intramuscular injection), femoral artery
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and vein of each rat were cannulated with a polyethylene tube (PE-50; Clay Adams,
Parsippany, NJ). DCT solution (Taxotere) or DCT-loaded LHSA5 nanoparticles (8 mg kg−1 as
DCT) were administered to rats via the femoral vein within 1 min. Blood samples
(approximately 300 μL) were collected via the femoral artery at 0 (control), 1, 5, 15, 30, 60,
120, 180, 240, 360, and 720 min after intravenous administration of Taxotere and DCTloaded LHSA5 nanoparticles. After the blood samples underwent centrifugation, aliquots of
plasma (100 μL) were stored at −70°C (Model DF8517; Ilshin Labaratory Company, Seoul,
Korea) until liquid chromatography–mass spectrometry/mass spectrometry (LC-MS/MS)
analysis of DCT. Immediately after each blood sampling, equal volume of 0.9% sodium
chloride-injectable solution containing 20 U mL−1 of heparin was injected.
The concentration of DCT in the plasma samples was determined by LC-MS/MS. The
LC-MS/MS system consisted of an Agilent 1260 series HPLC system (equipped with a G
1312B binary pump, a G 1367E high-performance auto sampler, a G1322A vacuum degasser,
a G1330B FC/ALS thermostat, and a G1316C TCC), an Agilent 6430 triple quadrupole mass
spectrometer, and the MassHunter Workstation software (version B.03.01).
Plasma samples (100-μL) were deproteinized with acetonitrile (300 μL) and methanol
(100 μL) containing 1 μL mL−1 paclitaxel (as an internal standard). They were vortexed and
centrifugated at 16,000 g for 10 min. The supernatant (400 μL) were transferred to a clean
tube and completely evaporated under a gentle stream of N2 gas at room temperature. Then,
the residue was reconstituted with 60 μL of the mobile phase. After vortexing and
centrifugation again, a 10 μL aliquot of supernatant was injected into a poroshell 120 EC-C16
column (2.7 μm, 4.6 × 50 mm, Agilent Technologies Inc., USA) under isocratic elution of the
mobile phase consisting of ammonium formate and acetonitrile (30:70, v/v) at a flow rate of
0.2 mL min−1. The column temperature was maintained at 30°C. Data were acquired with
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electrospray ionization in the positive mode. Reaction monitoring was used to monitor the
transitions from molecular ion to dominant product ion at m/z 808-527 for DCT and m/z 876591 for paclitiaxel, respectively. The LLOQ value of DCT in rat plasma was 10 ng mL−1.
The following pharmacokinetic parameters were calculated using WinNonlin® (Pharsight,
Mountain View, CA): total area under the plasma concentration–time curve from time zero to
the end time point (AUC), terminal half-life (t1/2), time-averaged total body clearance (CL),
the apparent volume of the distribution under steady-state conditions (Vss), and the mean
residence time (MRT).

2.10. Statistical analysis
Statistical analyses were performed using analysis of variance. P values < 0.05 indicated
statistical significance. All experiments were performed at least three times and the data were
presented as the mean ± standard deviation (SD).

3. Results

3.1. Synthesis and characterization of LHSA conjugates
Heparin and its derivatives have been widely used as drug delivery systems [35-37]. In
this study, SA (an aminated fatty acid) was conjugated to LMWH to produce an amphiphilic
polymer, which is to form the self-assembled nanoparticles in aqueous environment (Figure
1). The amine group of SA was covalently coupled to the carboxylic group of LMWH in the
presence of EDC and NHS, thus producing amphiphilic LHSA conjugates. The synthesized
LHSA conjugates were confirmed by 1H-NMR analysis. The 1H-NMR spectra of the LHSA
conjugate exhibited proton signals for both LMWH and SA; a broad proton peak was
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observed for LMWH and the presence of SA in the LHSA conjugate was confirmed by its
chemical shift at 0.8–1.2 ppm. An alkyl chain (-CH2-) and a terminal methyl group (-CH3) of
SA corresponded to the proton peaks at 1.10 and 0.90 ppm, respectively. The physical
mixtures of LMWH and SA with various molar ratios, prepared for calculation of the molar
substitution ratio of LHSA, were analyzed by 1H-NMR. The linear regression line was
plotted by the ratio of the integration area between the SA peak (2.80 ppm) and LMWH peak
(1.95 ppm). The degree of substitution (DS) of LHSA5 was calculated to be 34.0%, which
indicates that approximately 1.7 of SA is conjugated to each LMWH.

3.2. Preparation and characterization of LHSA-based self-assembled nanoparticles
A solvent evaporation method was used to load DCT into the LHSA-based nanoparticles.
Blank self-assembled LHSA nanoparticles were prepared without DCT loading by dissolving
LHSA conjugate in an aqueous solution. The mean diameter, zeta potential, and drug loading
values are shown in Table 1. All samples successfully formed nanoparticles with a mean
diameter of 140 to 180 nm, which were confirmed by the size distribution and TEM of LHSA
nanoparticles. It is interesting to note that the incorporation of DCT in the LHSA5
nanoparticles leads to a decrease of the particle size from 177.9 nm to 155.20 nm (Table 1).
The loading of hydrophobic drugs in the inner-core can enhance the stability of selfassembled nanoparticles by inducing morphology transition in order to decrease the total free
energy, thereby resulting in the reduction of particle size [38, 39]. The nanoparticles showed
the negative zeta potential values due to the LMWH located in the shell.
The encapsulation efficiency and the drug loading content in the LHSA5 nanoparticles
was 59.82% and 10.68%, respectively (Table 1). TEM images showed that the DCT-loaded
LHSA5-based nanoparticles were also spherical in shape with narrow size distribution
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(Figure 2).

3.3. In vitro docetaxel release
Figure 3 shows the in vitro DCT release profile. DCT was incorporated in the LHSA5
nanoparticles and the sink condition was adequately maintained in the release test. The in
vitro release of DCT from LHSA5 nanoparticles was investigated for 6 days. After initial
release for 24 h, the release rate of DCT slightly decreased with incubation time, and showed
a sustained DCT release pattern. The release level of DCT within 24 h was 48.24%;
additional release continued up to 96 h. A sustained DCT release pattern can lead to reduction
in in vivo drug clearance, which results in maintenance of adequate drug concentrations for
tumor growth inhibition.

3.4. In vitro cytotoxicity of LHSA conjugate
The cytotoxicity of blank LHSA5 conjugate was investigated in MCF-7 (Figure 4a) and
MDAMB 231 (Figure 4b) breast cancer cell lines. Cell viability was measured after treating
with various concentrations of LMWH and blank LHSA5 conjugate for 24 h. At all blank
LHSA5 conjugate polymer concentrations (0–200 μg mL−1), no significant viability
differences between the LMWH and blank LHSA5 conjugate groups were observed,
indicating that the blank LHSA5 conjugate polymer exerted no severe cytotoxicity on MCF-6
and MDAMB 231 cells.

3.5. In vitro antitumor effect
In vitro antitumor effects were evaluated using MCF-7 (Figure 5a) and MDAMB 231
(Figure 5b) cells. Free DCT (Taxotere) and DCT-loaded LHSA5 nanoparticles have antitumor
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efficacy against MCF-7 and MDAMB 231 cells. The DCT-loaded LHSA5 nanoparticle
exhibited a similar or slightly lower efficacy than free DCT, possibly due to sustained release
of free DCT from LHSA5 nanoparticles.

3.6. In vitro cellular uptake study
MCF-7 and MDAMB 231 are human breast cancer cell lines, and were selected since
DCT is mainly used for the treatment of breast cancer [40]. To investigate the cellular uptake
efficiency of LHSA5 nanoparticles, LHSA5 nanoparticles loaded with C6 were observed
using CLSM, with 4',6-diamidino-2-phenylindole (DAPI) staining of nuclei in MCF-7 and
MDAMB 231 cells. C6 is a fluorescence probe that has been widely used in cellular uptake
studies of nanoparticles [34, 41]. In Figure 6, the stronger green fluorescent signals indicate
higher intracellular accumulation of C6 from LHSA5 nanoparticles compared to that from the
C6 solution.
Cellular uptake efficiency was also quantitatively determined in MCF-7 (Figure 7a) and
MDAMB 231 (Figure 7b) cells by a flow cytometry. The fluorescence intensity was assumed
to be proportional to the amount of C6 in the cells; however, fluorescence was barely
detected in the control (no treatment) and blank nanoparticle groups. Figure 7 shows that
significantly higher amounts of C6 from LHSA5-based nanoparticles were taken up by the
cells, compared with the C6 solution, which is consistent with the results of the CLSM study
(Figure 6). This result can be explained by the endocytosis of the nanoparticles [42, 43]. A
previous study showed that fatty acid-modified polysaccharide-based nanoparticles form selfassembled nanoparticles with a multi-hydrophobic core [44]. A hydrophobic minor core could
facilitate the internalization of nanoparticles into cells via interaction with the plasma
membrane. Although LHSA5-based nanoparticles are negatively charged due to their many
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sulfate and carboxyl groups, the nanoparticle was taken up in higher amounts, compared with
the C6 solution.

3.7. In vivo antitumor efficacy
In vivo antitumor efficacy of the DCT-loaded LHSA5 nanoparticle formulation was
evaluated in the MDAMB 231 tumor-bearing mouse model. Blank LHSA5 nanoparticles,
DCT solution (Taxotere), and DCT-loaded LHSA5 nanoparticles were injected intravenously
on days 0, 7, and 14. Then, tumor volume (mm3) and body weight (g) were monitored for 18
days.
The tumor volumes of the blank LHSA5 nanoparticle, DCT solution (Taxotere), and
DCT-loaded LHSA5 nanoparticle-treated groups on day 18 were 94.6, 63.2, and 47.1% that
of the control group, respectively (Figure 8a). The most effective inhibition of tumor growth
was observed in DCT-loaded LHSA5 nanoparticles, while the blank LHSA5 nanoparticle
treatment group had little effect on tumor growth inhibition. Moreover, the tumor growth
inhibition effect of the DCT-loaded LHSA5 nanoparticles group was significantly greater
than that of the Taxotere group (p < 0.05).
The safety of DCT-loaded LHSA nanoparticles was evaluated by measuring changes in
body weight. For most groups, there was no significant difference in body weight (Figure 8b).
However, the body weight of the Taxotere-treated group was significantly lower than that of
the control group. The DCT-loaded LHSA5 nanoparticle-treated group showed no significant
difference compared with the control group, suggesting that the DCT-loaded LHSA
nanoparticle treatment was less toxic than Taxotere group.

3.8. In vivo pharmacokinetic study
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Figure 9 shows the plasma concentration–time profiles of DCT solution (Taxotere) and
DCT-loaded LHSA5 nanoparticles, at a dose of 8 mg kg−1 to Sprague-Dawley rats; relevant
pharmacokinetic parameters are listed in Table 2. The results showed that DCT was rapidly
eliminated from the bloodstream in both the Taxotere and LHSA5 nanoparticle groups over
the first 30 min after dosing. However, after dose normalization, the DCT in LHSA5
nanoparticles yielded a higher plasma concentration than Taxotere. Non-compartmental
analysis of the plasma concentrations showed a significant change in the pharmacokinetic
parameters of DCT in LHSA5 nanoparticles. Compared with Taxotere, the LHSA5
nanoparticles provided a significantly higher AUC (2.48-fold), terminal t1/2 (3.02-fold), and
MRT (3.64-fold). The LHSA5 nanoparticles also significantly decreased the clearance (CL,
2.54-fold) of DCT. These in vivo pharmacokinetic properties were thought to be related to its
in vitro sustained release pattern. This result indicates that the LHSA5 nanoparticles
prolonged the circulation of DCT in the bloodstream, thereby improving its therapeutic
efficacy (Figure 8a).

4. Discussion

An accurate substitution ratio (SA to LMWH) can be determined from the 1H-NMR
spectrum of the physical mixtures of LMWH and SA. In our previous study [45], the
correlation of the molar ratio of arachidic acid (AA) to chitosan oligosaccharide (CSO) was
evaluated using 1H-NMR from a physical mixture of AA and CSO in DMSO-d6. However,
LMWH has a strong hydrophilic property, while SA has a strong hydrophobic property; thus,
an NMR cosolvent consisting of D2O and THF-d8 was used to dissolve
It is known that nanoparticles with a mean diameter <200 nm accumulate in tumors via
40

the EPR effect and exhibit reduced uptake by the reticuloendothelial system (RES) [3, 46].
The LMWH of LHSA creates a hydrophilic outer shell of the nanoparticles in an aqueous
environment. The SA of LHSA provides an internal hydrophobic core that can be used to
encapsulate insoluble drugs [47]. It was interesting to note that the zeta potential values of
LHSA nanoparticles were negative, indicating that the LMWH was located on the surface of
the shell. Therefore, LHSA could possess heparin activity after nanoparticle formation, yet
the anticoagulant activity of LHSA was lower than that of the unmodified LMWH. Because
LMWH reduces the risk of embolic events in patients with malignancy and acute VTR [48],
its use in cancer patients is recommended by numerous guidelines and is now regarded as a
standard of care [49]. Thus, the self-assembled LHSA5 nanoparticle could be attractive as an
anticancer drug carrier, which has a synergic effect with poorly water-soluble anticancer
drugs encapsulated in the core.
After characterization of the blank LHSA-based nanoparticles, we evaluated DCT-loaded
LHSA nanoparticles was evaluated using the LHSA5 conjugate, due to its more stable
nanoparticle configuration compared with the other structures. The encapsulation efficacy of
the DCT-loaded LHSA5 nanoparticle was 59.82%, with TEM images revealing a spherical
shape. The in vitro release of DCT from the LHSA5 nanoparticle continued for ~96 h, as
shown in Figure 3. From these results, a reduction in the in vivo drug clearance was expected,
allowing a drug concentration adequate for tumor growth inhibition to be sustained. When
intravenously administered in Sprague-Dawley rats, the concentration profile of DCT in
plasma was sustained for 6 h, as compared with 2 h for Taxotere administration, as shown in
Figure 9.
The effects of the DCT-loaded LHSA5 nanoparticles on in vitro cytotoxicity and
antitumor efficacy in MCF-7 and MDAMB 231 cells were investigated, as shown in Figures
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4 and 5. The LMWH and blank LHSA5 nanoparticles exhibited no severe in vitro
cytotoxicity. Free DCT and DCT-loaded LHSA5 nanoparticles were cytotoxic to MCF-7 and
MDAMB 231 cells. DCT-loaded LHSA5 nanoparticles had a similar or slightly lower
efficacy than free DCT, thus contributing to the sustained release of free DCT from LHSA5
nanoparticles. As shown in Figure 3, only 40% of the free DCT was released from LHSA5
nanoparticles in 24 h in the in vitro release study.
C6 has been widely used in cellular uptake studies [34, 41], and was used in this study as
a fluorescence probe to investigate the cellular uptake efficiency of the LHSA nanoparticles.
LHSA5 nanoparticles loaded with C6 in MCF-7 and MDAMB 231 cells were visualized by
CLSM in Figure 6. Significant difference was observed in the fluorescence intensities of the
C6 solution and the C6-loaded LHSA nanoparticles. In addition, a significantly higher
amount of C6 from the LHSA5 nanoparticles was taken up by the cells compared to from the
C6 solution, as shown in Figure 7. This result could be attributable to endocytosis of the
nanoparticles [42, 43]. Moreover, the fatty acid-modified polysaccharide-based nanoparticles
are capable of forming self-assembled nanoparticles with a multi-hydrophobic core [44]. The
hydrophobic part of the nanoparticles could facilitate drug internalization into the cells via
interactions with the cell membrane. Although the LHSA5-based nanoparticles was
negatively charged due to its sulfate and carboxyl groups, the nanoparticles was taken up in
significantly higher amounts compared with the C6 solution. In addition to drug uptake by
nanoparticles, long-term cellular drug retention can play key roles in drug efficacy in
microtubule-targeted anticancer drugs [50]. Thus, LHSA5 nanoparticles could induce
synergy effect by enhancing drug uptake and retention time, which are shown in in vivo
antitumor efficacy study (Figure 8).
The DCT-loaded LHSA5 nanoparticles exhibited significant inhibitory effects on
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MDAMB 231 tumor growth, compared with the other groups (Figure 8a). This can be
explained in terms of the physicochemical properties of the drug-loaded nanoparticles that
induce sustained drug release (as shown in Figure 9) and passive targeting to tumor tissue via
an EPR effect. Although the blank LHSA5 nanoparticles showed insignificant in vivo
inhibition of MDAMB 231 tumor growth in this study, others have reported the antitumor
effects of several heparin derivatives in tumor-bearing mice [36, 51, 52]. This discrepancy
can be attributed to the differences in tumor type, heparin injection frequency and capacity,
administration route, and heparin-modifying molecules.
The concentration profile of DCT in plasma was sustained up to 6 h (Figure 9). This
result indicates that LHSA5 nanoparticles contributed to prolonged circulation of DCT in the
bloodstream and is consistent with the improved its therapeutic efficacy (Figure 8a).
Compared with the DCT solution, the DCT-loaded LHSA5 nanoparticles provided a
significantly higher AUC, t1/2, and MRT and a lower CL, as shown in Table 2. These in vivo
pharmacokinetic parameters were related to its in vitro sustained DCT release pattern.
Moreover, the increased retention time and decreased clearance of the DCT plasma may
contribute to enhanced in vivo antitumor efficacy in the tumor xenograft model, as shown in
Figure 8a.

5. Conclusion

LHSA conjugates were successfully synthesized and self-assembled nanoparticles based
on LHSA were prepared. The LHSA-based nanoparticles have an LMWH moiety on the
outer shell resulting in a negative surface charge. Among the synthesized conjugates, LHSA5
formed stable self-assembled nanoparticles in an aqueous environment, with a narrow size
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distribution. Because the LHSA5 nanoparticles showed 30% of the anticoagulant activity
exhibited by free LMWH, it likely also maintains the other heparin activities. The DCTloaded LHSA5 nanoparticles showed sustained drug-release profiles, in vitro and in vivo,
compared with Taxotere. The nanoparticulate structure influenced cellular uptake;
consequently, the DCT-loaded LHSA5 nanoparticles formulation improved the half-life of
DCT and significantly inhibited MDAMB 231 tumor growth in xenograft mice. Thus,
LHSA5-based self-assembled nanoparticles may be useful as an anticancer drug delivery
system.
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Table 1 Characterization of LHSA5 and DCT-loaded LHSA5 nanoparticles
Zeta
Particle

Polydispersity

size (nm)

index

Formulation

Drug
Encapsulation

potential

loading
efficiency (%)

(mV)

content (%)

LHSA5

177.9 ± 7.2

0.17 ± 0.04

-33.1 ± 0.7

-

-

LHSA5/DCT
(5:1,w/w)

155.2 ± 3.5

0.16 ± 0.04

-35.3 ± 0.3

59.8 ± 3.9

10.7 ± 0.6

Notes: Data present as mean ± SD (n=4)
Encapsulation efficiency (%) =

.

Drug loading content (%) =
Abbreviations: LHSA, LMWH-SA; DCT, docetaxel; SD, standard deviation.
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Table 2 Pharmacokinetic parameters of Taxotere and DCT-loaded LHSA5 nanoparticles after
a single intravenous injection (8mg/kg) in rats (n=4)

Parameter

Taxotere

LHSA5/DCT

AUC (μg min/mL)

75.1 ± 10.2

186.8 ± 24.6*

Terminal t1/2 (min)

38.0 ± 6.3

121.8 ± 11.8*

100.4 ± 15.6

39.4 ± 5.0*

Vss (mL/kg)

5401.3 ± 131.5

6910.5 ± 979.3

MRT (min)

23.5± 2.2

85.4 ± 4.0*

CL (mL/min/kg)

Notes: Data present as mean ± SD (n=4)
*

A p-value of less than 0.05 was considered to be statistically significant using a t-test

between Taxotere and LHSA5/DCT groups.
Abbreviations: DCT, docetaxel; LHSA, LMWH-SA; AUC, total area under the plasma
concentration-time curve from time zero to the end point; CL, time-averaged total body
clearance; Vss, the apparent volume of distribution under steady-state conditions; MRT, the
mean residence time; SD, standard deviation.
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Figure 1 Schematic illustration of LHSA-based nanoparticles.
Abbreviations: LMWH, low-molecular-weight heparin; SA, stearylamine; DCT, docetaxel;
LHSA, LMWH-SA.
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Figure 2 Size distribution and TEM images of DCT-loaded LHSA5 nanoparticles. The length
of the scale bar in TEM images is 500 nm (ｘ200,000).
Abbreviations: TEM, transmission electron microscopy; DCT, docetaxel; LHSA, LMWHSA.
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Figure 3 In vitro release profile of DCT from LHSA5-based nanoparticles. Each point
represents as mean ± S.D. (n=3).
Abbreviations: DCT, docetaxel; LHSA, LMWH-SA; S.D, standard deviation.
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(a)

(b)

Figure 4 In vitro cytotoxicity of LHSA5 in (a) MCF-7 and (b) MDAMB 231 cells. Cell
viability was measured by MTS-based assay after incubating LMWH or LHSA5 at various
polymer concentrations for 24 h. Data represent as mean ± S.D. (n=5).
Abbreviations: LHSA, LMWH-SA; S.D, standard deviation.
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(a)

(b)

Figure 5 In vitro antitumor efficacy of Taxotere and DCT-loaded LHSA5 nanoparticles in (a)
MCF-7 and (b) MDAMB 231 cells.
Abbreviations: DCT, docetaxel; LHSA, LMWH-SA.
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Control

Blank nanoparticles

C6 solution

LHSA5/C6 nanoparticles

MCF-7

MDAMB
231

Figure 6 In vitro cellular uptake study of coumarin 6 was observed by CLSM in MCF-7 and MDAMB 231 cells after incubating for 2 h.
Merged images composed of coumarin 6 (green color) and DAPI (blue color) were shown. Groups were as follows; control, blank LHSA5
nanoparticles, coumarin 6 solution, coumarin 6-loaded LHSA5 nanoparticles.
Abbreviations: CLSM, confocal laser scanning microscope; C6, coumarin 6; LHSA, LMWH-SA.
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(a) MCF-7 cell

(b) MDAMB 231 cell

Figure 7 In vitro cellular uptake study of coumarin 6 was observed by FACS in (a) MCF-7
and (b) MDAMB 231 cells after incubating for 2 h. Groups were as follows; control, blank
LHSA5 nanoparticles, coumarin 6 solution, coumarin 6-loaded LHSA5 nanoparticles. Data
represent as mean ± S.D. (n=4).
Notes: * A p-value of less than 0.05 was considered to be statistically significant using a t-test
between C6 and LHSA5/C6 groups.
Abbreviations: FACS, fluorescence-activated cell sorter; C6, coumarin 6; LHSA, LMWHSA.
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(a)

(b)

Figure 8 In vivo antitumor efficacy in the MDAMB 231 tumor-bearing mouse model. (a)
Tumor volume (mm3) profiles according to time (day) are shown. All samples were injected
on day 0, 7, and 14 (red arrows). Points indicate the means ± SD (n=5). (b) Body weight (g)
was also measured with tumor size measurement for 18 days.
Notes: Points indicate the means ± SD (n=5). The data were analyzed with two-way ANOVA.
*

p < 0.05 compared with the control group; #p < 0.05 compared with the LHSA5 group; +p <

0.05 compared with the Taxotere group.
Abbreviations: LHSA, LMWH-SA; DCT, docetaxel; SD, standard deviation.
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Figure 9 In vivo pharmacokinetic profile after intravenous injection of Taxotere and DCTloaded LHSA5 nanoparticles formulation in rats at a dose of 8 mg/kg DCT. Points represent
the mean ± SD (n=4).
Abbreviations: DCT, docetaxel; LHSA, LMWH-SA; SD, standard deviation.
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국문초록

Preparation and characterization of self-assembled nanoparticles based on lowmolecular-weight heparin and stearylamine conjugates for controlled delivery of
docetaxel

Part І. Synthesis and characterization of amphiphilic polymer consisted of lowmolecular-weight heparin and stearylamine for the preparation of self-assembled
nanoparticle

본 연구의 목적은 자가조립나노입자 제조를 위한 저분자량 헤파린과 스테아릴아민을 이
용한 양친매성 고분자를 합성 및 평가하는 것이다. 저분자량 헤파린은 친수성 다당류로
항응고 작용 및 항암작용이 있다. 여기에 소수성 지방산유도체인 스테아릴아민을 저분자
량헤파린에 결합시켜 양친매성 고분자를 합성하였다. EDC, NHS를 촉매로 하여 분자량헤
파린 1몰 당 스테아릴아민을 각각 1, 3, 5 배의 몰비율을 합성하였다. 저분자량 헤파린
과 스테아릴아민 결합체(LHSA)의 합성은 1H-NMR을 이용하여 확인하였다. LHSA들을 이용
한 자가조립나노입자를 제조하여 입자크기, 제타전위, 입자모양 등을 평가하였다. 합성
된 LHSA들 중 저분자량헤파린과 스테아릴아민 1:5의 비율로 합성한 LHSA5 결합체가 178
nm의 크기를 가지는 가장 안정한 자가조립나노입자를 형성하였다. LHSA5의 임계미셀농도
는 0.044 mg/ml 이하로 측정되었고, LHSA5의 항응고활성은 저분자량헤파린의 31.92%로
측정되었다. 이런 결과들을 통해 LHSA5 결합체는 소수성 항암제 약물전달을 위한 효과적
인 나노입자전달체로 활용가능하다는 것을 시사하였다.
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Part Ⅱ. Characterization and evaluation of self-assembled nanoparticles based on lowmolecular-weight heparin and stearylamine conjugates for controlled delivery of
docetaxel

본 연구의 목적은 LHSA 기반의 자가조립나노입자를 이용하여 도세탁셀 항암제의 정맥주
사 제제의 제조 및 평가이다. 도세탁셀 항암제를 봉입한 자가조립나노입자를 제조하여

in vitro 항암효과, in vitro 세포 내 흡수, in vivo 항종양효과 및 in vivo 약물동태
등을 평가하였다. 도세탁셀을 봉입한 자가조립나노입자는 155 nm 크기를 가지는 표면에
음전하를 띤 구형의 형태를 나타내었다. In vitro, in vivo 에서 도세탁셀 약물의 방출
패턴을 확인한 결과 자가조립나노입자에서 도세탁셀의 서방형 방출패턴을 확인하였다.
쿠마린6을 봉입한 자가조립나노입자를 이용하여 MCF-7과 MDAMB-231 세포에서의 흡수를
평가해 본 결과 자가조립나노입자 제제에서 쿠마린6 용액에 비해 높은 흡수율을 나타내
었다. 최종적으로 MDAMB-231 종양을 이식한 마우스모델에서의 항종양효과 평가에서 도세
탁셀을 봉입한 나노입자 제제가 기존의 도세탁셀 제형보다 유의성 있게 높은 항종양효과
를 나타내는 것을 확인하였다. 이러한 실험 결과는 LHSA 기반의 자가조립나노입자 제제
가 항암제의 약물전달시스템으로서 효과적인 방법이라는 것을 시사하였다.

주요어: Low-molecular-weight heparin, Anticancer drug delivery, Docetaxel, Self-

assembled nanoparticle, Amphiphilic polymer

학번: 2011-30499
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Abstract: Low-molecular-weight heparin (LMWH)–stearylamine (SA) conjugates
(LHSA)-based self-assembled nanoparticles were prepared for intravenous delivery of docetaxel
(DCT). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide were
used as coupling agents for synthesis of LHSA conjugates. The physicochemical properties,
in vitro antitumor efficacy, in vitro cellular uptake efficiency, in vivo antitumor efficacy, and
in vivo pharmacokinetics of LHSA nanoparticles were investigated. The LHSA nanoparticles
exhibited a spherical shape with a mean diameter of 140–180 nm and a negative surface charge.
According to in vitro release and in vivo pharmacokinetic test results, the docetaxel-loaded
LHSA5 (LMWH:SA =1:5) nanoparticles exhibited sustained drug release profiles. The blank
LHSA nanoparticles demonstrated only an insignificant cytotoxicity in MCF-7 and MDAMB
231 human breast cancer cells; additionally, higher cellular uptake of coumarin 6 (C6) in
MCF-7 and MDAMB 231 cells was observed in the LHSA5 nanoparticles group than that
in the C6 solution group. The in vivo tumor growth inhibition efficacy of docetaxel-loaded
LHSA5 nanoparticles was also significantly higher than the Taxotere®-treated group in the
MDAMB 231 tumor-xenografted mouse model. These results indicated that the LHSA5-based
nanoparticles could be a promising anticancer drug delivery system.
Keywords: amphiphilic polymer, docetaxel, drug delivery, low-molecular-weight heparin,
self-assembled nanoparticle
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Over the past decade, nanoparticulate drug delivery systems containing anticancer
agents have been investigated extensively due to their specific accumulation behavior
at the tumor site.1,2 Nanoparticulate drugs can be distributed to tumor vasculatures by
the enhanced permeability and retention (EPR) effect, taking advantage of the leaky
vascular nature of tumor tissues that provides for passive tumor targeting.3,4 Additionally, these nanoparticulate drugs offer the advantages of prolonged systemic circulation by avoiding phagocytosis, improved efficacy, and reduced toxicity. Numerous
biocompatible and biodegradable materials, such as poly(lactic acid),5,6 poly(glycolic
acid),7 polycaprolactone,8,9 polysaccharides,10 proteins,11 and polypeptides,12 have been
used for the preparation of polymeric nanoparticles. Among them, polysaccharides
have been used extensively to prepare nanoparticles for drug delivery.2 Polysaccharides
are natural biomaterials; thus, they are generally safe, nontoxic, biocompatible, and
biodegradable. They have various derivable groups that can be modified with other
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chemicals. Among the drug delivery systems, self-assembled
nanoparticles have been studied for the encapsulation and
sustained release of poorly soluble drugs.13–15 Amphiphilic
polymers can be used to form nanoparticles with a hydrophobic core and a hydrophilic shell. This structure enables the
encapsulation and delivery of poorly soluble drugs, extending
the circulation time of nanoparticles in the bloodstream.
Docetaxel (DCT), an antimitotic chemotherapy medication and a semisynthetic analog of paclitaxel, is a particularly
important anticancer agent that has been used for the treatment of many cancers, exhibiting cytotoxic activity in breast,
ovarian, prostate, and non-small-cell lung cancer cells.16–18
As with all chemotherapies, however, adverse effects
are common; side effects such as neutropenia, peripheral
neuropathy, musculoskeletal toxicity, and hypersensitivity
reactions have been verified. In its commercial formulation
(Taxotere®, Sanofi-Aventix, Bridgewater, NJ, USA), nonionic surfactant Tween 80 (polysorbate 80) and 13% ethanol
in saline have been used to dissolve DCT, due to its poor
solubility in water;19 however, this formulation is associated
with unpredictable hypersensitivity reactions and other side
effects.20 Thus, many new systems – including micelles,
emulsions, and conjugates with other polymers – have
been developed to deliver DCT to tumor sites with minimal
adverse reactions.21–23
Heparin is a biocompatible, biodegradable, water-soluble
natural polysaccharide coupled with various biological
activities, including anticoagulation, anti-inflammatory, and
antiangiogenesis effects.24,25 In addition to its well-known
anticoagulant activity, the anticancer activity of heparin has
been evaluated.26,27 Low-molecular-weight heparin (LMWH)
exerts its anticancer activity by affecting the proliferation,
adhesion, angiogenesis, migration, and invasion of cancer
cells. Although the exact mechanism of LMWH interference
with cancer biology still remains unclear, it may involve the
inhibition of both coagulation and noncoagulation-dependent
pathways of tumor progression.28 Furthermore, in a study of
venous thromboembolism therapy, a significant reduction in
the mortality rate was noted in the LMWH treatment group
among cancer patients.26 Thus, these idiosyncratic properties facilitate the development of heparin-based delivery
systems.29,30 However, unfractionated heparin (UFH) causes
adverse effects, such as bleeding, which have limited its
application. LMWH has a reduced anticoagulant activity
and, thus far, appears to have a greater anticancer effect
than UFH;31 thus, LMWH is preferable to UFH for the initial
treatment of venous thromboembolism prevalent in cancer
patients.32
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In this study, we synthesized an amphiphilic polymer
composed of LMWH and stearylamine (octadecylamine, SA)
for the preparation of self-assembled nanoparticles for anticancer drug delivery. This negatively charged nanoparticle
was prepared using LMWH-SA (LHSA) conjugates, with
LMWH as the hydrophilic segment and SA as its hydrophobic
counterpart. SA (18-carbon saturated fatty amine) is used for
the synthesis of uniform nanoparticles.33 The physicochemical properties of LHSA-based nanoparticles containing DCT
were characterized by determining size, zeta potential, and
DCT-loading efficacy. DCT release from nanoparticles and
the cytotoxicity of blank nanoparticles were also investigated.
Moreover, the optimized formulation was evaluated via in
vitro cellular uptake study using confocal laser scanning
microscopy (CLSM) and fluorescence-activated cell sorter
(FACS) measurements, and in vivo antitumor efficacy and
pharmacokinetic studies.

Materials and methods
Materials
LMWH (101 IU mg−1), with an average molecular weight
of ~4,500 Da, was purchased from Nanjing King-Friend
Biochemical Pharmaceutical Co. Ltd (Nanjing, People’s
Republic of China). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), SA,
coumarin 6 (C6), and pyrene were obtained from SigmaAldrich Co. (St Louis, MO, USA). DCT was purchased from
Taihua Co. (Xi’an, People’s Republic of China). Formamide
(FA), tetrahydrofuran (THF), and acetonitrile (HPLC [highperformance liquid chromatography] grade) were supplied
by Fisher Scientific Korea Ltd. (Seoul, Republic of Korea).
Dulbecco’s modified Eagle’s medium (DMEM), RPMI
1640 (developed by Roswell Park Memorial Institute), heatinactivated fetal bovine serum, streptomycin, and penicillin
were obtained from Gibco Life Technologies (Karlsruhe,
Germany). Water was purified by distillation, deionization,
and reverse osmosis (Milli-Q Plus). All other chemicals
were of analytical grade, which were purchased from commercial sources.

Synthesis and characterization of LHSA
conjugates
Amphiphilic LHSA conjugates were synthesized from
LMWH and SA. LMWH (1 g) was dissolved in FA (200 mL)
by gentle heating. To synthesize the LHSA conjugates,
LMWH solutions were mixed with different amounts of
EDC and NHS (3 mol/mol of SA, each) at room temperature.
The solutions were then added with different amounts of SA
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(1, 3, and 5 mol/mol of LMWH) dissolved in THF (132 mL),
followed by stirring at room temperature for 24 hours. The
mixtures were then precipitated in excess cold acetone (at
5× the mixture volume) under vigorous agitation, filtered
by a glass filter (G4), and stirred for 30 minutes. To remove
excess EDC, NHS, and SA, the residues on the glass filter
were carefully washed three times with cold acetone, followed by filtering with 50 mL of distilled deionized water
(DDW). The filtrate was dialyzed against DDW for 48 hours
using a dialysis membrane with molecular weight cutoff of
1 kDa (Spectrum Laboratories, Laguna Hills, CA, USA) and
lyophilized. The LHSA conjugate was dissolved in D2O and
analyzed by proton nuclear magnetic resonance (1H-NMR)
spectroscopy (500 MHz).
Aliquots of conjugates were dissolved in D2O (10 mg mL−1),
and 1H-NMR spectra were obtained by using a Varian FT
500-MHz NMR spectrometer (Varian Inc., Palo Alto, CA,
USA). The values of the proton peaks from the 1H-NMR
spectra were integrated to determine the molar substitution of LHSA. Linear regression was prepared from the
physical mixture of LMWH and SA at various molar ratios
(LMWH:SA =0.5:1, 1:1, 1:2, and 1:4) dissolved in the mixture of D2O/THF-d8 (1:1). The ratio of the integration area
(2.80/1.95 ppm) of each physical mixture was calculated.
The anticoagulant activity of LMWH and the LHSA
conjugates was determined using the Coatest anti-FXa
chromogenic assay (Chromogenix, Milan, Italy). The
critical micellar concentration (CMC) of LHSA was investigated using pyrene as a fluorescence probe, as described
previously.34 A pyrene solution in THF (2×10−6 M) was
prepared, and the THF was evaporated under gentle nitrogen
gas (N2) flow for 1 hour at 60°C. An LHSA solution in DDW
(1 mL), in the concentration range of 10−5 to 1 mg mL−1, was
added to each tube to achieve a final pyrene concentration of
6×10−7 M. The intensity ratio (I1/I3) in the excitation spectra
was calculated and plotted. The excitation wavelength was
fixed at 334 nm after scanning from 350 to 550 nm, and the
slit openings for excitation and emission were set at 10 and
3 nm, respectively. Fluorescence measurements were performed using a fluorescent spectrometer FP-6500 (JASCO
Co., Tokyo, Japan).

Preparation and characterization of
LHSA-based nanoparticles
A simple modification of our previous methods was used
for the self-assembly of LHSA and drug encapsulation.34
LHSA (5 mg) and 1 mg of DCT were completely solubilized
in 1 mL of FA; the solvent was evaporated under gentle N2
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flow for 5 hours at 80°C. LHSA and DCT-coated tubes were
resuspended with 1 mL of DDW by vortexing for 3 minutes,
followed by filtering through a 0.22 μm pore-size syringe
filter (Minisart RC 15, Sartorius Stedium Biotech GmbH,
Goettingen, Germany).
The mean diameter, polydispersity, and zeta potential
of the nanoparticles were determined using a light scattering spectrophotometer (ELS-Z, Otsuka Electronics, Osaka,
Japan) at a polymer concentration of 5 mg mL −1. The
morphology of the LHSA nanoparticles was assessed by
transmission electron microscopy (TEM) (JEM 1010, JEOL,
Tokyo, Japan). The nanoparticle suspensions were stained
with 2% (w/v) phosphotungstic acid, placed on a copper
grid coated with carbon film, air-dried for 10 minutes, and
photographed.
The nanoparticle suspensions were distilled with FA to
disrupt the self-assembled structure. The drug encapsulation
efficiency of drug-loaded nanoparticles was measured using
HPLC.34 The HPLC instrument consisted of a dual pump
(Waters 515, Waters Corporation, Milford, MA, USA),
an autosampler (Waters 717 plus, Waters Corporation), an
ultraviolet detector (Waters 2487, Waters Corporation), and
a reverse-phase C-18 column (250×4.4 mm2, 5 μm, Shiseido,
Japan). The mobile phase was a mixture of acetonitrile and
DDW (55:45, v/v). The eluent was monitored at 230 nm and
a flow rate of 1.0 mL min−1. The DCT concentrations were
determined using 20 μL of injection volume at room temperature. The lower limit of quantitation was 500 ng mL−1.

In vitro DCT release studies

The LHSA5 nanoparticles (the volume equivalent of 100 μg
of DCT) were loaded in semipermeable Mini-Gebaflex-tubes
with a molecular weight cutoff of 6–7 kDa (Gene Bio-Application Ltd., Kfar Hanagid, Israel) and were immersed in the
medium (10 mL). The dissolution medium was phosphatebuffered saline (PBS, pH: 7.4) containing 0.5% (w/v) Tween
80 at 37°C, and was rotated at 50 rpm. Aliquots (0.2 mL)
of medium were collected at predetermined times (1, 2, 3,
4, 6, 9, 12, 24, 48, 72, 96, and 144 hours), and fresh media
(37°C) of equal volume was added to maintain sink condition. The amounts of DCT released into the medium were
analyzed by HPLC.

In vitro cytotoxicity of conjugate
MCF-7 and MDAMB 231 cells were purchased from the
Korean cell line bank (Seoul, Republic of Korea) and were
cultured in RPMI-1640 medium with 1% (v/v) penicillin
(100 U mL−1), streptomycin (0.1 mg mL−1), and 10% (v/v)
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fetal bovine serum. They were incubated in a humidified 5%
CO2 atmosphere at 37°C.
The cytotoxicity of LHSA5 conjugate polymer was evaluated in MCF-7 and MDAMB 231 cells by using MTS-based
assays. MCF-7 and MDAMB 231 cells (1×104 cells) were
seeded in 96-well plates. Various concentrations of LHSA5
polymer in the culture medium were incubated for 24 hours at
37°C, after which the cells were treated with an MTS-based
CellTiter 96 AQueous One Solution Cell Proliferation Assay
reagent (Promega Corp., Fitchburg, WI, USA) for 4 hours at
37°C following the manufacturer’s protocol. The absorbance
of the medium was read at 490 nm using the Emax Precision
Microplate Reader (Molecular Devices LLC, Sunnyvale,
CA, USA).

The cellular uptake efficiency of the LHSA5 nanoparticles was also determined by flow cytometry. MCF-7 and
MDAMB 231 cells were seeded on 24-well plates at a density
of 5×105 per well and incubated overnight at 37°C. After
removing the culture medium, the cells were incubated with
free C6 or C6-loaded LHSA5 nanoparticles for 2 hours. The
cells were then completely washed with PBS (pH: 7.4). After
they were detached and centrifuged, the supernatant was
removed. The cell pellets were suspended again with PBS
containing 2% (v/v) fetal bovine serum. The uptake efficiency
was analyzed by a BD FACSCalibur flow cytometry system
equipped with the Cell Quest Pro software (Becton Dickinson
Bioscience, San Jose, CA, USA).

In vitro antitumor efficacy studies

Tumor-xenografted mouse model was prepared using
female BALB/c nude mice (5 weeks old; Charles River,
Washington, MA) for in vivo anticancer efficacy evaluation. The mice were kept in a light-controlled room at
22°C±2°C temperature and 55%±5% relative humidity
(Animal Center for Pharmaceutical Research, College of
Pharmacy, Seoul National University, Seoul, Republic of
Korea). The experimental protocols were approved by the
Animal Care and Use Committee of the College of Pharmacy, Seoul National University. Tumor-xenografted mice
were prepared by subcutaneous injection of MDAMD 231
cells (3×106 cells per mouse) in the right lateral flank. After
measuring the tumor size with Vernier calipers, the tumor
volume (mm3) was calculated by the following formula:
volume =0.5× longest diameter × shortest diameter2. After
14 days, when the MDAMB 231 tumor became palpable,
tumor volume and body weight measurements were commenced. The mice were randomly divided into four groups:
the control (no treatment), blank LHSA5 nanoparticles, DCT
solution (Taxotere), and DCT-loaded LHSA5 nanoparticles
groups. DCT solution or DCT-loaded LHSA5 nanoparticles
were intravenously injected at a dose of 30 mg kg−1 as DOC
on days 0, 7, and 14. Tumor volume and body weight were
measured for 18 days.

In vitro antitumor efficacy was evaluated using MTS-based
assays. MCF-7 and MDAMB 231 cells (1×104 cells) were
seeded in 96-well plates for 24 hours. After washing the
cells twice with PBS, they were incubated with various
concentrations (0.1, 1.0, and 5.0 μM) of DCT solution
(Taxotere, Sanofi-Aventis) or DCT-loaded LHSA5 nanoparticles for 24 hours at 37°C. Then, the cells were treated
with an MTS-based CellTiter 96 AQueous One Solution Cell
Proliferation Assay reagent (Promega) for 4 hours at 37°C
following the manufacturer’s instructions. The absorbance
at 490 nm was read using an Emax Precision Microplate
Reader (Molecular Devices LLC), and is expressed as
percentage of viable cells compared with the control group
(ie, without DCT).

Cellular uptake studies
The cellular uptake efficiency of the LHSA5 nanoparticles
was investigated by CLSM with C6-loaded nanoparticles.34
C6 was also loaded in nanoparticles using a similar DCT
loading method. Either MCF-7 or MDAMB 231 cells were
seeded on culture plates (BD Falcon, Bedford, MA, USA)
at a density of 1×105 per well (1.7 cm2 surface area) and
incubated for 24 hours at 37°C. C6 (2 μg) was added alone
or entrapped in the LHSA5 nanoparticles and incubated
for 2 hours at 37°C. Then, the cells were washed with
PBS (pH: 7.4) and were fixed with formaldehyde solution
(4%, v/v) for 10 minutes. After completely drying the liquid
content, a VECTASHIELD mounting medium with 4′,6diamidino-2-phenylindole (H-1200 Vector Laboratories,
Inc., Burlingame, CA, USA) was added to prevent fading.
Finally, the cells on the slides were observed using CLSM
(LSM 510, Carl-Zeiss, Thornwood, NY, USA).
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In vivo pharmacokinetic study in rats
Male Sprague Dawley rats (280–300 g body weight) were
used for pharmacokinetic studies. Under light anesthesia
(30 mg kg−1 Zoletil®, intramuscular injection, Virbac Korea
Co. Ltd, Seoul, Republic of Korea), the femoral artery and
vein of each rat were cannulated with a polyethylene tube
(PE-50; Clay Adams, Parsippany, NJ, USA). DCT solution
(Taxotere) or DCT-loaded LHSA5 nanoparticles (8 mg kg−1
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as DCT) were administered to rats via the femoral vein within
1 minute. Blood samples (~300 μL) were collected via the
femoral artery at 0 (control), 1, 5, 15, 30, 60, 120, 180, 240,
360, and 720 minutes after intravenous administration of
Taxotere and DCT-loaded LHSA5 nanoparticles. After centrifugation of the blood samples, aliquots of plasma (100 μL)
were stored at −70°C (Model DF8517; Ilshin Laboratory Co.,
Seoul, Republic of Korea) until liquid chromatography–mass
spectrometry/mass spectrometry (LC–MS/MS) analysis of
DCT. Immediately after each blood sampling, equal volume
of 0.9% sodium chloride injectable solution containing
20 U mL−1 of heparin was injected.
The concentration of DCT in the plasma samples was determined by LC-MS/MS. The LC-MS/MS system consisted of an
Agilent 1260 series HPLC system (equipped with a G1312B
binary pump, a G1367E high-performance autosampler, a
G1322A vacuum degasser, a G1330B FC/ALS thermostat,
and a G1316C TCC, Agilent Technologies, Santa Clara, CA,
USA), an Agilent 6430 triple quadrupole mass spectrometer
(Agilent Technologies), and the MassHunter Workstation
software (version B.03.01, Agilent Technologies).
Plasma samples (100 μL) were deproteinized with
acetonitrile (300 μL) and methanol (100 μL) containing
1 μL mL−1 paclitaxel (as an internal standard). They were
vortexed and centrifuged at 16,000× g for 10 minutes. The
supernatant (400 μL) was transferred to a clean tube and
completely evaporated under a gentle stream of N2 gas at
room temperature. Then, the residue was reconstituted with
60 μL of the mobile phase. After vortexing and centrifugation again, a 10 μL aliquot of supernatant was injected into a
poroshell 120 EC-C16 column (2.7 μm, 4.6×50 mm, Agilent
Technologies) under isocratic elution of the mobile phase
consisting of ammonium formate and acetonitrile (30:70, v/v)
at a flow rate of 0.2 mL min−1. The column temperature was
maintained at 30°C. Data were acquired with electrospray
ionization in the positive mode. Reaction monitoring was
used to monitor the transitions from molecular ion to dominant product ion at charge-to-mass ratio of (m/z) 808 to 527
for DCT and m/z 876 to 591 for paclitaxel, respectively.
The lower limit of quantitation value of DCT in rat plasma
was 10 ng mL−1.
The following pharmacokinetic parameters were calculated using WinNonlin ® (Pharsight, Mountain View,
CA, USA): total area under the plasma concentration–time
curve from time zero to the end time point (AUC), terminal
half-life (t1/2), time-averaged total body clearance (CL), the
apparent volume of the distribution under steady-state conditions (Vss), and the mean residence time.

International Journal of Nanomedicine 2014:9

LMWH-based self-assembled nanoparticles for anticancer drug delivery

Statistical analysis
Statistical analyses were performed using analysis of
variance. P-values 0.05 indicated statistical significance. All experiments were performed at least three
times, and the data were presented as the mean ± standard
deviation.

Results
Synthesis and characterization of LHSA
conjugates
Heparin and its derivatives have been widely used as drug
delivery systems.35–37 In this study, SA (an aminated fatty
acid) was conjugated to LMWH to produce an amphiphilic
polymer, which is to form the self-assembled nanoparticles in aqueous environment (Figure 1A). As shown in
Figure 1B, the amine group of SA was covalently coupled to
the carboxylic group of LMWH in the presence of EDC and
NHS, thus producing amphiphilic LHSA conjugates. In this
coupling reaction, several LHSA conjugates were synthesized by adjusting the feed ratio of SA (mol) to LMWH (g)
(LHSA1–LMWH:SA =1:1, LHSA3–LMWH:SA =1:3,
and LHSA5–LMWH:SA =1:5). The synthesized LHSA
conjugates were confirmed by 1H-NMR analysis, as shown
in Figure 2 (Figure 2A, LMWH; Figure 2B, LHSA1;
Figure 2C, LHSA3; Figure 2D, LHSA5; Figure 2E, SA).
The 1H-NMR spectra of the LHSA conjugate exhibited
proton signals for both LMWH and SA; a broad proton
peak was observed for LMWH, and the presence of SA in
the LHSA conjugate was confirmed by its chemical shift at
0.8–1.2 ppm. An alkyl chain (–CH2–) and a terminal methyl
group (–CH3) of SA corresponded to the proton peaks at
1.10 and 0.90 ppm, respectively. These results indicated
that the degree of substitution of LHSA increased with an
increase in the feed ratio of SA. The physical mixtures of
LMWH and SA with various molar ratios, prepared for
calculation of the molar substitution ratio of LHSA, were
analyzed by 1H-NMR. The linear regression line was plotted
by the ratio of the integration area between the SA peak
(2.80 ppm) and the LMWH peak (1.95 ppm). The degree of
substitution of LHSA5 was calculated to be 34.0%, which
indicates that approximately 1.7 of SA is conjugated to
each LMWH (Figure S1).
The anticoagulant activities of LHSA1, LHSA3, and
LHSA5 were 60.41%, 32.09%, and 31.92%, respectively,
compared with that of free LMWH (Table 1). It is
notable that the anticoagulant activity of LHSA5 did not
significantly change with the encapsulation of DCT at 5:1
(LHSA5/DCT, w/w).
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Figure 1 (A) Schematic illustration of LHSA-based nanoparticles and (B) synthetic scheme for LHSA conjugates.
Abbreviations: LMWH, low-molecular-weight heparin; SA, stearylamine; DCT, docetaxel; LHSA, LMWH-SA; NHS, N-hydroxysuccinimide; EDC, 1-ethyl-3-(-3-dimethy
laminopropyl) carbodiimide.

Preparation and characterization of
LHSA-based self-assembled nanoparticles
A solvent evaporation method was used to load DCT into
the LHSA-based nanoparticles. Blank self-assembled LHSA
nanoparticles were prepared without DCT loading by dissolving the LHSA conjugate in an aqueous solution. The mean
diameter, zeta potential, and drug loading values are shown in
Table 1. All samples successfully formed nanoparticles with
a mean diameter of 140–180 nm, which was confirmed by the
size distribution and TEM of LHSA nanoparticles (Figure 3A,
LHSA1; Figure 3B, LHSA3; Figure 3C, LHSA5). The
polydispersity index of blank and DCT-loaded nanoparticles
were 0.171±0.04 and 0.161±0.04, respectively, indicating a
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narrow size distribution of the nanoparticles (Figure 3). It
is interesting to note that the incorporation of DCT in the
LHSA5 nanoparticles leads to a decrease of the particle size
from 177.9 to 155.20 nm (Table 1). The loading of hydrophobic drugs in the inner core can enhance the stability of selfassembled nanoparticles by inducing morphology transition
in order to decrease the total free energy, thereby resulting in
the reduction of particle size.38,39 The nanoparticles showed
negative zeta potential values due to the LMWH located in
the shell. The CMC of LHSA nanoparticles was determined
by measuring the fluorescence intensity in the presence of
pyrene as a probe. After measuring the fluorescence intensity
ratio (I1/I3) at various concentrations of the LHSA conjugate,
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Figure 2 1H NMR spectra of (A) LMWH, (B) LHSA1, (C) LHSA3, (D) LHSA5, and (E) SA.
Notes: Samples were dissolved in D2O for 1H NMR analysis (R = –SO3- [predominant] or –COCH3 [peak 13]; R′= SA).
Abbreviations: 1H-NMR, proton nuclear magnetic resonance; LMWH, low-molecular-weight heparin; LHSA, LMWH-SA; SA, stearylamine.

the CMC was determined from the threshold concentration
of self-assembled nanoparticles (Figure 4A). The CMC value
of LHSA5 was 0.044 mg mL−1; however, the CMC values
for LHSA1 and LHSA3 could not be determined (Table 1).
This result suggests that the LHSA5 conjugate can form more

stable nanoparticulate structures in an aqueous environment,
compared with LHSA1 or LHSA3.
The encapsulation efficiency and the drug loading
content in the LHSA5/DCT nanoparticles was 59.82% and
10.68%, respectively (Table 1). TEM images showed that the

Table 1 Characterization of LHSA-based nanoparticles
Formulation

Particle size
(nm)

Polydispersity
index

Zeta potential
(mV)

Encapsulation
efficiency (%)

Drug loading
content (%)

CMC
(mg/mL)

Factor Xa
(%)

LHSA1
LHSA3
LHSA5
LHSA5/DCT (5:1, w/w)

146.10±8.92
175.60±6.54
177.90±7.22
155.20±3.46

0.25±0.07
0.23±0.08
0.17±0.04
0.16±0.04

-15.39±8.44
-33.92±1.34
-33.13±0.72
-35.34±0.26

–
–
–

–
–
–

59.82±3.86

10.68±0.61

ND
ND
0.044
–

60.41
32.09
31.92
33.48

Notes:
Encapsulation efficiency (%) =

Drug loading content (%) =

Actual amount of docetaxel in formulation
× 100.
Input amount of docetaxel in formulation

Amount of docetaxel in formulation (mg)
× 100.
Amount of formulation (mg)

Abbreviations: CMC, critical micelle concentration; ND, not determined.
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Figure 3 Size distribution and TEM images of LHSA nanoparticles.
Note: (A) LHSA1 nanoparticles, (B) LHSA3 nanoparticles, (C) LHSA5 nanoparticles. The length of the scale bar in the TEM images is 500 nm (×200,000).
Abbreviations: TEM, transmission electron microscopy; LHSA, LMWH-SA; LMWH, low-molecular-weight heparin; SA, stearylamine.
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Figure 4 Characterization of DCT-loaded LHSA-based nanoparticles. (A) CMC determination of LHSA5 nanoparticles. (B) Size distribution and TEM image of DCT-loaded
LHSA5 nanoparticles.
Note: The length of the scale bar in the TEM image is 500 nm (×200,000).
Abbreviations: DCT, docetaxel; LHSA, LMWH-SA; LMWH, low-molecular-weight heparin; SA, stearylamine; CMC, critical micelle concentration; TEM, transmission
electron microscopy.

 CT-loaded LHSA-based nanoparticles were also spherical
D
in shape with narrow size distribution (Figure 4B).

In vitro DCT release
Figure 5 shows the in vitro DCT release profile. DCT was
incorporated in the LHSA5 nanoparticles and the sink condition was adequately maintained in the release test. The in vitro
release of DCT from LHSA5 nanoparticles was investigated
for 6 days. After the initial release for 24 hours, the release
rate of DCT slightly decreased with incubation time, and
showed a sustained DCT release pattern. The release level
of DCT within 24 hours was 48.24%; additional release
continued up to 96 hours. A sustained DCT release pattern
can lead to reduction in in vivo drug clearance, which results
in maintenance of adequate drug concentrations for tumor
growth inhibition.

International Journal of Nanomedicine 2014:9

In vitro cytotoxicity of LHSA conjugate
The cytotoxicity of blank LHSA5 conjugate was investigated
in MCF-7 (Figure 6A) and MDAMB 231 (Figure 6B) breast
cancer cell lines. Cell viability was measured after treating
with various concentrations of LMWH and blank LHSA5
conjugate for 24 hours. At all blank LHSA5 conjugate
polymer concentrations (0–200 μg mL−1), no significant
viability differences between the LMWH and blank LHSA5
conjugate groups were observed, indicating that the blank
LHSA5 conjugate polymer exerted no severe cytotoxicity
on MCF-6 and MDAMB 231 cells.

In vitro antitumor effect
In vitro antitumor effects were evaluated using MCF-7
(Figure 7A) and MDAMB 231 (Figure 7B) cells. Free
DCT (Taxotere) and DCT-loaded LHSA5 nanoparticles
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have antitumor efficacy against MCF-7 and MDAMB
231 cells. The DCT-loaded LHSA5 nanoparticle exhibited
a similar or slightly lower efficacy than free DCT, possibly due to sustained release of free DCT from LHSA5
nanoparticles.

higher intracellular accumulation of C6 from LHSA5 nanoparticles compared to that from the C6 solution.
Cellular uptake efficiency was also quantitatively determined in MCF-7 (Figure S2A) and MDAMB 231 cells
(Figure S2B) by a flow cytometry. The fluorescence intensity was assumed to be proportional to the amount of C6
in the cells; however, fluorescence was barely detected in
the control (no treatment) and blank nanoparticle groups.
Figure 8B shows that significantly higher amounts of C6
from LHSA5-based nanoparticles were taken up by the cells,
compared with the C6 solution, which is consistent with the
results of the CLSM study (Figure 8A). This result can be
explained by the endocytosis of the nanoparticles.42,43 A previous study showed that fatty acid-modified polysaccharidebased nanoparticles form self-assembled nanoparticles with
a multihydrophobic core.44 A hydrophobic minor core could
facilitate the internalization of nanoparticles into cells via
interaction with the plasma membrane. Although LHSA5based nanoparticles are negatively charged due to their many
sulfate and carboxyl groups, the nanoparticle was taken up
in higher amounts, compared with the C6 solution.

In vitro cellular uptake study

In vivo antitumor efficacy

MCF-7 and MDAMB 231 cells are human breast cancer cell
lines, and were selected since DCT is mainly used for the
treatment of breast cancer.40 To investigate the cellular uptake
efficiency of LHSA5 nanoparticles, LHSA5 nanoparticles
loaded with C6 were observed using CLSM, with 4′,6diamidino-2-phenylindole staining of nuclei in MCF-7 and
MDAMB 231 cells. C6 is a fluorescence probe that has been
widely used in cellular uptake studies of nanoparticles.34,41
In Figure 8A, the stronger green fluorescent signals indicate

In vivo antitumor efficacy of the DCT-loaded LHSA5
nanoparticle formulation was evaluated in the MDAMB 231
tumor-bearing mouse model. Blank LHSA5 nanoparticles,
DCT solution (Taxotere), and DCT-loaded LHSA5 nanoparticles were injected intravenously on days 0, 7, and 14. Then,
tumor volume (mm3) and body weight (g) were monitored
for 18 days.
The tumor volumes of the blank LHSA5 nanoparticletreated, DCT solution (Taxotere)-treated, and DCT-loaded
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Figure 5 In vitro release profile of DCT from LHSA5-based nanoparticles.
Note: Each point represents mean ± SD (n=3).
Abbreviations: DCT, docetaxel; LHSA, LMWH-SA; LMWH, low-molecular-weight
heparin; SA, stearylamine; SD, standard deviation.
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LHSA5 nanoparticle-treated groups on day 18 were 94.6%,
63.2%, and 47.1% that of the control group, respectively
(Figure 9A). The most effective inhibition of tumor growth
was observed in the group treated with DCT-loaded LHSA5
nanoparticles, while the blank LHSA5 nanoparticle treatment
had little effect on tumor growth inhibition. Moreover, the
tumor growth inhibition effect of the DCT-loaded LHSA5
nanoparticles was significantly greater than that of Taxotere
(P0.05).
The safety of DCT-loaded LHSA nanoparticles was
evaluated by measuring changes in body weight. For most
groups, there was no significant difference in body weight
(Figure 9B). However, the body weight of the Taxoteretreated group was significantly lower than that of the control
group. The DCT-loaded LHSA5 nanoparticle-treated group
showed no significant difference compared with the control
group, suggesting that the DCT-loaded LHSA nanoparticle
treatment was less toxic than Taxotere.

In vivo pharmacokinetic study
Figure 10 shows the plasma concentration–time profiles of
DCT solution (Taxotere) and DCT-loaded LHSA5 nanoparticles, at a dose of 8 mg kg−1, in Sprague Dawley rats;
relevant pharmacokinetic parameters are listed in Table 2.
Our results showed that DCT was rapidly eliminated from the
bloodstream in both the Taxotere and LHSA5 nanoparticle
groups over the first 30 minutes after dosing. However, after
dose normalization, the DCT in LHSA5 nanoparticles yielded
a higher plasma concentration than did Taxotere. Noncompartmental analysis of the plasma concentrations showed
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a significant change in the pharmacokinetic parameters of
DCT in LHSA5 nanoparticles. Compared with Taxotere, the
LHSA5 nanoparticles provided a significantly higher AUC
(2.48-fold), terminal t1/2 (3.02-fold), and mean residence
time (3.64-fold). The LHSA5 nanoparticles also significantly
decreased the clearance (CL, 2.54-fold) of DCT. These in
vivo pharmacokinetic properties were thought to be related
to its in vitro sustained release pattern. This result indicates
that the LHSA5 nanoparticles prolonged the circulation of
DCT in the bloodstream, thereby improving its therapeutic
efficacy (Figure 9A).

Plasma concentration (ng/mL)
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Figure 10 In vivo pharmacokinetic profile.
Notes: The pharmacokinetic profile was studied after intravenous injection
of Taxotere and DCT-loaded LHSA5 nanoparticle formulation in rats at a dose of
8 mg/kg DCT. Points represent the mean ± SD (n=4).
Abbreviations: DCT, docetaxel; LHSA, LMWH-SA; LMWH, low-molecular-weight
heparin; SA, stearylamine; SD, standard deviation.
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Table 2 Pharmacokinetic parameters of Taxotere and DCTloaded LHSA5 nanoparticles after a single intravenous injection
(8 mg/kg) in rats (n=4)
Parameter

Taxotere

LHSA5/DCT

AUC (μg min/mL)
Terminal t1/2 (min)
CL (mL/min/kg)
Vss (mL/kg)
MRT (min)

75.075±10.191
38.024±6.265
100.374±15.558
5,401.316±131.480
23.466±2.227

186.767±24.621*
121.789±11.805*
39.441±4.999*
6,910.463±979.348
85.432±4.043*
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Notes: Data presented as mean ± SD (n=4). *P0.05 compared with Taxotere group.
Abbreviations: DCT, docetaxel; LHSA, LMWH-SA; LMWH, low-molecular-weight
heparin; SA, stearylamine; AUC, total area under the plasma concentration–time
curve from time zero to the end time point; CL, time-averaged total body clearance;
Vss, the apparent volume of the distribution under steady-state conditions; MRT, the
mean residence time; SD, standard deviation.

Discussion
The synthetic scheme for the amphiphilic LHSA conjugate is
shown in Figure 1. Amphiphilic LHSA conjugates with various LMWH to SA molar ratios were synthesized to investigate
the feasibility of forming stable self-assembled nanoparticles.
From 1H-NMR analysis of LHSA conjugates, the proton peak
of SA (chemical shifts at 0.8–1.2 ppm) in LHSA1 and LHSA3
was lower than that for LHSA5 (Figure 2). An accurate substitution ratio (SA to LMWH) can be determined from the
1
H-NMR spectrum of the physical mixtures of LMWH and
SA. In our previous study,45 the correlation of the molar ratio
of arachidic acid to chitosan oligosaccharide (CSO) was evaluated using 1H-NMR from a physical mixture of arachidic acid
and CSO in DMSO-d6. However, LMWH has a strong hydrophilic property, while SA has a strong hydrophobic property;
thus, an NMR cosolvent consisting of D2O and THF-d8 was
used to dissolve LMWH and SA. The molar substitution ratios
increased with increasing feed SA molar ratio. Note that these
results are contrary to those of the anticoagulant activity of
LHSA conjugates calculated using an anti-FXa chromogenic
assay (Table 1); the anticoagulant activity of LHSA conjugates
decreased as the amount of chemically coupled SA increased
(Table 1), which is consistent with previously reported heparin
derivative studies.46,47
All LHSA1, LHSA3, and LHSA5 conjugates prepared
in this study formed self-assembled nanoparticles that
were 140–180 nm in size. It is known that nanoparticles
with a mean diameter 200 nm accumulate in tumors via
the enhanced permeability and retention effect and exhibit
reduced uptake by the reticuloendothelial system.3,48 Among
them, the LHSA5 nanoparticles showed a narrower size
distribution and a more stable spherical morphology than
the LHSA1 and LHSA3 nanoparticles, as shown in Figure 3.
However, the LHSA1 and LHSA3 conjugates did not
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possess the hydrophobicity necessary for the formation of
stable nanoparticles due to the low substitution ratio of SA.
Additionally, the CMC value of the LHSA5 conjugate was
significantly lower (44 μg mL−1) than those of other lowmolecular-weight surfactants or amphiphilic polymers,49,50
indicating that it can form stable nanoparticle structures,
even in the presence of the reduced polymer concentrations
after dilution with body fluids.
The LMWH of LHSA creates a hydrophilic outer shell
of the nanoparticles in an aqueous environment. The SA of
LHSA provides an internal hydrophobic core that can be
used to encapsulate insoluble drugs.51 It was interesting to
note that the zeta potential values of LHSA nanoparticles
were negative, indicating that the LMWH was located
on the surface of the shell. Therefore, LHSA could possess heparin activity after nanoparticle formation, yet the
anticoagulant activity of LHSA was lower than that of
the unmodified LMWH. Because LMWH reduces the risk
of embolic events in patients with malignancy and acute
venous thromboembolism,52 its use in cancer patients is
recommended by numerous guidelines and is now regarded
as a standard of care.53 Thus, the self-assembled LHSA5
nanoparticle could be attractive as an anticancer drug carrier, which has a synergic effect with poorly water-soluble
anticancer drugs encapsulated in the core.
After characterization of the blank LHSA-based nanoparticles, we evaluated the DCT-loaded LHSA nanoparticles
using the LHSA5 conjugate, due to its more stable nanoparticle configuration compared with the other structures.
The encapsulation efficacy of the DCT-loaded LHSA5
nanoparticle was 59.82%, with TEM images revealing a
spherical shape. The in vitro release of DCT from the LHSA5
nanoparticle continued for ~96 hours, as shown in Figure 5.
From these results, we expected a reduction in the in vivo
drug clearance, allowing a drug concentration adequate for
tumor growth inhibition to be sustained. When intravenously
administered in Sprague Dawley rats, the concentration profile of DCT in plasma was sustained for 6 hours, as compared
with 2 hours for Taxotere administration (Figure 10).
The effects of the DCT-loaded LHSA5 nanoparticles
on in vitro cytotoxicity and antitumor efficacy in MCF-7
and MDAMB 231 cells were investigated, as shown in
Figures 6 and 7. The LMWH and blank LHSA5 nanoparticles
exhibited no severe in vitro cytotoxicity. Free DCT and DCTloaded LHSA5 nanoparticles were cytotoxic to MCF-7 and
MDAMB 231 cells. DCT-loaded LHSA5 nanoparticles had
a similar or slightly lower efficacy than free DCT, thus contributing to the sustained release of free DCT from LHSA5
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nanoparticles. As shown in Figure 5, only 40% of the free
DCT was released from LHSA5 nanoparticles in 24 hours
in the in vitro release study.
C6 has been widely used in cellular uptake studies,34,41
and was used in this study as a fluorescence probe to investigate the cellular uptake efficiency of the LHSA nanoparticle.
LHSA5 nanoparticles loaded with C6 in MCF-7 and
MDAMB 231 cells were visualized by CLSM (Figure 8A).
A significant difference was observed in the fluorescence
intensities of the C6 solution and the C6-loaded LHSA
nanoparticles. In addition, a significantly higher amount
of C6 from the LHSA5 nanoparticle was taken up by the
cells compared to that from the C6 solution, as shown in
Figure 8B. This result could be attributable to endocytosis
of the nanoparticles.42,43 Moreover, the fatty acid-modified
polysaccharide-based nanoparticles are capable of forming self-assembled nanoparticles with a multihydrophobic
core.44 The hydrophobic part of the nanoparticles could
facilitate drug internalization into the cells via interactions with the cell membrane. Although the LHSA5-based
nanoparticles were negatively charged due to their sulfate
and carboxyl groups, the nanoparticles were taken up in
significantly higher amounts compared with the C6 solution. In addition to drug uptake by nanoparticles, long-term
cellular drug retention can play key roles in drug efficacy
in microtubule-targeted anticancer drugs.54 Thus, LHSA5
nanoparticles could induce a synergy effect by enhancing
drug uptake and retention time, which are shown in in vivo
antitumor efficacy study (Figure 9).
The DCT-loaded LHSA5 nanoparticles exhibited significant inhibitory effects on MDAMB 231 tumor growth,
compared with the other groups (Figure 9A). This can be
explained in terms of the physicochemical properties of
the drug-loaded nanoparticles that induce sustained drug
release (Figure 10) and passive targeting to tumor tissue via
an enhanced permeability and retention effect. Although the
blank LHSA5 nanoparticles showed insignificant in vivo
inhibition of MDAMB 231 tumor growth in this study, others have reported the antitumor effects of several heparin
derivatives in tumor-bearing mice.36,55,56 This discrepancy
can be attributed to the differences in tumor type, heparin
injection frequency and capacity, administration route, and
heparin-modifying molecules.
The concentration profile of DCT in plasma was sustained
up to 6 hours (Figure 10). This result indicates that LHSA5
nanoparticles contributed to prolonged circulation of DCT
in the bloodstream and is consistent with the improved
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therapeutic efficacy (Figure 9A). Compared with the DCT
solution, the DCT-loaded LHSA5 nanoparticles provided
a significantly higher AUC, t1/2, and mean residence time
and a lower time-averaged total body clearance, as shown
in Table 2. These in vivo pharmacokinetic parameters
were related to its in vitro sustained DCT release pattern.
Moreover, the increased retention time and decreased clearance of the DCT from plasma may contribute to enhanced
in vivo antitumor efficacy in the tumor xenograft model, as
shown in Figure 9A.

Conclusion
LHSA conjugates were successfully synthesized, and selfassembled nanoparticles based on LHSA were prepared.
The LHSA-based nanoparticles have an LMWH moiety
on the outer shell resulting in a negative surface charge.
Among the synthesized conjugates, LHSA5 formed stable
self-assembled nanoparticles in an aqueous environment,
with a narrow size distribution. Because the LHSA5
nanoparticles showed 30% of the anticoagulant activity
exhibited by free LMWH, it likely also maintains the other
heparin activities. The DCT-loaded LHSA5 nanoparticle
showed sustained drug-release profiles, in vitro and in vivo,
compared with Taxotere. The nanoparticulate structure
influenced cellular uptake; consequently, the DCT-loaded
LHSA5 nanoparticle formulation improved the half-life
of DCT and significantly inhibited MDAMB 231 tumor
growth in xenograft mice. Thus, LHSA5-based selfassembled nanoparticles may be useful as an anticancer
drug delivery system.
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Abstract Microemulsion-based hydrogels (MBHs) containing voriconazole were prepared as a possible topical
delivery system for enhancing drug absorption at the site of
action, as well as reducing the frequency of systemic side
effects. Microemulsions were prepared with N-methyl-2pyrrolidone as a surfactant, benzyl alcohol as an oil, and an
ethanol/phosphatidylcholine mixture (3:2, w/w) as a
cosurfactant. MBHs were prepared by adding carbopol 940
or xanthan gum as a gelling agent. In vitro skin permeation
and deposition studies were performed using static vertical
diffusion Franz cells and hairless mouse skin. The in vitro
permeation data showed that the optimized microemulsion
formulations consisting of voriconazole (1 %, w/w) and
benzyl alcohol (10 %, w/w) showed significantly higher
drug permeation rates and skin deposition compared to
propylene glycol (control). However, the addition of a
gelling agent did not significantly change the permeation
profiles compared to the microemulsions. In vivo skin
deposition studies conducted on hairless mice with MBHs
also confirmed the superiority of MBHs compared to the
control. These results suggested the MBH system to be a
promising vehicle for topical delivery of voriconazole.
Keywords Microemulsion  Hydrogel  Skin 
Voriconazole  Topical delivery
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Introduction
Voriconazole, a new broad-spectrum triazole antifungal
agent, was approved by the US Food and Drug Administration in May 2002. It is structurally derived from fluconazole (Jeu et al. 2003) and is indicated for the treatment of
invasive aspergillosis and serious fungal infections caused
by Scedosporium apiospermum and Fusarium species in
patients who are unable to tolerate, or are refractory to,
other therapy. The chemical structure of voriconazole is
(2R,3S)-2-(2,4-difluorophenyl)-3-(5-fluoro-4-pyrimidinyl)l-(lH-1,2,4-triazol-1-yl)-2-butanol, with a molecular formula of C16H14F3N5O and a molecular weight of 349.3 g/mol.
Voriconazole, like other antifungal azole compounds, has low
water solubility, which in most cases translates into low bioavailability. As a means to address the poor water solubility
and bioavailability of voriconazole, complexes of voriconazole and sulfobutyl-b-cyclodextrin have been developed (Harding 2003), which are now available for clinical use (VfendÒ
Pfizer Pharmaceutical Company) as oral and intravenous
solutions. Though it has been reported that the estimated oral
bioavailability of voriconazole is 96 % (Leveque et al. 2006),
it is likely that most physicians will not opt for oral therapy
when initiating voriconazole due to the side effects, such as
visual disturbances, skin rashes, drug interactions, elevated
hepatic enzyme levels, abdominal pain, and nausea and
vomiting (Johnson and Kauffman 2003). Moreover, b-cyclodextrin derivatives containing an intravenous injection limit
the application of the drug due to its nephrotoxicity and
hemolysis. Thus, development of a topical delivery system of
voriconazole is of great interest for the treatment of skin
fungal infection.
Microemulsion-based hydrogel (MBH) formulations
have generated considerable interest recently as potential
topical delivery systems (Lawrence and Rees 2000; Chen
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et al. 2006; Santos et al. 2008). The existence of microdomains of different polarity within the same single-phase
solution enables both hydrophilic and lipophilic materials
to be solubilized. Advantages associated with microemulsions include their thermodynamic stability, optical clarity,
ease of preparation, and high diffusion and absorption rates
compared to solvents without a surfactant system (Lawrence and Rees 2000; Jadhav et al. 2006). Moreover, it has
been reported that the ingredients of a microemulsion may
reduce the diffusion barrier of stratum corneum (SC) and
enhance the permeation of drugs (Peltola et al. 2003).
Hence, it is promising for both transdermal and dermal
delivery of drugs. However, the low viscosity of a microemulsion limits its application in the pharmaceutical
industry (Santos et al. 2008). As for many other dispersion
systems, the usual method of solving this problem seems to
be adding a suitable polymer that imparts the desired rheological properties without significantly modifying the
other properties of the microemulsion (i.e., stability, high
oil/water interface area, Lapasin et al. 2001). The polymer
system generally displays weak gel properties and can be
profitably used to confer a marked elasticity as well as
pronounced shear-thinning properties on the dispersion,
with sufficiently high fluidity at a high shear rate. Polymers
such as carbopol 940, xanthan gum and carrageenan have
been used recently to increase the viscosity of microemulsions for topical delivery, which makes them more
suitable skin delivery systems (Gulsen and Chauhan 2005;
Chen et al. 2006; Zhu et al. 2009).
It has been reported that phospholipid-based formulations have a high probability of ‘recognizing’ and adhering
to membranes, thereby improving the permeation of the
active molecules (Spernath et al. 2007). Therefore, voriconazole-loaded microemulsions containing phosphatidylcholine (PC) were prepared and characterized in terms of
phase diagrams and particle size, and by transmission
electron microscopy (TEM). MBH formulations were
prepared using carbopol and xanthan gum as gelling
agents, and their physicochemical properties were characterized in terms of solubility and viscosity. The in vitro
drug permeation through excised hairless mouse skin and
in vivo drug deposition in the SC and dermis were also
evaluated.

Materials and methods
Materials
Voriconazole was purchased from HuaFeng United Technology Co. Ltd. (Beijing, China). Benzyl alcohol and Nmethyl-2-pyrrolidone (NMP) were obtained from Junsei
Chemical Co. Ltd. (Tokyo, Japan). Cotton oil, tetraglycol,
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soybean oil, propylene glycol (PG) and Transcutol (diethylene glycol monoethyl ether) were purchased from SigmaAldrich (MO, USA). Tween 20, Tween 80, and Span 80
were purchased from Tokyo Chemical Industry Co. Ltd.
(Tokyo, Japan). Soybean PC was provided by Lipoid
Company (Ludwigshafen, Germany) at no charge. Carbopol 940 was purchased from Noveon, Inc. (Cleveland,
USA). Xanthan gum was purchased from Arthur Branwell
Co. Ltd. (Wicklow, Ireland). All other chemicals were of
reagent grade and used without further purification.
Determination of solubility
Solubility studies were conducted by placing an excess
amount of voriconazole (*500 mg) in a 2-ml microtube
containing 1 ml of each vehicle (Table 1). The mixture
was then vortexed and kept for 3 days at 37 °C in a sonicating water bath to facilitate solubilization (Lee et al.
2010). The samples were centrifuged at 10,000 rpm for
10 min to remove undissolved voriconazole. The supernatant was taken and diluted with methanol for quantification of voriconazole by high-performance liquid
chromatography (HPLC). The HPLC system was equipped
with a Waters 515 pump, Waters 2487 UV detector and
Waters 717 autosampler. The Capcell pak C18 column
(4.6 9 250 mm, Shiseido) was used at room temperature.
The mobile phase was a mixture of acetonitrile, methanol
and water (30:30:40 v/v/v), filtered through a 0.45-lm
membrane filter and eluted at a flow rate of 1.0 ml/min.
Effluents were monitored at 256 nm.
Construction of pseudo-ternary phase diagrams
Based on the solubility study (Table 1), benzyl alcohol was
selected as an oil phase, and NMP was as a surfactant. The
mixture of ethanol and PC was used as a cosurfactant at a 3:2
weight ratio. Then, the pseudo-ternary phase diagrams were
constructed by instillation of homogenous liquid mixtures of
oil, surfactant, and cosurfactant, with water at ambient temperature (Yin et al. 2009). The surfactant and cosurfactant
mixture (Smix) was first prepared with a 1:2 or 1:3 weight ratio.
Aliquots of each Smix were then mixed with oil at room temperature to vary the ratio from 0.5:9.5 to 9.5:0.5. Finally, these
oil and Smix mixtures at various weight ratios were gradually
diluted with water under gentle stirring. After equilibration,
the compositions of the microemulsion at which phase separation of the homogeneous microemulsion to heterogeneous
phase occurred were recorded.
Selection of microemulsions and MBH formulations
From the phase diagrams, the optimized microemulsion
formulations were selected based on the following
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Table 1 Solubility of voriconazole in various pharmaceutical vehicles at 25 °C

Characterization of microemulsions and MBH

Vehicles

Components

Solubility (mg/ml)

Solubility of voriconazole in microemulsions

Oil

Benzyl alcohol

397.35 ± 24.33

Oil

Tetraglycol

76.96 ± 7.73

Oil

Cotton oil

1.70 ± 0.28

Oil

Soybean oil

1.95 ± 0.11

Oil

Ethyl oleate

9.42 ± 0.55

Surfactant

NMP

418.79 ± 13.16

Surfactant
Surfactant

Transcutol
Tween 20

161.54 ± 4.74
34.11 ± 1.68

The solubility of voriconazole in the F1 and F2 formulations was determined by adding an excess amount of voriconazole and vortex mixing. The samples were then
sonicated in a water bath at 37 °C for 72 h to promote
solubilization. The samples were centrifuged at 10,000 rpm
for 10 min and the supernatant was subjected to HPLC
after filtration through a membrane filter.

Surfactant

Tween 80

23.55 ± 1.72

Surfactant

Span 80

14.86 ± 2.98

Cosurfactant

Ethanol

81.10 ± 2.48

All data are expressed as the mean ± standard deviation (n = 3)

considerations: (1) 10 % (w/w) benzyl alcohol (oil) was
selected to minimize skin irritation (Bagley et al. 1996), (2)
49–50 % (w/w) water was selected because it was reported
that specific hydration of the SC affected the skin permeability (Changez et al. 2006), and (3) 39–40 % (w/w) Smix
was selected to facilitate formation of stable microemulsions. Formulations with the surfactant/cosurfactant mixture (Smix) at 1:2 and 1:3 weight ratios were designated F1
and F2, respectively. Loaded microemulsions were prepared by dissolving voriconazole in oil and Smix together,
followed by dropwise addition of water to the oily phase
under magnetic stirring at ambient temperature.
Carbopol 940 and xanthan gum were selected as gelling
agents for the MBH formulations. MBHs were prepared by
adding carbopol 940 or xanthan gum into microemulsions
containing 1 % (w/w) voriconazole under stirring (Lee
et al. 2010). Triethanolamine (TEA) was used as a neutralizer of carbopol 940 (Schwarz et al. 1995). The compositions of voriconazole-loaded microemulsions and
MBHs are shown in Table 2.

Morphology of microemulsions
The morphology of the microemulsions was examined
using an energy-filtering transmission electron microscope
(TEM; Libra 120, Carl Zeiss, Germany) with 80-kV
accelerating voltage. The microemulsions were negatively
stained using uranyl acetate and placed on carbon-coated
400 mesh copper grids, followed by drying at room temperature before measurements.
Droplet size analysis
The droplet size of the voriconazole-loaded microemulsions
was measured using an electrophoretic light-scattering
spectrophotometer (ELS-8000, Otsuka Electronics Co. Ltd.,
Japan). The microemulsions were transferred to a standard
quartz cuvette, and the droplet size was determined via
dynamic He–Ne laser (10 mW) light-scattering at an angle
of 90° at 25 °C. Data analysis was conducted using the ELS8000 software provided by the manufacturer.
Viscosity of MBHs
The viscosity of MBHs was determined using a viscometer
(Brookfield, USA) at 50 rpm with spindle # LV4 at room
temperature.

Table 2 Composition of microemulsions and microemulsion-based hydrogels (MBHs) containing 1 % (w/w) of voriconazole
Components
Voriconazole

F1

F1-1

F1-2

F2

F2-1

F2-2

1

1

1

1

1

1

Benzyl alcohol

10

10

10

10

10

10

NMP

13

13

13

10

10

10

Ethanol:PC (3:2)

26

26

26

30

30

30

Triethanolamine

0.2

Carbopol 940

0.8

Xanthan gum
Water

0.2
0.8
1

50

49

49

1
49

48

48
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In vitro skin permeation and skin deposition

Data analysis

Male hairless mice (4 weeks old) were purchased from
Orient Bio, Inc. (Sungnam, Korea) and reared in a lightcontrolled room maintained at 22 ± 2 °C with 55 ± 5 %
relative humidity (Animal Center for Pharmaceutical
Research, College of Pharmacy, Seoul National University,
Seoul, Korea). The experimental protocols were approved
by the Animal Care and Use Committee of the College of
Pharmacy, Seoul National University.
Franz diffusion cells with an effective diffusion area of
2.0 cm2 at 37 °C were used to perform the in vitro skin
permeation and deposition studies. Mice were sacrificed by
cervical dislocation, and the excised skin of dorsal side
were clamped between the donor and receptor chambers of
Franz diffusion cells, with the SC facing the donor chamber. Then, 1 g of microemulsions, MBH or the control (i.e.,
PG) containing 1 % (w/w) of voriconazole was applied to
the donor compartment. The receptor chamber was filled
with 12 ml of phosphate-buffered saline. The receptor
medium was maintained at 37 ± 0.5 °C and stirred at
600 rpm throughout the experiment. For each experiment,
0.4 ml of receptor medium was sampled at predetermined
time intervals; an identical volume of pure medium was
immediately added to the receptor chamber. All samples
were filtered through a 0.45-lm pore size cellulose membrane filter and analyzed by HPLC.
After 12 h, the surface of the skin specimens was
washed with methanol to remove skin-bound formulations.
The effective surface area of the skin (2.0 cm2) was separated and the SC layer was removed by stripping 20 times
using cellophane adhesive tape (CuDerm Corporation,
Dallas, USA). After SC removal, the skin was weighed and
minced using a surgical sterile scalpel. It was then
homogenized in a vial filled with methanol (1 ml/cm2)
using an ultra Turrax homogenizer at 23,000 rpm for 5 min
(T25 Basic, Germany) on an ice bath (4 °C). The tissue
suspension was centrifuged for 5 min at 3,0009g, and the
supernatants were filtered and assayed in terms of their
voriconazole content by HPLC.

All experiments were performed in at least triplicate and
the data expressed as mean ± standard deviation. The
statistical analysis was performed using a two-tailed Student’s t test. A value of p \ 0.05 was considered to indicate statistical significance.

In vivo skin deposition study
Male hairless mice (4 weeks old, 18–20 g) were anaesthetized with ether and fixed on the abdominals. MBH
formulations (0.3 g of F1-1 or F1-2) containing 1 % (w/w)
voriconazole were applied to the dorsal surface (3 cm2). At
1, 4, and 8 h after dorsal application, the mice were
euthanized by cervical dislocation. The skin was subsequently stripped and thoroughly washed using methanol,
after which the skin surface was dried with a cotton swab
and the drug content in the SC layer and dermis determined
as described in ‘‘In vivo skin deposition study’’ section.
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Results and discussion
Solubility of voriconazole
The solubility of voriconazole in various pharmaceutically
acceptable vehicles was determined to identify the optimum oil and surfactants for use in microemulsion formulations (Table 1). Among the vehicles evaluated, benzyl
alcohol and NMP were selected as the oil and surfactant
phases, respectively, due to their exhibiting the highest
drug solubility.
Phase studies
Pseudo-ternary phase diagrams were constructed to determine the existence range of microemulsions. The pseudoternary phase diagrams with 1:2 and 1:3 weight ratios of
surfactant (i.e., NMP) to cosurfactant (i.e., 3:2 mixture of
ethanol and PC) are shown in Fig. 1A, B, respectively, in
which the transparent microemulsion region is presented.
The remainder of the phase diagram represents turbid or
conventional emulsions based on visual observation. Phase
behavior investigations of this system enabled determination of the water phase, oil phase, surfactant, and cosurfactant concentrations that resulted in formation of the
transparent one-phase microemulsion system (Ghosh et al.
2006).
Preparation and characterization of microemulsions
and MBHs
Two microemulsion formulations (F1 and F2) were selected from the phase diagram in Fig. 1A, B, respectively. The
oil, surfactant, cosurfactant, and aqueous phase contents
are described in Table 2. For topical delivery of antifungal
agents, formulations with higher solubilization of voriconazole are preferred, to enhance skin absorption. The solubility of voriconazole in F1 and F2 was 35.43 ± 0.17 and
30.5 ± 0.82 mg/ml (Table 3), respectively, being 35- and
30-fold higher than its aqueous solubility (0.97 mg/ml).
The particle sizes of the microemulsions F1 and F2 are
presented in Table 3, and were consistent with the TEM
results (Fig. 2). The MBHs were prepared by adding carbopol 940 or xanthan gum (Table 2), since the viscosity of
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The gel-like property of the MBHs might be due to the
fact that carbopol 940, as an aqueous gel matrix in a
continuous phase, displayed non-covalent intermolecular
associations (Chen et al. 2006, 2007). These physical
interactions could lead to the formation of a three-dimensional gel network, within which the dispersed oil droplets
were contained. In the case of MBHs based on xanthan
gum, it has been reported that the system is transformed
from a polymeric solution at 0.25 % xanthan gum in the
dispersion (with no significant interaction between xanthan
molecules) into a structured system at 0.5–0.75 %, and to a
system with weak-gel behavior at 1.0 % (which is attributed to physical entanglement of polymer chains; Špiclin
et al. 2003).
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Fig. 1 The pseudo-ternary phase diagrams of the oil–surfactant–
water system at (A) NMP:Consurfactant = 1:2 and (B) 1:3 weigh ratio
of NMP–cosurfactant mixture (ethanol:PC at 3:2 ratio) at 25 °C

the optimized microemulsions (F1 and F2) was not suitable
for topical delivery (less than 10 cp). The viscosity of
MBHs was significantly higher by 380–1,090 cp compared
to the microemulsion following the addition of 0.8 %
carbopol 940 and 0.2 % TEA, or 1 % xanthan gum
(Table 3), which made the preparation more suitable for
topical administration (Lapasin et al. 2001; Špiclin et al.
2003). Among the MBHs, the MBHs prepared with carbopol 940 showed higher viscosity than those prepared
with xanthan gum. This may be due to the weak gelation of
xanthan gum at 1 % (w/w) (Špiclin et al. 2003; Chen et al.
2006).

In vitro skin permeation studies
MBHs are composed of nonionic surfactants and gelling
polymers, which are biocompatible and relatively nontoxic.
Moreover, they serve as excellent penetration enhancers
(Schwarz et al. 1995; Chen et al. 2006; Zhu et al. 2009). In
this study, to assess the influence of the drug carriers on
drug accumulation and diffusion, in vitro permeation
studies using hairless mouse skin and static vertical Franz
diffusion cells were carried out under non-occlusive
conditions.
The permeation profiles of voriconazole in various formulations through hairless mouse skin are shown in Fig. 3.
The permeation parameters of the test and the control
formulations are presented in Table 4. PG was selected as
the control vehicle to maintain high drug concentration in
the donor side for poorly water-soluble voriconazole (Jung
et al. 2013). The microemulsions (F1 and F2) showed
significantly higher drug permeation rates than PG (control). Such enhanced voriconazole solubility in microemulsions could enhance the permeation rate of the drug.
Several mechanisms for the enhanced skin permeation
from microemulsions have been proposed (Kreilgaard
2002), including (1) the high drug loading capacity of
microemulsions, (2) the possibility of direct drug transfer
from the microemulsion droplet to the SC (Peltola et al.
2003), and (3) the penetration-enhancing effect of the microemulsion components (Lee et al. 2003). NMP was used
as the surfactant, and its skin penetration-enhancing effect
has been reported (Sasaki et al. 1990). Ethanol, used as a
cosurfactant, also exerts a penetration-enhancing effect by
altering the skin texture (Williams and Barry 2004). PC is
one of the main components of biological membranes, and
is also reported to have a permeation-enhancing effect
(Kim et al. 2002). These mechanisms could explain the
superiority of the microemulsion formulations compared to
the control (PG).
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Table 3 Physicochemical
properties of microemulsions
and MBHs

All data are expressed as the
mean ± standard deviation
(n = 3)

Formulation

Solubility of voriconazole (mg/ml)

Particle size (nm)

Viscosity (cp)
\10

F1

35.43 ± 0.17

30.31 ± 8.49

F1-1 (carbopol 940)

–

–

1,090 ± 112

F1-2 (xanthan gum)

–

–

380 ± 23

F2

30.50 ± 0.82

32.78 ± 6.49

\10

F2-1 (carbopol 940)

–

–

1,150 ± 98

F2-2 (xanthan gum)

–

–

411 ± 31

Table 4 In vitro permeation parameters of voriconazole from various
formulations through hairless mouse skin
Formulation

Permeation rate (lg/cm2/h)

Lag time (h)

F1

58.89 ± 15.68

1.8 ± 0.6

F1-1 (carbopol 940)

66.36 ± 5.54

3.5 ± 0.6

F1-2 (xanthan gum)

59.91 ± 16.94

2.7 ± 1.6

F2

55.37 ± 5.82

2.4 ± 1.3

F2-1 (carbopol 940)

42.05 ± 14.34

4.0 ± 0.4

F2-2 (xanthan gum)

53.99 ± 6.98

3.0 ± 0.2

0.53 ± 0.18

4.2 ± 1.1

PG (control)

Cumulative amount permeated (µg/cm 2 )

Fig. 2 Morphology of voriconazole microemulsion (F1) observed by
TEM
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All data are expressed as the mean ± standard deviation (n = 3).
Each formulation contains 1 % (w/w) of voriconazole
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Fig. 4 Amount of voriconazole retained in the skin at the end of 12 h
of in vitro permeation studies using various formulations (n = 6).
*p \ 0.05, compared to PG in stratum corneum; #p \ 0.05, compared
to PG in dermis
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Fig. 3 In vitro permeation profiles of voriconazole across hairless
mouse skin from various formulations (n = 3)

It is interesting to note that the presence of the gelling
agent did not result in significant differences in permeation
profiles compared to F1 and F2, and the MBH formulations
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significantly increased the voriconazole permeation and
content of the skin compared to PG (Fig. 4). The high
viscosity of gelling agents may not retard the diffusion of
the drug. One possible mechanism of the ability of MBHs
to modulate drug transfer across the skin is the tight contact
between the drug preparation with the skin due to the
presence of carbopol 940 and xanthan gum (Chen et al.
2006; Zhu et al. 2009). Moreover, gel viscosity did not
cause significant unfavorable effects on the drug permeation and deposition properties of microemulsions. The
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F1-2) showed no significant difference in skin drug content
profile at each time point. However, the skin drug content
increased with increasing application time, which indicates
that the skin deposition has not reached the steady-state for
8 h. The plasma drug concentrations following topical
application on normal skin were below the detection limit
for both formulations (data not shown). Our results suggested that the prepared MBHs have potential for the
topical delivery of voriconazole.

Conclusion
In summary, this investigation showed the potential of
MBHs in terms of enhancing the bioavailability of voriconazole in hairless mouse skin compared to the control.
In vitro permeation experiments showed that both microemulsions and MBHs significantly increased voriconazole
skin permeation and deposition, compared to the control
PG solution. This was confirmed by an in vivo study. Thus,
our data suggest that these MBHs have potential as a carrier for the topical delivery of voriconazole.
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Abstract
The purpose of this study was to develop a biobetter version of recombinant human interferon-b 1a (rhIFN-b 1a) to improve
its biophysical properties, such as aggregation, production and stability, and pharmacokinetic properties without
jeopardizing its activity. To achieve this, we introduced additional glycosylation into rhIFN-b 1a via site-directed
mutagenesis. Glycoengineering of rhIFN-b 1a resulted in a new molecular entity, termed R27T, which was defined as a
rhIFN-b mutein with two N-glycosylation sites at 80th (original site) and at an additional 25th amino acid due to a mutation
of Thr for Arg at position 27th of rhIFN-b 1a. Glycoengineering had no effect on rhIFN-b ligand-receptor binding, as no loss
of specific activity was observed. R27T showed improved stability and had a reduced propensity for aggregation and an
increased half-life. Therefore, hyperglycosylated rhIFN-b could be a biobetter version of rhIFN-b 1a with a potential for use
as a drug against multiple sclerosis.
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considerations within the pharmaceutical industry, such as
biophysical stability and low production costs, and in medicine,
such as fewer side effects, longer dosing intervals and route of
administration.
Protein modification with polyethylene glycol (PEG) or oligosaccharide moieties is an approach often used to improve bioactive
proteins, especially in regard to physical and thermal stability,
increased solubility, protection against enzymatic digestion,
increased circulating half-life, and in some cases, decreased
immunogenicity [8–10]. Notably, next generation rhIFN-b
therapeutics has been created using Fc fusions or PEGylation of
rhIFN-b at its N- or C-terminal region, or at cysteine residues.
PEGylated-Avonex is currently undergoing phase III clinical trials
[11]. However, production problems with rhIFN-b 1a still remain
a concern for the development of PEG-rhIFN-b 1a, because of
rhIFN-b 1a aggregation, and the increased production cost
associated with PEGylation.
Unlike PEGylation, glycoengineering requires no additional
manipulation processes after the construction of a relevant cell line
because glycosylation is a natural protein modification within
mammalian cells. In addition, it is well known that glycosylation is

Introduction
Multiple sclerosis (MS) is a chronic neurodegenerative disease
affecting the brain and spinal cord, leading to symptoms, including
blurred vision, muscle weakness, trouble with mobility and
balance, cognitive and memory problems, and sensory disturbances [1–3]. It typically occurs between the ages of 20 to 50, is
more common in women than in men, and has a variable course
[3,4]. As gold standard MS therapeutics, recombinant human
interferon-b (rhIFN-b) products are widely used as a first-line
treatment and have had a good long-term safety record over the
last few decades [5,6]. Although rhIFN-b is currently competitive
with newer oral medicines that provide improved compliance and
tolerance, it is still uncertain whether injectable treatments can be
completely replaced by oral drugs, at least until oral drugs
demonstrate good long-term safety records [6,7]. This is particularly important because drug safety is one of the biggest issues in
MS therapeutics, as MS is not a life-threatening disease but a lifelong disease (since it occurs at an early age) [4,6]. Therefore, the
production of biobetter versions of rhIFN-b would fulfill considerable unmet needs in the MS therapy, both with respect to
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termed R27TDGlyc, during R27T purification was also obtained
from the C4 RP-HPLC purification step, which was separated
from R27T in this step. R27TDGlyc consisted of singly or double
glycosylated rhIFN-b mutein at a ratio of approximately 7:3 (data
not shown). As control material, Rebif was purchased from Merck
KGaA (Hesse, Germany), respectively.

important for the activity of rhIFN-b [12,13]. There are two types
of therapeutic rhIFN-b in clinical use: rhIFN-b 1a (Avonex and
Rebif), which is produced in CHO cells and is singly glycosylated,
and rhIFN-b 1b (Betaseron), which is produced in Escherichia coli
and is not glycosylated [14–16]. In many reports, rhIFN-b 1a
shows a higher specific activity, lower immunogenicity and
decreased propensity for aggregation than rhIFN-b 1b [13,16].
Runkel et al. demonstrated that this remarkable difference is due to
glycosylation, in which the glycan moiety confers protein stability,
solubility and biological activity. Thus, glycoengineering may be a
promising approach for improving the biophysical properties of
glycoproteins, such as their structural stability and pharmacokinetics [17].
Although rhIFN-b 1a is remarkably more stable and active than
rhIFN-b 1b, manufacturing of rhIFN-b 1a still continues to suffer
from variable levels of expression and stability in mammalian cell
lines, which often results in a low product yield [18,19]. The main
challenge for developing rhIFN-b 1a is aggregation and poor
stability, which can occur at very different stages in the
development processes, and can result in low host viability, low
productivity and the development of precipitates in solutions
[19,20].
The approach outlined in the present study used site-specific
hyperglycosylation via site-directed mutagenesis, which resulted in
the development of a new molecular entity, termed R27T. Sitespecific hyperglycosylation of R27T was confirmed by western blot
analysis, isoelectric focusing, enzyme immunoassay, PNGase
treatment and quantification of sialic acid. R27T displayed
superior stability, solubility, productivity and pharmacokinetic
properties without loss of specific activity or alterations in ligandreceptor binding.

Analysis of Expressed Proteins
Purified rhIFN-b mutant samples were assessed by SDS-PAGE
and western blotting using Anti-rhIFN-b antibody (R&D Systems,
MN, USA) as a primary antibody. To confirm the presence of
glycosylation, 1 mg/mL R27T in 20 mM sodium phosphate
monobasic dihydrate, pH 7.5, was treated with PNGase F (SigmaAldrich, MO, USA) at 37uC. Samples were taken at different times
over a period of 1 hr. Deglycosylation was monitored by SDSPAGE. Isoelectric focusing was used to determine the isoelectropoint (pI) of the protein and was performed using a pH 3–10
isoelectric focusing (IEF) gel (Invitrogen, CA, USA). R27T in
media samples was quantified using a rhIFN-b ELISA kit (IBL,
Hamburg, Germany) according to the manufacturer’s instructions.

Glycosylation Site Confirmation
LC/ESI MS/MS was used for site-specific glycosylation
analysis of R27T. R27T was reduced and then digested with
trypsin/Glu-C. Presence of carbohydrate specific fragment ions,
such as m/z 204 and 366, in the product ion spectra, was analyzed
from glycopeptide ions. For identification of the exact site of
glycosylation, PNGase F was used to remove N-linked glycans
from trypsin/Glu-C glycopeptides, and for conversion of Asn to
Asp. Deglycosylated peptides were sequenced using LC/MS/MS.

Monosaccharide and Sialic Acid Composition Analysis

Materials and Methods

A Dionex HPAEC (ThermoFisher Scientific, MA, USA) was
used to analyze monosaccharide and sialic acid composition.
AminoTrap Columns (ThermoFisher Scientific) and Carbopac
PA10 analytical columns (ThermoFisher Scientific) were used at a
flow rate of 1 mL/min at 30uC. Acidic sugars were analyzed by
exposing the samples in 100 mM NaOH and 1 M NaOAc. All
monosaccharides, including neutral and amino sugars, were
analyzed by exposing the samples to 18 mM NaOH for 25 min.
The waveform used for pulsed amperometric detection (PAD) was
the Dionex default program for carbohydrates.

Ethics Statement
All experimental procedures and protocols for animal study had
been approved by the Institutional Animal Care and Use
Committee of the Seoul National University (protocol #SNU200909-33). All efforts were made to minimize suffering of
animals.

Gene Construction, Expression and Purification of rhIFNb 1a Glycosylation Analogs
Glycosylation analogs were constructed by performing sitedirect mutagenesis via PCR on wild-type human IFN-b. The fulllength gene was recovered and cloned into the pMSG expression
vector (Patent#. US20040038394 A1, PanGen Biotech Inc.,
Gyeonggi-do, Korea). Stable transfection into CHO cells was
performed using a dihydrofolate reductase selection system and
selected methotrexate resistance clones were grown in methotrexate selective medium. Purification of rhIFN-b 1a and rhIFN-b
mutant proteins, such as D110N, R27T and R27T-(NITV)2 was
performed by PanGen Biotech Inc., in the same way. Firstly, for
their purification, culture fluid containing proteins was applied to a
column of blue Sepharose 6FF (GE Healthcare, Buckinghamshire,
UK), which was then eluted with 35% propylene glycol-based
phosphate buffer. After elution, the eluate was sequentially loaded
onto CM Sepharose FF (GE Healthcare) and to C4 Reverse
phase-high performance liquid chromatography (RP-HPLC)
(Vydac, CA, USA). Purified proteins were concentrated and
diafiltrated using a 10 kDa cut-off membrane in a Millipore
Labscale Tangential Flow Filtration System (Millipore, MA, USA).
Finally, gel filtration chromatography was performed on a
Sephacryl 100HR column at 2.5 mL/min. An additional product,
PLOS ONE | www.plosone.org

Dynamic Light Scattering (DLS) and Atteuated Total
Reflectance Fourier Transform Infrared (ATR-FTIR)
Spectroscopy
Hydrodynamic size was investigated using a Zetasizer Nano
ZS90 (Malvern Instruments, Baden-Württemberg, Germany). The
temperature in the Zetasizer chamber was equilibrated to 10uC.
Each sample was measured in a disposable sizing cuvette (Sarstedt,
Germany). Hydrodynamic size and polydispersity index (PDI)
were calculated from the auto-correlation function using Zetasizer
software, version 6.32 (Malvern Instruments). ATR-FTIR spectra
(4000–600 cm–1) were collected at 4 cm–1 resolution using a
Nicolet 6700 spectrophotometer (ThermoFisher Scientific) with a
golden gate accessory (diamond crystal). The a-helix, b-sheet, bturn, and random coil contents of the proteins were estimated
from the amide I region of ATR-FTIR spectra. Peaks of the amide
I region were first treated by Fourier self-deconvolution and then
curve-fitted using the Gauss and Lorentz formula with OMNIC
Peak Resolve software (ThermoFisher Scientific). The area
corresponding to each secondary structure was calculated accordingly and expressed as a percentage of the sum of areas. To
2
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presentation of MHC Class I in A549 cells. A549 cells were seeded
in 100 mm dishes and treated with a serial dilution of each
protein, followed by incubation for 48 hr. After harvesting cells
and adjusting each sample for equal cell density with FACS buffer,
FACS was used to measure the expression of MHC class I
peptides.

measure kinetic thermostability, rhIFN-b 1a and R27T were
incubated over 96 hr at 37uC and decay curves were generated for
each protein. Detectable rhIFN-b was quantified by using the
cytopathic effect (CPE) assay at each sampling time.

In vitro Antiviral, Anti-proliferative and
Immunomodulatory Activity

Molecular Modeling of the R27T/IFNAR2 Complex

Antiviral activities were measured to determine the capacity of
rhIFN-b to protect A549 cells against the CPE of a lytic virus over
a range of rhIFN-b concentrations. World Health Organization
natural rhIFN (NIBSC code: 00/572) was utilized as a standard.
To measure antiviral activity, A549 cells were seeded in 96-well
plates and serial dilutions of the proteins were added. Plates were
incubated for 22 hr and encephalomyocarditis virus (EMCV, 1000
TCID 50/mL) was added. Following a further 22 hr incubation,
cells were dyed with crystal violet, at room temperature for 1 hr,
and then the dye was extracted with 2-methoxyethanol. Absorbance at 570 nm was then measured. For measurement of antiproliferation effects, Daudi cells were seeded and serial dilutions of
the proteins were added, followed by incubation for 48 hr. Cell
proliferation assays were performed using an EZ-Cytox cell
viability assay kit following the manufacturer’s protocol. Immunomodulatory effects of drugs were measured by analyzing the

Molecular models of glycosylated rhIFN-b 1a were built from
the crystal structure of wild-type rhIFN-b 1a (PDB ID: 1AU1)
[21]. Mutation of arginine to threonine at the 27th residue, and Nlinked glycosylation of 1AU1 were performed using UCSF
Chimera [22,23] and GLYCAM [24–26]. Due to the high amino
acid sequence identity (about 30%) between IFN-b 1a and IFN-a
2a, initial IFN-b 1a/IFNAR2 complex structures were generated
using structural alignment with a model of IFN-a 2a/IFNAR2,
whose structure was previously determined by NMR based
docking methods (PDB ID: 2HYM) [27]. For modeling Nglycosylation, one of the major oligosaccharide structures
(FA2G2S2, F: Core fucosylated, A2: biantennary with both
GlcNAcs as b1–2 linked, G2: two galactose linked beta 1–4 to
antenna, S2: two sialic acids linked to galactose) was chosen using
a structure obtained from the hydrophilic interaction liquid
chromatography (HILIC) profiles of R27T. The oligosaccharide

Figure 1. Construction and testing of rhIFN-b glycosylation analogs. (A) A schematic of the rhIFN-b protein. Boxes represented the locations
of the five a-helices. Each vertical line represented a position with potential for an additional N-linked glycosylation site, as predicted by NetNGlyc.
Introduced N-linked glycosylation consensus sequence sites were showed by diamonds(?). Purified samples were separated by (B) SDS-PAGE and (C)
western blot analysis. (D) Analogs were subjected to N-glycanase digestion for the indicated times. (E) IEF analysis was performed over a pH range of
3–10.
doi:10.1371/journal.pone.0096967.g001
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Figure 2. LC/ESI MS/MS of trypsin/Glu-C digests of R27T and Rebif. (A) Extraction ion chromatogram at m/z 204 and 366 for product ion
spectra at 21 min and 46 min, respectively. Amino acid sequencing of deglycosylated C3 and C13 peptides by LC/ESI MS/MS. (B) Deglycosylated C3
peptide MS spectrum and fragmentation information for R27T (Lot: 12104DS01 and 12103DS01) and Rebif. (C) MS spectrum of the deglycosylated
C13 peptide and fragmentation information for R27T (Lot: 12104DS01 and 12103DS01) and Rebif.
doi:10.1371/journal.pone.0096967.g002

was built using Carbohydrate Builder (Woods Group. 2005–2013,
GLYCAM Web. Complex Carbohydrate Research Center,
University of Georgia, Athens, GA., http://www.glycam.com)
and was attached to the N-glycosylation site of the wild-type IFN-b
1a/IFNAR2 structure. The final structures were minimized using
Amber force field (AMBER99SB) [28]. During minimization,
Amber parameters were used for standard residues, and the
Antechamber module was used to make parameters for nonstandard residues. Steepest minimization was performed (using
100 steps) to relieve unfavorable clashes, followed by 100 steps of
conjugate gradient minimization. Steepest descent and conjugate
gradient minimization size was 0.02 Å. Molecular visualization
was done using UCSF Chimera and PyMOL (The PyMOL
Molecular Graphics System, Version 1.2r3pre, Schrödinger, CA,
USA).

IV), subcutaneously (at the abdomen; SC), or intramuscularly (at
the leg; IM) at a dose of 1 MIU/kg to rats (total injection volume
of approximately 0.3 mL). Approximately 120 mL of blood was
collected via the femoral artery at 0 (to serve as a control), 1, 5, 15,
30, 60, 120, 240, 480, 720, and 1440 min after IV administration
and at 0 (to serve as a control), 15, 30, 45, 60, 120, 180, 240, 360,
480, 720, and 1440 min after SC and IM administration.
Approximately 0.3 mL of heparinized 0.9% NaCl-injectable
solution (20 IU/mL) was used to flush each cannula immediately
after blood sampling. Blood samples were centrifuged immediately, and a 50 mL aliquot of each plasma sample was stored in a 2
80uC freezer. All animals were humanely sacrificed at the end of
experiments by euthanasia method: CO2 inhalation in a nonprecharged 4L chamber of a moderate fill rate. Standard noncompartmental analysis methods were used to calculate pharmacokinetic parameters (WinNonlin; standard version 3.1; Pharsight,
CA, USA) [29,30].

In vivo Pharmacokinetic Analysis in Rats
Sprague Dawley rats were purchased from Orient Bio, Inc.
(Gyeonggi-do, Korea), and maintained on a 12 hr light/dark cycle
in a temperature- and humidity-controlled animal research
facility. All rats were 8 weeks old, weighing 280–300 g at the
beginning of each experiment. Each experiment included 9 groups
(n = 3 per group). The femoral artery and vein were cannulated
with a polyethylene tube (PE-50; Clay Adams, NJ, USA) under
anesthetization. rhIFN-b substances (R27T, R27TDGlyc and
Rebif) were bolus-injected intravenously (via the femoral vein;

Statistical Analysis
A p-value less than 0.05 was considered to be statistically
significant. Statistical analysis was performed using Statistical
Package for the Social Sciences (SPSS, IBM Corporation, NY,
USA). Statistical significance was determined by analysis of
variance (ANOVA) with Duncan’s multiple range test posteriori.
All results were expressed as mean 6 standard deviation, except

Table 1. Sugar composition analysis of R27T and Rebif (mol/mol protein).
Fucosea

N-acetyl-glucosamineb

N-acetyl-galactosamineb

Galactosea

Mannosea

Sialic acidc

R27T

2.4

12.3

N.D.

7.7

7.1

3.2

Rebif

1.1

4.7

N.D.

3.0

3.5

1.2

a

2 M TFA for neutral sugars at 100uC at 4 hr.
6 N HCl for amino sugars at 100uC at 4 hr.
0.1 N HCl for sialic acids(NANA+NGNA) at 80uC at 1 hr.
doi:10.1371/journal.pone.0096967.t001

b
c
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Figure 3. Size distribution of rhIFN-b 1a and R27T. The analysis of (A) rhIFN-b 1a and (B) R27T was performed at a scattering angle of 90u and
distributed sizes, PDI, and Zeta averages were shown. (r.nm: radius in nanometers). (C) rhIFN-bs were quantified by CPE at each time up to 72 hr.
doi:10.1371/journal.pone.0096967.g003
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Table 2. Secondary structure ratios derived from the ATR-FTIR spectra of rhIFN-b 1a and R27T in solution.

Samples

Amide I region in ATR FTIR spectra
a-helix (%)

b-sheet (%)

b-Turn (%)

Random Coil (%)

rhIFN-b1a

17.3

37.0

24.5

21.2

R27T

29.8

31.3

25.6

13.3

doi:10.1371/journal.pone.0096967.t002

for time to reach a Cmax (Tmax), which was expressed as the
median (ranges).

C3 and C13 peptide fragment had potential glycosylation sites at
Asn25 and Asn80 in R27T, and Asn80 in Rebif (Figure S1A and
S1B). Glycopeptide ions were extracted and confirmed by
examining for the presence of oxonium ions, such as m/z 204
(HexNAc) and 366 (HexHexNAc), with retention times of 21 min
and 46 min, respectively, on the extracted ion chromatogram
(Figure 2A). The presence of oxonium ions was again determined
in the product ion spectrum at 21 min and 46 min (Figure 2A).
The identification of N-glycosylation sites by MS depends on the
specific deamidation of asparagines to aspartic acid within the
consensus sequence NX(S/T) upon cleavage of the glycan moiety
by PNGase F. The deglycosylated peptide was sequenced by LC/
MS/MS (Figure 2B and 2C). Glycosylation sites of R27T were
identified at Asn25 and Asn80 in R27T.

Results
Construction of the rhIFN-b Glycosylation Analogs, R27T
To best maintain the structural and functional properties of the
protein, additional N- glycosylation sites were not created in the
five helical regions, consisting of amino acid residues A(2–22),
B(51–71), C(80–107), D(112–136) and E(139–162). A number of
sites including Arg27, Asp39, Gln72, Asp73, Ser74, Ser75, Asp110
and Glu137 were then screened for the additional introduction of
a consensus N-glycosylation sequence (Asn-X-Ser/Thr, where X is
any amino acid except Pro). Each site was analyzed using
NetNGlyc software on the Center for Biological Sequence Analysis
website (Technical University of Denmark) (Table S1). Based on
our analysis, we selected the most flexible overhand AB loop and
the highest mobility CD loop to minimize the structural
modification, remaining at Arg27, Asp39 and Asp110
(Figure 1A). A substitution at Arg27 of rhIFN-b 1a was chosen
as the most promising site, as it had the highest substitution
potential score in NetNGlyc, whereas Asp110 was chosen as a
negative control. The substitutions made were Arg27 and Asp110
with Thr and Asn, respectively. In addition, a hyper-glycosylated
rhIFN-b model was created by extension of the sequence
‘‘ANITVNITV, termed (NITV)2’’ into the C-terminus. Both
R27T and R27T-(NITV)2 showed a clear increase in molecular
weight (by 26 and 30 kDa, respectively) in western blots
(Figure 1B). No change in molecular weight was observed for
the D110N analog, compared with native rhIFN-b, at 22 kDa.
This was confirmed by SDS-PAGE of rhIFN-b after purification
(Figure 1C). Treatment with PNGase, which catalyzes the release
of N-linked oligosaccharides, resulted in the appearance of three
bands of 26, 22 and 18 kDa in the R27T sample (Figure 1D). The
upper and middle bands were doubly or singly glycosylated
respectively, whereas the lower band contained only the peptide.
Thus the molecular weight increment was attributed to additional
glycosylation. Negative charge was increased in R27T and R27T(NITV)2, which had pI values of 5.3–6.4 and 4.6–6.4 respectively,
compared to native rhIFN-b, with a pI of 7–8 (Figure 1E).
Notably, R27T, which had one additional glycan at the 25th
amino acid, was selected as the lead protein because the amino
acid change for the additional glycosylation site was minimal. This
could be advantageous, as it could result in lower immunogenicity
than that for R27T-(NITV)2.

Monosaccharide and Sialic Acid Composition Analysis
We performed glycosylation analysis to compare the relative
proportion of monosaccharide content, mono-, di-, tri- and tetraantennary structures with those of the reference, Rebif. Individual
sugar residues were identified and quantitated as moles of
monosaccharide per moles of protein. The monosaccharide
contents in 1 mol of R27T and Rebif were shown in Table 1.
The contents of each monosaccharide and sialic acid per moles of
protein were increased with additional glycosylation, compared to
Rebif. All carbohydrate moieties consisted of fucose, N-acetylglucosamine, galactose, mannose and sialic acid without N-acetylgalactosamine. Therefore, they were N-linked complex-type sugar
chains.

Biophysical Analysis of Protein Stability by DSC, DLS and
ATR-FTIR
DSC thermograms of rhIFN-b 1a and R27T in 20 mM acetate
buffer pH 4.2 were evaluated to obtain thermal unfolding events
(Figure S2). Unfolding transition temperature (Tm), calorimetric
enthalpy (DH) and van’t Hoff enthalpy (DHv) of rhIFN-b 1a were
61.90uC, 39.88 kcal/mol and 106.3 kcal/mol, respectively. In
addition, Tm, DH and DHv of R27T were 59.07uC, 36.87 kcal/
mol and 103.6 kcal/mol, respectively. Even though R27T
exhibited lower Tm than rhIFN-b 1a while having almost similar
DH and DHv, it did not exhibit any visible particles after
withdrawn from the DSC scan (data not provided). DLS was used
to observe hydrodynamic size of rhIFN-b 1a and R27T and
existence of aggregates in the aqueous environment as well. DLS
measurements of the proteins were provided in Figure 3. rhIFN-b
1a gave two volume distribution peaks at around 2.700 nm and
9.825 nm with 98.9% and 1.3% volume ratio, respectively.
However, R27T had only single size distribution peak at around
3.722 nm by volume distribution.
Polydispersity index (PDI) is dimensionless and scaled from 0 to
1 where values less than 0.05 are rarely seen other than with highly
monodisperse standards. However, values higher than 0.7 suggest
that the sample has a very polydispersed distribution and is not

Glycosylation Site Confirmation of R27T Analogs with
Additional Glycosylation
Specific glycosylation sites were conclusively confirmed by
determination of the carbohydrate attachment site on the
polypeptide backbone of the protein. Glycopeptides were identified by performing quadrupole-time of flight (Q-TOF) MS on
trypsin/Glu-C digests of R27T and the control Rebif, in which the
PLOS ONE | www.plosone.org
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Figure 4. In vitro activity. (A) Anti-viral, (B) anti-proliferative and (C) immunomodulatory activities of R27T (?), R27TDGlyc (&) and Rebif (m).
doi:10.1371/journal.pone.0096967.g004

ATR FT-IR was selected to analyze the amide group I (1700–
1600 cm21) in proteins. The amide group I region of ATR-FTIR
spectra was separated into nine peaks with Fourier selfdeconvoluted spectra of rhIFN-b 1a and R27T. Each ratio of
composite area represented the corresponding percentage of each
structure from peak 1 to 9; peak #1, 2, 6 and 7 (1692 cm21,
1676 cm21, 1636 cm21 and 1623 cm21, respectively; b-sheet),

suitable for the DLS measurement. PDI values of rhIFN-b 1a and
R27T were 0.607 and 0.306, respectively. Since rhIFN-b 1a had
higher PDI value than R27T, the protein was more polydispersed
and might not be stable in the aqueous environment compared to
R27T. Therefore, the result may indicate that rhIFN-b 1a possess
instability issue in the aqueous solution compared to R27T. In
order to investigate secondary structural stability of the proteins,
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Figure 5. Model of the N-glycosylated R27T/IFNAR2 complex. (A) front view and (B) side view. The complex structure oligosaccharides, R27T,
and IFNAR2 were shown as orange, magenta, and cyan color, respectively. New hydrogen bonds between the oligosaccharide and complex were
presented as red bold line in C (with IFNAR2) and D (R27T). Also, 27T and 80N in R27T protein were colored by yellow (A,B) and hydrogen-bonded
residues in R27T and IFNAR2 were colored by green (C,D).
doi:10.1371/journal.pone.0096967.g005

peak #3 (1665 cm21; reverse turn), peak #4 (1655 cm21; ahelix), peak #5 (1646 cm21; random coil), peak #8 (1615 cm21;
side chain vibration) and peak #9 (1598 cm21; b-turn) were
resolved accordingly. After resolving the peaks, relative percentage
of the contents was calculated. Table 2 showed the relative ratio of
a-helix, b-sheet, b-turn and random coil of rhIFN-b 1a and R27T.
R27T contained more a-helix and less b-sheet than rhIFN-b 1a. It
was already known from the crystal structure of rhIFN-b 1a that
there was no b-sheet secondary structure. However, recent
spectroscopy studies give that increasing intermolecular b-sheet
structure is a common feature of protein aggregation although
interferon consists of only a-helix [31–33]. Since b-sheet contents
of rhIFN-b 1a were about 5.69% higher than R27T, it might
suggests higher potential of protein aggregations [32].
To confirm the actual effect of stability issue, the aggregation
kinetics was shown in figure 3C. CPE assay was used to detect
bioactivity of R27T and rhIFN-b 1a in accelerated condition 37uC
up to for 96 hr. The bioactivity with aggregation of R27T
compared with rhIFN-b 1a had a less decrease within the first
96 hr. The calculated half-life for rhIFN-b 1a was 96 hr in
contrast to 503 hr for R27T.

additional glycosylation. We also examined the relative potencies
of R27T, R27TDGlyc, and Rebif in anti-proliferative and
immunomodulation assays. Similar activities were observed in
these assays. In the antiproliferative assay, IC50s of 14, 22 and
29 pg/mL were obtained for R27T, R27TDGlyc and Rebif
respectively (Figure 4B). In a FACS assay, which measured IFNinducible expression of MHC class I on the surface of A549 cells,
50% responses were observed at approximately 265, 359 and
238 pg/mL, respectively (Figure 4C).

Molecular Modeling of the R27T/IFNAR2 Complex
An R27T structure was generated in silico, based on the crystal
structure of human IFN-b 1a. The R27T/IFNAR2 docking
structure was shown in Figure 5A and 5B. N-glycosylation was
predicted to readily occur at the 80th amino acid, regardless of
oligosaccharide structure or the distance (solvent accessible surface
area 76.7Å by Naccess V2.1.1.1) at which glycosylation could have
no effect on the R27T/IFNAR2 complex due to far distance
between oligosaccharide and receptor [34]. By contrast, glycosylation at the 25th amino acid was more difficult to model in silico
than at the 80th residue, as the 25th amino acid side chain was
oriented towards the inside of the protein. However, ‘‘wet’’
experiments, including SDS-PAGE, confirmed that it was possible
to glycosylate the 25th amino acid, in a similar manner to that of
the 80th amino acid (Figure 1B and 1C). A structure for R27T with
the 25th residue glycosylated was obtained from the in silico data.
This showed that glycosylation of R27T at the 25th amino acid
could stabilize the interaction between R27T and IFNAR2. In

Maintenance of In vitro Activity
R27T and Rebif was analyzed for in vitro anti-viral activity
together with an R27TDGlyc. Values of 2996106, 2526106 and
2886106 IU/mg were obtained from the average activity of the
three lots of R27T, two lots of R27TDGlyc and Rebif, respectively
(Figure 4A). No decrease in antiviral activity was observed with
PLOS ONE | www.plosone.org
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Figure 6. Mean arterial plasma concentration–time profiles for rhIFN-bs. (A) IV, (B) SC and (C) IM administration of R27T, R27TDGlyc and
Rebif at a dose of 1 MIU/kg in rats. Vertical bars indicated standard deviations.
doi:10.1371/journal.pone.0096967.g006

particular, new hydrogen bonds were formed between Thr44 and
Asp51 of IFNAR2 and the oligosaccharide moiety of R27T,
thereby increasing R27T/IFNAR2 complex stability (Figure 5C).

PLOS ONE | www.plosone.org

Similarly, hydrogen bonding between Arg35 of R27T and the
oligosaccharide moiety contributed towards the overall stability of
the helical conformations within R27T (Figure 5D).
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Table 3. Pharmacokinetic parameters for IFN-b after IV, SC, and IM administration of R27T, R27TDGlyc, and Rebif at a dose of 1
MIU/kg to rats (n = 3).

Parameters

R27T

R27TDGlyc

Rebif

IV
AUC (6104 IUNmin/mL)

54.867.4*

37.262.1

40.362.4

t1/2 (min)

88.064.4

63.3611.5

61.3621.6

CL (mL/min/kg)

1.960.2*

2.760.1

2.560.2

Vss (mL/kg)

90.168.7

110617.1

107636.2

SC
AUC (6104 IUNmin/mL)

12.261.5*

4.161.3

5.260.5

t1/2 (min)

4236154

2476121

180669.3
246642.0

Cmax (IU/mL)

235654.0

161614.9

Tmax (min)

30 (15–45)

30 (30)

45 (30–45)

F (%)

22.3

11.1

13.0

IM
AUC (6104 IUNmin/mL)

16.362.0*

6.961.3

7.362.1

t1/2 (min)

426644.7

5346211

150611.8*
314698.4

Cmax (IU/mL)

374659.7

172635.1*

Tmax (min)

45 (30–60)

15 (15–120)

45 (30–60)

F (%)

29.7

18.8

18.0

*Significantly different to the other groups (p,0.05).
doi:10.1371/journal.pone.0096967.t003

Discussion

In vivo Pharmacokinetic Studies in Rats
Plasma concentration-time profiles for the rhIFN-b variants
were obtained in rats after IV, SC and IM administration of
R27T, R27TDGlyc and Rebif at a dose of 1 MIU/kg (Figure 6).
Relevant pharmacokinetic parameters were listed in Table 3. After
IV administration of the three rhIFN-bs formulations, biexponential declines in plasma IFN concentration were observed.
The area under curve (AUC) values for R27T were significantly
higher than those of R27TDGlyc and Rebif by 1.47 and 1.36 fold,
respectively. Thus, the total body clearance (CL) values were
significantly lower in R27T than in the other rhIFN-b formulations. Moreover, the terminal half-life (t1/2) values of R27T tended
to be higher than those of the other rhIFN-b formulations by 1.39
and 1.44 fold, respectively. The apparent volume of distribution at
steady state (Vss) values were comparable among the three rhIFNb formulations. After SC administration, the AUC and extent of
absolute bioavailability (F) values of R27T were significantly
higher than those of R27TDGlyc by 2.95 and 2.01 fold,
respectively, and those of Rebif by 2.33 and 1.72 fold, respectively.
Moreover, the t1/2 values of R27T tended to be higher than those
of R27TDGlyc and Rebif by 1.71 and 2.35 fold, respectively. The
peak plasma concentration (Cmax) and Tmax values were comparable among the three rhIFN-b formulations. After IM administration, the AUC and F values of R27T were significantly higher
than those of R27TDGlyc by 2.36 and 1.58 fold, respectively, and
those of Rebif by 2.24 and 1.65 fold, respectively. The t1/2 values
of R27T and R27TDGlyc were significantly higher than those of
Rebif by 2.84 and 3.56 fold, respectively. The Cmax values of
R27TDGlyc were significantly lower than those of R27T and
Rebif, and the Tmax values were comparable among the three
rhIFN-b formulations. The t1/2 values after SC and IM
administration were much higher than those after IV administration, indicating that each substance is subject to flip-flop kinetics.

PLOS ONE | www.plosone.org

We have constructed a biobetter version of rhIFN-b 1a, termed
R27T, as evidenced the results of structure-function studies of
rhIFN-b 1a and the type I IFN-b receptor. R27T contained a
substitution of Thr for Arg at position 27th of rhIFN-b 1a, which
resulted in additional glycosylation at the 25th position. Glycoengineering was successfully performed, as demonstrated by the
bioassay, MS spectrometry and in vitro data. Notably, the in vitro
assays, including measures of antiviral, anti-proliferation and
immunomodulation, showed that additional glycosylation at the
25th amino acid (as a result of the R27T mutation) had no effect on
ligand-receptor binding. However, these results were different to
the results of Runkel et al [35,36]. Using alanine-scanning
mutagenesis, they showed that the 27th amino acid, arginine,
was a solvent exposed residue important for antiviral and reporter
gene activity. Although alanine-scanning mutagenesis is a widely
used technique to determine the functional role of each amino
acid, mutagenesis of the Arg27, which has a polar residue group,
to alanine, which has nonpolar, aliphatic residue group, could
cause different effects than mutation into threonine, which has a
polar residue group. In addition, glycosylation at the 25th amino
acid could cause conformational changes without influencing
receptor binding.
Glycosylation could also affect molecular stability. Stability
issues, such as aggregation, have been one of the biggest challenges
for the production of therapeutic proteins. Moreover, these issues
occur at very different stages in the development processes,
including drug production, purification, storage and delivery. To
address these issues, the behavior of rhIFN-b 1a and R27T in
solution was investigated using biophysical methods. Conformational stability (Tm value) of R27T by glycoengineering compared
to rhIFN-b 1a was observed by DSC. Tm of R27T was less than
that of rhIFN-b 1a. Although glycosylation generally enhance the
conformational stability, the position of glycosylation on protein is
10
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12

6
6

37

37

37

37

37

37

37

37

37

30

37 R 30 shift

37

37

37

37

37

37 R 30 shift

30

37

Batch, Microcarrier
(Cytopore 1 1 mg/ml)

Batch, Microcarrier
(Cytopore 2 1 mg/ml)

Batch (Bioreactor 2 L)

Batch, Microcarrier
(Cytopore 1 1 mg/ml)

Batch (Bioreactor 2 L)

Batch (Bioreactor 2 L)

Batch (Bioreactor 2 L)

Batch (Bioreactor 2 L)

Batch (Spinner Flask)

Batch (Spinner Flask)

Batch (Spinner Flask)

Batch (Bioreactor 2 L)

Batch (Bioreactor 2 L)

Batch (Bioreactor 2 L)

Batch, Microcarrier
(Cytopore 1 1 mg/mL)

Batch (Spinner Flask)

Batch (Spinner Flask)

Batch (Spinner Flask)

Batch (Spinner Flask)

2% Glycerol

40 mM NaCl

1 mM NaBu

1 mM NaBu

1% DMSO

37

Batch (Spinner Flask)

2% Glycerol

34

Batch (Bioreactor 30 L)

6

6

10

7

7

5

7

8

5

7

7

7

7

7

7

7

7

6

6

34

34

Batch (Bioreactor 7.5 L)

Additives

Batch (Spinner Flask)

Temperature
(6C)

Culture condition

Culture
period
(day)

2.05E+06

6.90E+05

1.80E+06

3.45E+06

2.50E+06

2.30E+06

1.50E+06

3.20E+06

1.80E+06

7.50E+05

3.50E+06

1.30E+06*

2.00E+06*

3.20E+06*

4.20E+06*

3.00E+06

3.80E+06

1.50E+06

1.50E+06

3.00E+06

4.00E+06

4.00E+06

2.00E+06

Max cell
density
(cells/mL)

3.5

2

0.85

0.95

Specific
Productivity
Qp (b-IFN
units/cell/day)

1.7

1.5

4.4

0.96

2.2

2.1

2

0.4

4.2

3.3

0.5

1.5

2.5

6.7

1.3

5.8

1.5

5

5

1

9

16

10

(610‘6 units/mL,
Non-denatured)

4.5

2.35

5.6

1.7

4

5.5

7.5

3

9

3.6

1.5

8.9

12.8

9.6

14

10

7.5

8

14

3.7

(610‘6 units/mL,
denatured)

Total volumetric production
(610‘6 units/ml)

Table 4. Comparative rhIFN- b 1a productivity in CHO cells; rhIFN- b productivity in CHO cells was compared.

.90%

.90%

85%

End culture
viability (%)

Maureen
Spearman et al,
Cell Technology
for Cell
Products,2007,
71,85

J. Rodriguez et al,
Biotechnol. Prog.
2005,21,22–30

Maureen
Spearman et al,
Biotech. Prog.
2005, 21,31–39

In our study

Reference
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10
10

37 R 32 shift

37

37

32

32

37

37 R 32 shift

32

32

37

32

32

Batch (Spinner Flask)**

Batch (Spinner Flask)**

Batch, Microcarrier (Cytopore 2
1 mg/ml)**

Batch
(Spinner Flask)**

Batch, Microcarrier (Cytopore 2
1 mg/ml)**

Batch (Spinner Flask)***

Batch (Spinner Flask)***

Batch (Spinner Flask)***

Batch, Microcarrier (Cytopore 2
1 mg/ml)***

12

Batch (Bioreactor 2 L)

Batch (Bioreactor 2 L)

Perfusion
(Bioreactor 2L)

3.70E+06

2.55E+06

1.39E+06

5.0E+06

2.5E+05

2.5E+06

1.1E+06

8.2E+05

1.7E+05

2.5E+06

4.1E+06

6.9E+05

1.6E+05

Max cell
density
(cells/mL)

2.6

1.2

0.75

0.92

0.233

0.847

0.784

0.954

0.341

Specific
Productivity
Qp (b-IFN
units/cell/day)

9.3

12.4

0.9

10.1

0.73

7.1

5.7

3.27

1.32

5.19

4.24

2.4

2.2

(610‘6 units/mL,
Non-denatured)

9.9

17.4

1.5

(610‘6 units/mL,
denatured)

Total volumetric production
(610‘6 units/ml)

.95%

88%

93%

98%

93%

End culture
viability (%)

J. Rodriguez et al,
Journal of
Biotechnology
2010,150,120

Kelvin Sunley et
al., Biotechnol.
Prog. 2008,
24,898–906

Reference

The cultures of R27T were established in a shake flask and 7.5 L (working volume: 5 L), or 30 L (working volume: 20 L) bioreactors. For ELISA, R27T was obtained from bioreactors on day 7, or from shake flasks on day 6 of culture.
Atmosphere: 10% CO2.
*Final Cell Yield(cells/mL).
**Low Temperature Non-adopted.
***Low Temperature adopted.
doi:10.1371/journal.pone.0096967.t004

8–16

3–8

0–3

12

12

12

12

6

6

10

32

Batch (Spinner Flask)**

Additives

Temperature
(6C)

Culture
period
(day)

Culture condition
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known to be a key factor to modulate the stability [37]. Thus,
additional glycosylation at Asn25 on R27T seemed to have less
effect on conformational stability. However, DLS and ATR-FTIR
data suggested that rhIFN-b 1a was more susceptible to
biophysical stability, such as aggregation, than R27T. In
particular, ATR-FTIR indicated that a significant amount of ahelical structure had been retained, whereas intermolecular bsheet content (which reflects aggregation) was decreased by the
additional glycosylation (at the 25th amino acid). These results
were consistent with the DLS data since rhIFN-b 1a was more
polydispersed than R27T. Furthermore, these results were also
confirmed by the aggregation kinetic profiles, which demonstrated
the beneficial effect of additional glycosylation on stability during
accelerated storage conditions. This effect could be caused by
enhanced biophysical stability of R27T by glycoengineering. In
addition, R27T productivity was approximately 3–6 times higher
than that of rhIFN-b 1a under low temperature conditions of
30uC–34uC for 6–14 days without additional manipulations like
low temperature adapted cells, using cytopore, intermediate
temperature shift and perfusion for production (Table 4). It was
likely that this was a consequence of the lower aggregation
resulting from the additional glycosylation, since it was well known
that the low productivity of rhIFN-b 1a was caused by molecular
aggregation.
To investigate the effect of glycosylation at the 25th amino acid
on stability, a computational simulation of R27T/IFNAR2
docking was performed. Intrinsic stability was improved by
glycosylation at the 25th amino acid, which enabled hydrogen
bonding between residue 35R on R27T and the oligosaccharide.
Structural simulations of R27T/IFNAR2 suggested that the
oligosaccharide could also interact with IFNAR2, resulting in
the stabilization of ligand-receptor binding interactions. These
results imply that glycosylation may be important for fine-tuning
glycoprotein bioactivity although X-ray crystallography experiments may be required to obtain a more detailed structure [38].
Glycans play a very prominent role in determining therapeutic
efficacy, including the in vivo half-life. We therefore compared the
pharmacokinetic properties of R27T, R27TDGlyc and Rebif.
After IV administration, the pharmacokinetic parameters (CL, Vss,
and t1/2) of Rebif (1 MIU/kg) were consistent with those obtained
in a previous study on the pharmacokinetics of native rhIFN-b,
administered at a dose of 21 MIU/kg [39]. The AUC and CL
values of R27T were significantly higher and lower, respectively,
than those of Rebif and R27TDGlyc. Although little information
on the elimination route of rhIFN-b 1a is currently available, the
reduced CL is likely due to the fact that R27T is a hyperglycosylated form of rhIFN-b. The reduced CL may be attributed

to the increased molecular weight and/or sialylation status. It has
also been reported that the CL of hyper-glycosylated erythropoietin is significantly lower than that of native erythropoietin
[40,41]. In this regard, sialylation status could be a critical
pharmacokinetic parameter [42,43]. In fact, the terminal monosaccharide of the N-linked complex glycan of R27T was occupied
by a sialic acid moiety, which could affect absorption, serum halflife and clearance as well as various other physicochemical
properties. Moreover, after SC and IM administration, the AUC
and F values of R27T were significantly higher than those of Rebif
and R27TDGlyc. This result could be attributed to the lower CL
and/or higher stability of R27T compared to that of Rebif.
However, the exact reasons for the increased SC and IM
absorption, and reduced elimination of R27T were unclear; thus,
further investigation is required. Taken together, after IV, SC, and
IM dosing in rats, R27T achieved a higher and more prolonged
systemic rhIFN-b 1a exposure than Rebif or R27TDGlyc. This
demonstrates the potential of R27T as a long-acting IFN analog.

Supporting Information
Figure S1 Amino acid sequence of Rebif and R27T.
Shadow on amino acid showed predicted glycopeptides and circles
showed potential glycosylation sites of (A) Rebif and (B) R27T.
(TIF)
Figure S2 DSC thermograms of rhIFN-b 1a and R27T.

Measured Tm values of (A) rhIFN-b 1a and (B) R27T was
displayed above the peaks. Graphs also showed curve fitting of the
DSC thermograms for rhIFN-b 1a and R27T, which was
performed using a non-two-state model.
(TIF)
Table S1 Glycosylation site prediction.
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a b s t r a c t
We have previously reported that the limited intestinal absorption via the paracellular pathway may
be the primary cause of the low oral bioavailability of doxorubicin (DOX). In this study, we have formulated medium chain glycerides-based colloidal nanosystems to enhance the intestinal paracellular
absorption of DOX and reduce its cardiotoxicity. The DOX formulations prepared by the construction
of pseudo-ternary phase diagram were characterized in terms of their droplet size distribution, viscosity, drug loading, and drug release. Further evaluation was conducted by an in vitro Caco-2 transport
study as well as in situ/in vivo intestinal absorption, bioavailability and toxicity studies. Compared with
DOX solution, these formulations enhanced the absorptive transport of DOX across Caco-2 cell monolayers at least partly due to the paracellular-enhancing effects of their lipidic components. Moreover,
the in situ intestinal absorption and in vivo oral bioavailability of DOX in rats were markedly enhanced.
In addition, no discernible damage was observed in the rat jejunum after oral administration of these
DOX formulations while the cardiac toxicity was signiﬁcantly reduced when compared with intravenous
DOX solution. Taken together, the medium chain glycerides-based colloidal nanosystems prepared in
this study represent a potentially effective oral delivery system for DOX.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Doxorubicin (DOX) is an anthracycline glycoside antibiotic with
a mechanism of impairing DNA synthesis during tumor cell division (Schwarzbach et al., 2002). It is one of the most widely used
anticancer drugs for the treatment of lymphoma, osteosarcoma
and other sarcomas, carcinomas, and melanoma (Choi et al., 2011).
The most common dosing mode of DOX is a single intravenous
injection but this may lead to an undesired systemic exposure
proﬁle with an excessively high (toxic) level in the initial and
subsequent fast decay below the minimum therapeutic level
(Bromberg and Alakhov, 2003). It has been generally believed that

Abbreviations:
DOX, doxorubicin; AUC, total area under the plasma
concentration–time curve from time zero to time inﬁnity; Cmax , peak plasma concentration; Tmax , time to reach a Cmax ; Frel , extent of relative oral bioavailability.
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long-term exposure to drug at modest concentrations would be
more beneﬁcial than a pulsed supply of drug at higher concentrations (Kalaria et al., 2009). Thus, much effort has been devoted
for achieving prolonged systemic exposure to DOX, and the most
successful case has been DOXIL® , a pegylated liposomal DOX.
However, oral chemotherapy would be more advantageous over
the current regimens via the intravenous route (DeMario and
Ratain, 1998; Le Lay et al., 2007). Oral delivery could provide a
relatively prolonged systemic exposure proﬁle with less ﬂuctuation leading to lower toxicity and improved efﬁcacy (Zhang and
Feng, 2006). Moreover, the oral mode of cancer treatment is noninvasive, cost (time and labor)-saving, and available for outpatient,
resulting in a better patient compliance and improved quality of
life, particularly for the elderly and for patients with advanced or
relapsed cancer (Bromberg, 2008; Dong and Feng, 2005). Thus, oral
chemotherapy may be a potential alternative to the current DOX
regimen.
Despite many recent studies on the oral delivery of DOX (Benival
and Devarajan, 2012; Choi et al., 2011; Jain et al., 2012; Kalaria et al.,
2009; Ke et al., 2008), its development still remains challenging due
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to the limited intestinal absorption and low oral bioavailability. In
these previous studies, it has been often assumed that the P-gpmediated efﬂux and cytochrome P450 (CYP) 3A-mediated ﬁrst-pass
metabolism in the intestine and liver are the main barriers to the
oral absorption of DOX. However, our recent work has revealed
that the limited and paracellular intestinal absorption of DOX
(corresponding to BCS class III) probably due to its physicochemical properties (aqueous solubility = 50 mM; log P = −0.5; apparent
Caco-2 permeability = 0.102 × 10−6 cm/s) may be the major factor
that is responsible for the low oral bioavailability in contrary to
what had been earlier reported (Kim et al., 2013). Therefore, this
necessitates a new formulation strategy for developing an effective
oral delivery system of DOX, i.e., enhancing the intestinal absorption of paracellularly transported BCS class III drugs.
Over the past decades, lipid-based colloidal systems including microemulsion have been used mainly for the oral delivery of
poorly water-soluble drugs (BCS classes II and IV) (Kawakami et al.,
2002a,b; Yin et al., 2009). However, recent studies tend to focus
on microemulsion as a drug delivery system for enhancing the oral
absorption of BCS class III drugs which include fexofenadine, famotidine, calcein, hydroxysafﬂor yellow A, and earthworm ﬁbrinolytic
enzyme (Cheng et al., 2008; Gundogdu et al., 2011; Jha et al., 2011;
Koga et al., 2010; Qi et al., 2011). Microemulsions may enhance
the oral absorption of paracellularly transported BCS class III drugs
because they contain oils and surfactants, some of which have been
well recognized as paracellular permeation enhancers. Microemulsion could thus be applied in developing oral delivery systems for
DOX.
Herein, we report on medium chain glycerides-based colloidal
nanosystem, based on water-in-oil (W/O) microemulsion, for the
oral delivery of DOX, with the expectation to enhance the intestinal
permeation of DOX via the paracellular pathway. To date, very few
attempts have been made to develop an emulsion-based colloidal
nanosystem for the oral delivery of paracellularly transported BCS
class III drugs including DOX. Therefore, this study could provide
new ﬁndings regarding the application of microemulsion in these
oral drug delivery systems.
2. Materials and methods
2.1. Materials
A human colonic epithelial cell line, Caco-2 cells, was obtained
from the American Type Culture Collection (Rockville, MD). DOX
(hydrochloride salt) was purchased from Boryung Pharmaceutical Co. (Gunpo, South Korea). [14 C] Mannitol (51 mCi/mmoL)
was purchased from Amersham Pharmacia Biotech (Buckinghamshire, UK). Dulbecco’s modiﬁed Eagle’s medium (DMEM), fetal
bovine serum, penicillin–streptomycin, and trypsin–EDTA were
purchased from Gibco Laboratories (Grand Island, NY, USA). Captex
and Capmul MCM were kindly donated by Abitec Co. (Columbus, OH, USA). PEG-8 caprylic/capric glycerides (labrasol) were
kindly donated by Gattefossé Co. (Saint Priest, Cedex, France).
Propranolol hydrochloride (an internal standard for the highperformance liquid chromatographic (HPLC) analysis of DOX),
non-essential amino acid solution, Hank’s balanced salt solution (HBSS), N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid
(HEPES), d-glucose, and DMSO were purchased from Sigma–Aldrich
Co. (St. Louis, MO). Other chemicals were of reagent grade or HPLC
grade.
2.2. Construction of pseudo-ternary phase diagrams
The pseudo-ternary phase diagram was constructed to determine the components and contents for the formation of W/O

microemulsions (Constantinides et al., 1996). The surfactant mixtures (Smix ) were prepared by blending Span 80 and Tween 80 (F1)
or Capmul MCM and labrasol (F2) in a ﬁxed weight ratio of 2:1.
Then, the oil phase (Captex 355) and Smix were mixed, where the
ratios of oil to Smix were varied from 9:1 to 1:9 (w/w). Each clear
mixture was titrated with distilled water (DW), while stirring the
mixture at room temperature to allow equilibrium. Following the
addition of aliquot of water phase, the mixture was visually examined for transparency. The points from clear to turbid and turbid
to clear were designated as emulsion and microemulsion, respectively. Based on the results of the pseudo ternary phase diagrams,
two microemulsion formulations (F1 and F2) were selected for
further experiments: 50% Captex 355, 40% Span 80/Tween 80 mixture, and 10% aqueous phase for F1; 55% Captex 355, 35% Capmul
MCM/labrasol mixture, and 10% aqueous phase for F2.
2.3. Determination of maximum loading content and preparation
of DOX formulations
In order to determine the maximum loading content of DOX
in microemulsion formulations, excess amount of DOX was ﬁrst
dissolved into water followed by mixing in a shaking incubator
(Jeio-Tech, Seoul, Korea) at 100 rpm for 48 h at 25 ◦ C. Then, excess
DOX was removed by centrifugation at 16,000 × g for 5 min at 25 ◦ C.
The supernatant (saturated DOX aqueous solution) was taken as
an aqueous phase to prepare the microemulsions following the
above mentioned compositions. They were further mixed in a shaking incubator at 100 rpm for 48 h at 25 ◦ C. Excess DOX, if any, was
removed by centrifugation at 16,000 × g for 5 min at 25 ◦ C. The content of DOX in the formulation was measured by HPLC assay after an
appropriate dilution with methanol. Based on these results of the
maximum loading content of DOX in microemulsions, 20 mg/mL of
DOX aqueous solution was used to prepare F1 and F2 formulations
containing 2 mg/mL of DOX for further studies.
2.4. Characterization of DOX formulations
2.4.1. Mean droplet size and distribution
The droplet size and distribution of DOX formulations (F1 and
F2) were measured by an electrophoretic light-scattering spectrophotometer (ELS-8000, OTSUKA Electronics Co. Ltd., Japan). The
DOX formulations were transferred to a standard quartz cuvette,
and their droplet size and polydispersity index were determined
via dynamic He–Ne laser (10 mW) light-scattering at an angle of
90◦ at 25 ◦ C. Data analysis was conducted using a software package
(ELS-8000 software) supplied by the manufacturer.
2.4.2. Viscosity
The viscosity of F1 and F2 was measured by DV-E Viscometer
(BROOKFIELD, USA) using a #16 spindle at a speed of 100 rpm at
room temperature.
2.4.3. Transmission electron microscopy
The morphology of F1 and F2 was examined by an energyﬁltering transmission electron microscopy (TEM) (LIBRA120, Carl
Zeiss, Germany) with a 80 kV accelerating voltage. The DOX formulations were negatively stained by 2% sodium phosphotungstate
(pH 7) and placed on carbon-coated 400 mesh copper grids followed by drying at room temperature before measurements.
2.4.4. Changes of DOX formulations after dilution
To evaluate the changes in the droplet size of DOX formulations
after dilution, each formulation (F1 and F2) containing 2 mg/mL
DOX was 10-fold diluted with normal saline at 37 ◦ C, and then,
the droplet size of the diluted formulations was measured as mentioned above. To evaluate the changes in the formulations’ colloidal
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structure after dilution, the leakage of DOX from each formulation
(F1 and F2) after 500-fold dilution with normal saline at 37 ◦ C was
measured (Cheng et al., 2008; Koga et al., 2010). After centrifugation at 16,000 × g for 10 min at 25 ◦ C, aliquots from the upper
coarse emulsion and lower aqueous phase were collected. The content of DOX in the samples was measured by HPLC assay after an
appropriate dilution with methanol.
2.5. In vitro drug release study
An aliquot of each DOX solution in DW, F1 and F2 (200 L) was
placed in the mini dialysis kits (MWCO 6–8 kDa) (Kfar-Hanagid,
Israel), and was immersed in 100 mL of release medium (PBS, pH
7.4) in a shaking incubator at 100 rpm at 37 ◦ C. Then, aliquots of
dissolution media (0.5 mL) were withdrawn, and the concentration of DOX was determined by HPLC analysis after an appropriate
dilution with methanol. The percent cumulative amount of DOX
released from formulations was calculated as a function of time.
2.6. Caco-2 cell culture
Caco-2 cells were routinely cultured in DMEM containing
10% FBS, 1% non-essential amino acids, 100 U/mL penicillin, and
0.1 mg/mL streptomycin at 37 ◦ C in an atmosphere of 5% CO2 and
90% relative humidity. For the transport studies, Caco-2 cells from
passage numbers 40 to 55 were seeded on permeable polycarbonate ﬁlter inserts (1.12-cm2 surface area, 0.4-m pore size; Corning
Costar Corp., Cambridge, MA) in 12-Transwell plates at a density of 1–1.5 × 105 cells/insert and were cultured for 21 days. The
integrity of cell monolayers was evaluated prior to the transport
studies by measuring transepithelial electrical resistance (TEER)
and [14 C] mannitol permeability across the monolayers. Cell monolayers were considered intact and suitable for use in transport
studies when TEER values were 300–600  cm2 (Saitoh et al., 2004).
Mannitol transport in the Caco-2 cell monolayers was <0.35% of the
dose/h.
2.7. In vitro cytotoxicity test in Caco-2 cells
Cytotoxicity of DOX solution, F1 and F2 on Caco-2 cells were
evaluated by MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl
tetrazolium bromide) assay. Caco-2 cells were seeded onto 96-well
plates at a seeding density of 1 × 104 cells/well and used for cytotoxicity test after 24-h incubation. MTT assay was performed using
a commercially available MTT assay kit (TOX-1, Sigma–Aldrich, St.
Louis, MO). The culture medium was replaced with 200 L of DOX
solution in PBS (20 g/mL) and DOX formulations 500-fold diluted
with PBS (ﬁnal concentration: 4 g/mL). Blank PBS (pH 7.4) was
employed as a negative control. After 2-h incubation, 20 L of MTT
assay reagent in PBS was added to each well and the plate was incubated for another 4 h. The absorbance of the mixture in the 96-well
plate was then measured with an Emax® microplate spectrophotometer at 560 nm (Molecular Devices, Sunnyvale, CA, USA). The
percent viability of the cells was determined from the absorbance
values considering that of the negative control as 100%.
2.8. In vitro transport study in Caco-2 cell monolayers
The absorptive transport of DOX solution in transport medium
(20 g/mL) and DOX formulations 500-fold diluted with transport
medium (ﬁnal concentration: 4 g/mL) in Caco-2 cell monolayer
was evaluated. The transport experiments were conducted in Transwell plates that were placed on an orbital shaker; the plates were
shaken at 60 rpm during the transport experiments to minimize
the inﬂuence of the aqueous boundary layer on transport. Prior to
transport experiments, cell monolayers were washed three times
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with transport medium (pH 7.4, HBSS containing 25 mM HEPES and
25 mM glucose). After each wash, the plates were incubated in the
transport medium for 30 min at 37 ◦ C, and then TEER was measured.
For the measurement of absorptive (i.e., apical to basolateral) drug
transport, 0.5 mL of DOX solution in transport medium (20 g/mL)
or DOX formulations 500-fold diluted with transport medium containing 1% DMSO (ﬁnal concentration: 4 g/mL) was added to the
apical side of the cell monolayer, and 1.5 mL of transport medium
containing 1% DMSO was added to the basolateral side. The inserts
were moved to wells containing fresh transport medium containing
1% DMSO (1.5 mL) every 30 min for 2 h. At each time point, a 0.2-mL
aliquot of the transport medium was removed from the basolateral
side, and the concentrations of DOX in each sample were determined by HPLC assay. TEER values were measured at 0, 1, 2, 4, 6,
8, and 24 h after the start of transport experiments. The apparent
permeability coefﬁcient (Papp ; cm/s) was calculated by dividing the
unidirectional ﬂuxes by the initial drug concentration:
Papp =

dQ/dt
A · C0

where the dQ/dt, A, and C0 are the rate of appearance of drug in
the basolateral side, surface area of cell monolayer (1.12 cm2 ), and
initial drug concentration in the apical side, respectively.

2.9. Animals
Protocols for the animal studies were approved by the Institutional Animal Care and Use Committee of Seoul National University
(Seoul, South Korea). Male ICR mice (5–6 weeks old and weighing
20–25 g) and Sprague-Dawley rats (7–9 weeks old and weighing
200–250 g) were purchased from Orient Bio, Inc. (Seongnam, South
Korea). They were maintained in a clean-room (Animal Center for
Pharmaceutical Research, College of Pharmacy, Seoul National University) at a temperature of 20–23 ◦ C with 12-h light (07:00–19:00)
and dark (19:00–07:00) cycles, and a relative humidity of 50 ± 5%.
The mice and rats were housed in metabolic cages (Tecniplast,
Varese, Italy) under ﬁltered, pathogen-free air, with food (Agribrands Purina Korea, Pyeongtaek, South Korea) and water available
ad libitum.

2.10. In situ closed loop study in rats
The absorption of DOX solution in 0.9% NaCl-injectable solution,
F1 and F2 in various rat intestinal segments were evaluated by in
situ closed loop study (Kim et al., 2013). After minimal abdominal
incision under light ether anesthetization and sufﬁcient washing
of the contents within the gastrointestinal (GI) tract, a 5-cm long
jejunum and colon loops were closed by ligation made at approximately 2-cm distal to both ends of each intestinal section. Special
care was exercised to avoid damaging blood vessels and to include
as much of a complete mesenteric blood vessel arch as possible
for each loop. After injection of 0.5-mL DOX solution, F1 and F2
(2 mg/mL) into each loop by means of an 1-mL syringe with a 31gauge needle, the whole GI tract was carefully replaced into the
abdominal cavity, and the incision was closed using clamps and
kept moist by covering with gauze pads presoaked with normal
saline. The rat was warmed by a lamp. At 120 min after drug injection, each loop was removed, transferred into a beaker containing
50 mL of methanol, and the gastrointestinal tract was cut into small
pieces using scissors to facilitate the extraction of DOX. After manual shaking and stirring with a glass rod for 1 min, a 50-L aliquot
of the supernatant was collected from each beaker and stored in a
−80 ◦ C freezer until the HPLC analysis of DOX.
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2.11. In vivo pharmacokinetic study in rats
The femoral artery was cannulated with a polyethylene tube
(PE-50; Clay Adams, Parsippany, NJ, USA) under light ketamine
anesthetization (50 mg/kg, intramuscular injection) as reported
previously (Yoon et al., 2011, 2012). DOX solution in 0.9% NaClinjectable solution and DOX formulations (F1 and F2) at a dose
of 10 mg/kg was orally administered (dosing volume: 5 mL/kg) to
rats using a feeding tube after overnight fasting with free access
to water. An approximately 300-L aliquot of blood sample was
collected via the femoral artery at 0, 15, 30, 45, 60, 75, 90, 120,
180, and 240 min after oral administration of DOX solution and formulations. An approximately 300-L aliquot of heparinized 0.9%
NaCl-injectable solution (20 U/mL) was used to ﬂush the cannula
immediately after each blood sampling to prevent blood clotting.
After centrifugation of blood sample, a 150-L aliquot of plasma
sample was stored in a −80 ◦ C freezer (Model DF8517; Ilshin Laboratory Company, Seoul, South Korea) until the HPLC analysis of
DOX.
2.12. In vivo toxicity test in mice and rats
To evaluate the intestinal toxicity of DOX formulations, the
jejunum (approximately 5 cm) was carved out at 24 h after oral
administration of DW, F1 or F2 to rats. The segment was then
washed with PBS and ﬁxed in 4% paraformaldehyde for 24 h. A vertical section was prepared, stained with hematoxylin–eosin (H&E),
and observed under light microscopy (×200).
To evaluate the cardiac toxicity of DOX formulations, saline
and DOX solution in 0.9% NaCl-injectable solution (5 mg/kg) were
administered intravenously, and DOX formulations (F1 and F2,
10 mg/kg) were administered orally to mice and rats on day 1 and
on day 15. The animals were sacriﬁced on day 28, and cardiac toxicity was evaluated by the activity of superoxide dismutase (SOD)
in rat heart homogenate. SOD activity was determined using assay
kits (Sigma–Aldrich Co., St. Louis, MO). The heart of mice was carved
out and processed for H&E staining in the same manner as the rat
intestinal toxicity study.
2.13. HPLC analysis of DOX
The concentrations of DOX in the samples of the in vitro, in
situ and in vivo experiments were determined by a reported HPLC
method (Kim et al., 2013). A 150-L aliquot of plasma sample (a
100-L aliquot of the other samples) was deproteinized with a 300L aliquot of acetonitrile, and a 100-L aliquot of methanol that
contained 5 g/mL of propranolol (an internal standard) was added.
After vortex-mixing and centrifugation at 16,000 × g for 10 min,
a 400-L aliquot of the supernatant was transferred to another
clean eppendorf tube, and then evaporated under a gentle stream
of nitrogen gas at room temperature. The residue was reconstituted in 60-L mobile phase for plasma sample (100-L mobile
phase for the other samples). After vortex mixing and centrifugation, a 25-L aliquot was injected onto a reversed phase (C18)
HPLC column. The mobile phases, 10 mM KH2 PO4 (pH 4.0):acetonitrile:methanol (70:25:5, v/v/v) with 0.1% TEA (v/v) for in vivo
studies, and 10 mM KH2 PO4 (pH 4.0):acetonitrile (70:30, v/v) for
in vitro and in situ studies, were run at a ﬂow-rate of 1 mL/min.
The column efﬂuent was monitored by a ﬂuorescence detector
set at excitation/emission wavelengths of 470 nm/575 nm for DOX
and 230 nm/320 nm for propranolol. The retention times of DOX
and propranolol were approximately 3.5 and 6 min, respectively.
The quantitation limits of DOX in rat plasma, urine and GI sample
were 0.01, 0.1, and 0.1 g/mL, respectively. The inter- and intra-day
coefﬁcients of variation were below 12.1%.

Table 1
Physicochemical properties of DOX formulations (n = 3).
Physicochemical property

F1

Droplet size (nm)
Polydispersity index
Viscosity (cP)
Maximum drug loading (mg/mL)
Leakage after 500-fold dilution (%)

164
0.184
99.3
3.02
8.63

F2
±
±
±
±
±

30.5
0.0340
12.2
0.129
1.03

142
0.170
84.3
2.92
9.21

±
±
±
±
±

38.5
0.0462
8.08
0.378
1.20

2.14. Pharmacokinetic analysis
The total area under the plasma concentration–time curve from
time zero to time inﬁnity (AUC) was calculated using standard
software (WinNonlin® ; Pharsight Corporation, Mountain View, CA,
USA). The peak plasma concentration (Cmax ) and time to reach Cmax
(Tmax ) were directly read from the experimental data. The extent
of relative oral bioavailability (Frel ) was calculated by dividing the
AUC after oral administration of DOX formulations (F1 and F2) by
the AUC after oral administration of DOX solution.
2.15. Statistical analysis
A p-value of less than 0.05 was considered to be statistically
signiﬁcant using a t-test between the two means for the unpaired
data or a Duncan’s multiple range test of Statistical Package for
the Social Sciences (SPSS) posteriori analysis of variance (ANOVA)
among the more than three means for the unpaired data. All data
were expressed as mean ± standard deviation (SD) except median
(ranges) for Tmax .
3. Results
3.1. Preparation of DOX formulations
Fig. 1 shows the pseudo-ternary phase diagrams of systems containing water, Captex 355, and surfactant mixture (Smix ). The Smix
was the blend of a low HLB (Span 80, Fig. 1a, HLB = 4.3; Capmul
MCM, Fig. 1b, HLB = 5) and high HLB (Tween 80, Fig. 1a, HLB = 15;
labrasol, Fig. 1b, HLB = 14) non-ionic surfactant at a ﬁxed ratio of
2:1 w/w. A clear and transparent microemulsion existed in the W/O
area. Based on the principle of high drug-loading efﬁciency and low
proportion of surfactants, the DOX formulations were selected from
this area, and composed of 50% Captex 355, 40% Span 80/Tween
80 mixture, and 10% aqueous phase for F1 and 55% Captex 355,
35% Capmul MCM/labrasol mixture, and 10% aqueous phase for
F2.
3.2. Characterization of DOX formulations
Table 1 summarizes the droplet size, polydispersity, viscosity,
and maximal drug loading of the DOX formulations (F1 and F2).
Both F1 and F2 had droplet sizes of less than 200 nm and viscosities
ranging from 75 to 110 cP. The TEM images of DOX formulations
are shown in Fig. 2. A number of spherical droplets were observed,
and their sizes seemed to be approximately 100–200 nm. The DOX
formulations were changed to the coarse (turbid) emulsion with
10-fold and 500-fold dilution with PBS. After a 10-fold dilution, the
mean droplet sizes of F1 and F2 increased by 8.96- and 8.66-fold
(1470 ± 336 nm for F1 and 1230 ± 251 nm for F2), respectively.
After a 500-fold dilution and subsequent centrifugation, only
minor portion (less than 10%) of the loaded DOX was detected in
the lower aqueous phase (% leakage), and most of the DOX was
still detected in the upper coarse emulsion (Table 1). However,
as shown in Table 1, no signiﬁcant differences between F1 and
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Fig. 1. Pseudo-ternary phase diagrams of systems containing water, Captex 355 (oil), and surfactant mixture (Smix ). The Smix was the blend of Span 80 and Tween 80 (a)
or Capmul MCM and labrasol (b) at 2:1 w/w. Clear and transparent microemulsions were formed in the W/O area, and other area represents coarse (turbid) emulsion. The
closed circles (䊉) represent the DOX formulations (a, F1 and b, F2).

F2 were observed in terms of the droplet size, polydispersity,
viscosity, maximal drug loading, and characteristics after dilution.

3.3. In vitro drug release study
The time proﬁles of in vitro release of DOX from solution, F1
and F2 are shown in Fig. 3. The release of DOX from the solution
reached the plateau at 4 h, and up to 69.6% cumulative release of
DOX was observed within 12 h. However, the cumulative release
of DOX from F1 and F2 was signiﬁcantly lower than that from the
DOX solution at all the time points studied. The cumulative release
of DOX from F1 was not signiﬁcantly different from that from F2.

3.4. In vitro transport study in Caco-2 cell monolayers
The viability of Caco-2 cells after 2-h exposure to the DOX solution, F1 and F2 is shown in Fig. 4a. The Caco-2 cell viability against
DOX solution (20 g/mL) was not signiﬁcantly different from that
against the control (PBS). Moreover, no signiﬁcant reduction in cell
viability was observed in the presence of F1 and F2. The time proﬁles of in vitro absorptive transport of DOX from the solution, F1
and F2 across Caco-2 cell monolayers are shown in Fig. 4b. The
apparent permeability coefﬁcients (Papp × 10−6 cm/s) of DOX from
the solution, F1, and F2 were 0.159 ± 0.0229, 0.968 ± 0.183, and
1.71 ± 0.443, respectively. The Papp values of DOX from F1 and F2
were signiﬁcantly higher than those from the solution, and the Papp
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Table 2
Remaining fractions of DOX at 2 h after injection of the DOX solution, F1 and F2 into
the rat jejunum and colon loops (n = 3–4).
Intestinal segment

DOX remaining (%)
Solution

Jejunum
Colon
a

F1

87.6 ± 19.8
90.8 ± 12.8a

a

F2

64.4 ± 9.52
57.8 ± 8.39

a

40.5 ± 10.4a
46.7 ± 11.0

Signiﬁcantly different from the other groups (p < 0.05).

values of DOX from F2 were signiﬁcantly higher than those from F1.
The time proﬁles of relative TEER values with respect to the initial
TEER value during the 2-h transport study of the DOX solution, F1
and F2 across Caco-2 cell monolayers and subsequent incubation in
fresh media up to 24 h are shown in Fig. 4c. There was no signiﬁcant
change in TEER values throughout the transport study of the DOX
solution. However, TEER values were reduced to 70.7 and 62.6% of
their initial values in the presence of F1 and F2, respectively. After
wash-out of the formulations and change to fresh media, the TEER
values of Caco-2 cell monolayers increased constantly and reached
control level at 24 h.
3.5. In situ closed loop study in rats
The remaining fractions of DOX at 2 h after the injection of the
DOX solution, F1 and F2 into the rat jejunum and colon loops are
listed in Table 2. In both the jejunal and colonic loops, the remaining
fractions of DOX after injection of the F1 and F2 were signiﬁcantly
lower than that of the solution, indicating the enhanced intestinal
absorption of DOX in F1 and F2 compared with the DOX solution.
Moreover, in the jejunal loops, the remaining fractions of DOX after
injection of F2 were signiﬁcantly lower than those of F1, indicating
the enhanced intestinal absorption of DOX in F2 compared with F1.
3.6. In vivo pharmacokinetic study in rats

Fig. 2. TEM images of DOX formulations (a, F1 and b, F2). The scale bars represent
1 m.

100

Cumulative release (%)

80

Fig. 5 shows the time proﬁles of arterial plasma concentrations
of DOX after oral administration of the DOX solution, F1 and F2 at a
dose of 10 mg/kg to rats. Relevant pharmacokinetic parameters of
DOX are listed in Table 3. The AUC, Cmax and Frel values of the DOX
solution, F1 and F2 were signiﬁcantly different from each other, in
the following order: F2 > F1 > solution. The Tmax values were comparable among the DOX solution, F1 and F2, while the detection
periods of DOX in rat plasma were 75, 180 and 240 min for the
solution, F1 and F2, respectively.
3.7. In vivo toxicity study in rats
Fig. 6 shows representative histological sections of jejunal segments at 24 h after oral administration of DW, F1 and F2 to rats. In
those three groups of rats, any evidence of damage to the intestinal wall, such as villi fusion, occasional epithelial cell shedding, and
congestion of mucosal capillary with blood and focal trauma, was
not found in parts of the jejunum. There was no discernible difference among the control (DW), F1 and F2, indicating that oral DOX
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Table 3
Pharmacokinetic parameters of DOX after oral administration of the DOX solution,
F1 and F2 at a dose of 10 mg/kg to rats (n = 4).
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Fig. 3. Time proﬁles of in vitro release of DOX from solution (䊉), F1 (), and F2 ()
at 37 ◦ C in PBS. Vertical bars represent standard deviation (n = 3).

Parameter

Solution

F1

F2

AUC (ng min/mL)
Cmax (ng/mL)
Tmax (min)
Frel (%)

2740 ± 1030a
17.5 ± 2.76a
45 (30–45)
100

5310 ± 1310a
29.4 ± 6.42a
45 (30–45)
214

9040 ± 1730a
57.7 ± 9.28a
60 (30–60)
364

a

Signiﬁcantly different from the other groups (p < 0.05).
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Fig. 4. Viability of Caco-2 cells after 2-h exposure to DOX solution, F1 and F2 (n = 5; a), time proﬁles of in vitro absorptive transport of DOX from solution (䊉), F1 (), and F2
() across Caco-2 cell monolayers at 37 ◦ C (n = 4; b), and time proﬁles of TEER values during the 2-h transport study of DOX solution (䊉), F1 (), and F2 () across Caco-2 cell
monolayers and subsequent incubation in fresh media up to 24 h (n = 4; c). Vertical bars represent standard deviation.
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Fig. 5. Time proﬁles of arterial plasma concentrations of DOX after oral administration of DOX solution (䊉), F1 () and F2 () at a dose of 10 mg/kg to rats (n = 4).
Vertical bars represent standard deviation.

formulations are not toxic to the rat intestinal mucosa (Fig. 6a–c).
Fig. 7 shows SOD activity in the heart tissue after intravenous injection of saline and the DOX solution and after oral administration of
F1 and F2 to rats. Compared to the control (treated with intravenous
saline) group, SOD activities in heart homogenate decreased signiﬁcantly in rats treated with intravenous DOX solution, indicating the
signiﬁcant cardiac toxicity of intravenous DOX therapy. However,
after oral administration of F1 and F2, SOD levels were comparable with the control group, indicating the reduced cardiotoxicity
of oral F1 and F2 compared with intravenous DOX solution. Fig. 8
shows representative histological sections of heart segments after
intravenous injection of saline and DOX solution and after oral
administration of F1 and F2 to mice. As shown in Fig. 8b, a marked
disorganization of cardiac muscles and structural changes in heart
tissues were observed after intravenous injection of DOX solution
to mice. However, no signiﬁcant difference in the heart histopathology was observed between the control (saline) and the oral DOX
formulations (Figs. 8a, c, and d).
4. Discussion
Medium chain glycerides-based colloidal nanosystems, based
on W/O microemulsion, containing Captex 355, water and Smix

124

J.-E. Kim et al. / International Journal of Pharmaceutics 464 (2014) 117–126

Fig. 6. Representative histological sections of jejunal segments at 24 h after oral
administration of DW (a), F1 (b) and F2 (c) to rats. The scale bars represent 100 m.

SOD activity (% of Control)
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Fig. 8. Representative histological sections of heart segments after intravenous
injection of saline (a) and DOX solution (b) and after oral administration of F1 (c)
and F2 (d) to mice. The scale bars represent 100 m.
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Fig. 7. SOD activity in heart tissue after intravenous injection of saline (control) and
DOX solution (DOX-IV) and after oral administration of F1 and F2 to rats (n = 3). *,
Signiﬁcantly different from the other groups (p < 0.05).

were formulated by the construction of pseudo ternary phase diagram (Fig. 1). The pseudo ternary phase diagram has been widely
used to determine the concentration range of components for the
existence of microemulsions (Constantinides et al., 1996; Yin et al.,
2009). The mixture of a low and high HLB non-ionic surfactant
was used as the Smix of DOX formulation, based on several previous studies reporting a successful preparation of a stable W/O
microemulsion using various combinations of low and high HLB
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non-ionic surfactants (Cheng et al., 2008; Constantinides et al.,
1994, 1996; Gundogdu et al., 2011; Karasulu et al., 2007). The nanosized round droplet and relatively low viscosity were observed
in the prepared DOX formulations (Figure 2 and Table 1), which
are consistent with previously reported oral W/O microemulsions
(100–600 cp) (Cheng et al., 2008; Gundogdu et al., 2011; Qi et al.,
2011).
Colloidal systems including microemulsion are diluted by the
gastrointestinal ﬂuid upon oral administration, and thus the characteristics of F1 and F2 after dilution were evaluated. Since oral
dilution factor in humans has not been clariﬁed yet, it was assumed
to be 500-fold in this study, based on relevant previous studies
using the oral dilution factors of approximately 100–2200-fold
(Amidon et al., 1995; Cheng et al., 2008; Ke et al., 2008; Yin
et al., 2009). In the in vitro dilution study, the leakage of only
minor portions (less than 10%) of DOX into the outer bulk aqueous
phase was observed after the 500-fold dilution of DOX formulation (Table 1). This result suggests that there is no burst release of
DOX when the DOX formulations are diluted, and that the phase
conversion may occur primarily into W/O/W rather than O/W
emulsion.
Drug release characteristics of DOX formulations were evaluated using the dialysis method (Fig. 3). Compared with the DOX
solution, slower and sustained release of DOX was observed in the
DOX formulations. Since the different appearance proﬁles of DOX
in the receptor side were observed, it is obvious that the penetration process of DOX through the dialysis membrane is not the
rate-limiting step in the overall release process of DOX from the
inner phase of W/O microemulsions to the receptor side. Moreover,
since the molecular cut off of dialysis membrane used is 6–8 kDa,
it is unlikely that the droplet of emulsion itself may penetrate the
dialysis membrane. Thus, this result may be attributed to the slow
diffusion of DOX through the oil phase of W/O microemulsions
being the rate-limiting step in the overall release process of DOX
from W/O microemulsions. Taken together, those pseudo ternary
phase diagram and characterization data in terms of droplet size,
morphology, viscosity, drug loading, and drug release suggest that
DOX-loaded emulsion-based colloidal nanosystems have been successfully prepared (Figs. 1–3, Table 1).
The Caco-2 cell monolayer is widely used as an in vitro model
of the human small intestinal mucosa to predict the intestinal
absorption of a drug. The correlation between the in vitro apparent
permeability coefﬁcient across Caco-2 monolayers and the in vivo
fraction of oral dose absorbed is well established (Artursson and
Karlsson, 1991; van Breemen and Li, 2005). Moreover, Caco-2 cell
assay is widely known as a useful in vitro model for determining the
absorptive characteristics of a drug and elucidating its transport
mechanism (Yu and Zeng, 2007). Thus, the intestinal permeation
mechanism of DOX solution and formulations was investigated
using Caco-2 cell model.
No signiﬁcant cellular toxicity of DOX solution in Caco-2 cells
was observed for 2 h (Fig. 4a), which is consistent with a previous
study reporting no signiﬁcant effect of 0.1-mM DOX on Caco-2 cell
viability up to 6-h exposure (Silva et al., 2011). Our recent study
has revealed that the absorptive transport of DOX across Caco-2
cell monolayers occurs primarily via the paracellular pathway (Kim
et al., 2013). In this study, medium chain tri-glyceride (Captex 355)
was incorporated as the oil phase of both F1 and F2. Medium chain
glycerides have been reported to markedly enhance the intestinal permeability of paracellular marker compounds (Cheng et al.,
2008). However, evidence on the paracellular enhancing activity of
Tween 80 or Span 80 (the surfactant mixture of F1) has not yet been
reported (Aungst, 2000). Thus, Captex 355 seems to be responsible
for the signiﬁcantly higher Papp of F1 and F2 compared with the DOX
solution (Fig. 4b). The F2 contains Capmul MCM (medium chain
mono- and di-glyceride) and labrasol as a surfactant mixture. It
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has been reported that medium chain mono- and di-glycerides are
more active than tri-glyceride as a membrane permeation enhancer
(Aungst, 2000). Moreover, labrasol has been reported to enhance
the intestinal permeation of a paracellular marker compound, mannitol, and a poorly absorbed antibiotic, gentamicin (Hu et al., 2001;
Sha et al., 2005). Thus, the difference in surfactant mixture between
F1 and F2 seems to be mainly responsible for the signiﬁcantly higher
Papp of F2 compared with F1 (Fig. 4b). The change in TEER values has
been generally accepted as an indicator of tight junction integrity,
which is the major determinant of paracellular permeation (Maher
et al., 2009; Yu and Zeng, 2007). The reduction of TEER value by F1
and F2 during the 2-h transport study suggests that DOX formulations may enhance the absorptive transport of DOX at least partly
via the paracellular pathway. Moreover, the restoration of TEER
value during 22 h after wash-out of the formulations and change to
fresh media suggests that the paracellular permeation enhancing
effects of F1 and F2 are reversible.
The in situ intestinal absorption and in vivo oral bioavailability
of DOX formulations were evaluated using the rat model, based
on a good correlation between the fraction of oral dose absorbed
in rats and that in humans (Fagerholm, 2007; Yoon et al., 2011).
The results of the in situ closed loop study in rats suggest that
the intestinal absorption of DOX may be in the following order:
F2 > F1 > DOX solution (Table 2), which is consistent with the results
of the in vitro transport study in Caco-2 cells (Fig. 4b). In the in vivo
rat pharmacokinetic study, 10-mg/kg oral dose of DOX solution
were selected. Oral doses of 10–20 mg/kg were used in several previous studies for the oral delivery of DOX (Benival and Devarajan,
2012; Choi et al., 2011; Jain et al., 2012; Kalaria et al., 2009; Ke
et al., 2008). Moreover, our recent study has revealed that DOX
solution exhibits linear pharmacokinetics at the oral dose range
of 20–100 mg/kg (Kim et al., 2013). After oral administration of
DOX solution and formulations, systemic DOX exposures were in
the following order: F2 > F1 > DOX solution (Table 3), which is consistent with the in vitro Caco-2 cell and in situ close loop studies
(Fig. 4b and Table 2). As discussed earlier, the lipidic components
of DOX formulations such as Captex 355, Capmul MCM and labrasol may be responsible for the differences in oral bioavailability of
DOX between the DOX solution and the oral formulations F1 and
F2.
The intestinal toxicity of DOX formulations in rats was evaluated by histological H&E staining. As shown in Fig. 6, no signiﬁcant
intestinal toxicity of DOX solution, F1 and F2 in rats was observed,
which is consistent with the results of the Caco-2 cell study where
the restoration of TEER values (Fig. 4c) as well as no signiﬁcant cellular toxicity (Fig. 4a) were observed. In addition, because cardiac
toxicity is the major complication of the DOX therapy, the activity of SOD, a cardiac toxicity marker, and histological test using
H&E staining of the DOX solution, F1 and F2 in mice and rats were
evaluated (Benival and Devarajan, 2012). Signiﬁcant SOD reduction (Fig. 7) and marked disruption of ﬁne structure in heart tissues
(Fig. 8b) indicate the signiﬁcant cardiac toxicity of intravenous DOX
therapy (Benival and Devarajan, 2012; Jain et al., 2012; Kalaria
et al., 2009). However, markedly reduced cardiotoxicity in terms
of SOD level (Fig. 7) and heart histopathology (Figs. 8a, c, and d)
was observed in oral F1 and F2. Thus, these results in intestinal and
cardiac toxicity studies suggest that oral DOX formulations prepared in this study are less toxic than conventional intravenous
DOX formulations, indicating a potentially safe oral delivery system
for DOX.
To the best of our knowledge, this study is the ﬁrst report on the
oral delivery of DOX through the enhancement of intestinal permeation via the paracellular pathway. Moreover, very few attempts
have been made to develop colloidal nanosystems based on W/O
microemulsions for the oral delivery of paracellularly transported
BCS class III drugs including DOX. Therefore, this study provides
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new insights for the application of microemulsion in oral DOX
delivery via the paracellular pathway.
5. Conclusions
Medium chain glycerides-based colloidal nanosystems based on
W/O microemulsions containing Captex 355, Capmul MCM, and/or
labrasol were developed for the oral delivery of DOX. The DOX formulations were successfully prepared by the construction of the
pseudo-ternary phase diagram, and their droplet size distribution,
viscosity, drug loading, and drug release were characterized. Compared with the DOX solution, the DOX formulations enhanced the
absorptive transport of DOX across the Caco-2 cell monolayers at
least partly due to the paracellular-enhancing effects of their lipidic
components. Moreover, the in situ intestinal absorption and in vivo
oral bioavailability of DOX in rats were markedly enhanced in the
DOX formulations. In addition, no discernible damage was observed
in the rat jejunum after oral administration of the DOX formulations, and the cardiac toxicity was signiﬁcantly reduced when
compared with the intravenous DOX solution. Taken together, the
medium chain glycerides-based colloidal nanosystems prepared in
this study represent a potentially effective oral delivery system for
DOX.
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Abstract Human adipose-derived mesenchymal stem
cells (AD-MSCs) have attracted much interest as an
alternative to autologous chondrocytes and bone marrowderived mesenchymal stem cells for cell-based therapy to
repair cartilage defects. Sodium alginate (SA) beads have
been widely known as a conventional stem cell delivery
system for cartilage repair. Hyaluronic acid (HA) has been
known to induce cell proliferation and chondrogenic differentiation. Herein, we prepared AD-MSCs-encapsulating
SA beads with HA (SA–HA beads) and without HA (SA
beads). Then, the morphology, proliferation, and chondrogenic differentiation of AD-MSCs cultured in SA–HA
beads or SA beads with a conventional chondrogenic
media were evaluated. There was no discernible difference
in the morphology of AD-MSCs between SA–HA and SA
beads. However, the proliferation (MTT optical density
and DNA contents) and chondrogenic differentiation
(s-GAG contents and type II collagen staining) of ADMSCs were significantly enhanced in SA–HA beads as
compared to SA beads. The present results suggest that HA
can be added to SA beads-based cell delivery systems of
AD-MSCs in order to improve their chondrogenesisinducing capacity for repair of cartilage defects.
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Abbreviations
SA
HA
MSCs
AD-MSCs
BM-MSCs
DMEM-HG
TGF-b1
ITS
CM

EM

SA–HA beads
SA beads

Sodium alginate
Hyaluronic acid
Mesenchymal stem cells
Adipose-derived mesenchymal stem cells
Bone marrow-derived mesenchymal stem
cells
Dulbecco’s modified eagle’s medium–
high glucose
Transforming growth factor-b1
Insulin–transferrin–selenium
Chondrogenic medium (serum-free
DMEM-HG supplemented with 10 ng/
mL of TGF-b1, 50 nM ascorbate, 100 nM
dexamethasone, and 5 lg/mL of ITS)
Expansion medium (DMEM-HG
supplemented with 10 % fetal bovine
serum)
HA-containing SA beads
HA-free SA beads

Introduction
During past decades, the treatment of cartilage defects has
been greatly hindered by the limited self-repair capacity of
the cartilage (Erickson et al. 2002; Heng et al. 2004).
Recently, tissue engineering technologies using cells and
suitable delivery systems have been developed to aid the
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repair of cartilage defects (Ma et al. 2003; Guilak et al. 2004).
Autologous chondrocytes implantation was approved for the
repair of symptomatic cartilage defects of the femoral condyle (De Bie 2007). However, it has suffered from donor site
morbidity and low in vitro cell proliferation capacity (Ochi
et al. 2001). Therefore, bone marrow-derived mesenchymal
stem cells (BM-MSCs) have been recognized as an alternative to autologous chondrocytes due to their high proliferation capacity and chondrogenic potential (Johnstone et al.
1998; Li et al. 2005). Yet, the clinical application of BMMSCs remains to be challenging due to the donor site damage and highly invasive donating procedure with severe pain
(Kern et al. 2006). Instead of BM-MSCs, adipose-derived
mesenchymal stem cells (AD-MSCs) have recently attracted
much interest for cartilage regeneration (Lin et al. 2005;
Yoon et al. 2011). AD-MSCs can be obtained by a simple
liposuction procedure from subcutaneous adipose tissue with
minimal donor site morbidity and pain (Zuk et al. 2001,
2002). Moreover, it has been reported that AD-MSCs are
comparable to BM-MSCs with respect to the multi-lineage
potential, growth kinetics, and cells senescence (De Ugarte
et al. 2003).
It has been well known that three-dimensional (3D)
culture condition is required to direct the differentiation of
AD-MSCs into the chondrogenic lineage (Heng et al.
2004). Therefore, various biomaterial scaffolds in the form
of sponges or hydrogels have been developed to provide
3D culture condition and serve as cell delivery systems for
repair of cartilage defects. Among them, synthetic polymers (e.g., polylactic acid, polyglycolic acid, polylactic
acid-polyglycolic acid) or natural polymers (e.g., collagen,
alginate, chitosan, gelatin, hyaluronic acid) have been
proved to be suitable biomaterials for cartilage tissue
engineering (Nehrer et al. 1997; Gugala and Gogolewski
2000; Lahiji et al. 2000; Lohmann et al. 2000; Ma et al.
2003; Chung et al. 2011; Yoon et al. 2011).
Alginate is a linear polysaccharide with repeating blocks
consisting of (1-4)-linked b-D-mannuronate and a-L-guluronate. Alginate and its water-soluble sodium salt have
been used in food and pharmaceutical industry due to their
good thickening or gelling property even at moderate
concentrations (Chung et al. 2011). Especially, sodium
alginate (SA) beads have been widely recognized as a
conventional stem cell delivery system for repair of cartilage defects and as a model 3D culture system in research
areas related to chondrogenesis of stem cells (Brian et al.
2010). It has been reported that SA bead culture can induce
the chondrogenic differentiation of human articular chondrocytes, BM-MSCs, and AD-MSCs (Chubinskaya et al.
2001; Ma et al. 2003; Awad et al. 2004).
Hyaluronic acid (HA) is a linear polysaccharide with
repeating blocks consisting of D-glucuronic acid and D-Nacetylglucosamine, which is a major component of
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extracellular matrix (ECM) of the cartilage. Several previous studies have reported that HA can enhance cell
proliferation and chondrogenic differentiation via various
mechanisms including CD44-mediated cytoplasmic signal
transduction pathway (Miralles et al. 2001; Yoon et al.
2011). Therefore, it seems plausible that cell proliferation
and chondrogenic differentiation in SA beads could be
further improved by the addition of HA to SA beads. This
hypothesis could be supported by a previous study that rat
chondrocytes cultured in HA-containing SA beads exhibited significantly-enhanced cell proliferation and chondrogenic differentiation profiles as compared to those in HAfree SA beads (Miralles et al. 2001). However, little
information is available regarding the comparison between
HA-containing and HA-free SA beads with respect to the
proliferation and chondrogenic differentiation of ADMSCs, which further investigation is required.
Herein, we therefore report on the proliferation and
chondrogenic differentiation of AD-MSCs in SA beads
with or without HA. AD-MSCs-encapsulating SA beads
with HA (represented as ‘SA–HA beads’) or without HA
(represented as ‘SA beads’) were prepared and cultured in
conventional chondrogenic media. Then, cell morphology,
proliferation, and chondrogenic differentiation were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) staining, MTT assay/DNA assay,
and sulfated glycosaminoglycans (s-GAG) assay/type II
collagen immunohistochemistry, respectively.

Materials and methods
Materials
HA was purchased from Shandong Freda Biochem Co., Ltd.
(1,040 kDa; Jinan, China). SA (250 kDa; medium viscosity;
guluronate residue:mannuronate residue = 30:70; issued
from Macrocystis pyrifera), Trypsin/EDTA, type I collagenase (250 U/mg), Alcian blue 8GX, dexamethasone, ascorbate, and insulin-transferrin-selenium (ITS) were purchased
from Sigma-Aldrich (St. Louis, USA). Dulbecco’s modified
Earle’s medium–high glucose (DMEM-HG) was purchased
from BioWhittaker (Wakersville, MD). Penicillin–streptomycin was purchased from Lonza (Basel, Swiss). Recombinant human transforming growth factor-beta1 (TGF-b1)
was purchased from Strathmann Biotec (Hamburg, Germany). All other chemicals were from standard laboratory
suppliers and were of the highest purity available.
Isolation and expansion of AD-MSCs
Isolation and expansion of AD-MSCs were performed as
previously described (Yoon et al. 2011). Briefly, human
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subcutaneous adipose tissue samples were obtained from
elective liposuction of healthy females with informed
consents as approved by the institutional review boards of
Asan Medical Center (Seoul, Korea). The liposuction
waste tissue was digested with 250 U/mL of type I collagenase for 90 min at 37 °C, and centrifuged at
3009g for 10 min to obtain the stromal cell fraction. The
cell suspension was layered onto histopaque-1077 (SigmaAldrich), and centrifuged at 8409g for 10 min. The
supernatant was discarded, and the cell band buoyant over
histopaque was collected. Retrieved cell fraction was
cultured overnight at 37 °C/5 % CO2 in expansion medium (EM; DMEM-HG supplemented with 10 % fetal
bovine serum, 100 U/mL of penicillin, and 100 mg/mL of
streptomycin). The resulting cell population (AD-MSCs)
was maintained over 3–5 days until 80–90 % confluence,
which were represented as passage 1. AD-MSCs were
sub-cultured after 85 % confluence, and used for experiment at passage 3–4. Culture medium was changed every
48 h.
Preparation and 3D chondrogenic culture of AD-MSCsencapsulating SA beads with HA (SA–HA beads)
or without HA (SA beads)
400 mg of SA was dissolved in 10 mL of PBS, resulting in
4 % SA solution. The SA solution was heated on a hot
plate with stirring thoroughly. The resulting homogeneous
SA solution was sterilized using 0.22-lm filter and stored
in a refrigerator at 4 °C. 70 mg of HA was dissolved in
10 mL of PBS, resulting in 0.7 % HA solution. The HA
solution was heated on a hot plate with stirring thoroughly.
The resulting homogeneous HA solution was sterilized
using 0.22-lm filter and stored in a refrigerator at 4 °C.
10.2 mL of 1 M CaCl2 stock solution was added to
89.8 mL of double-distilled water in 100 mL volumetric
flask, resulting in 102 mM CaCl2 solution. The CaCl2
solution was sterilized using 0.22-lm filter and stored at
4 °C.
2 % SA solution with or without 0.35 % HA was prepared by diluting 4 % SA solution with same volume of
0.7 % HA solution or PBS, respectively. AD-MSCs were
resuspended in the resulting polymer solution at 5 9 106
cells/mL in a 50 mL conical tube. The cell-polymer mixture was dripped into 1 mL of pre-warmed CaCl2 solution
as previously described (Guo et al. 1989; Estes et al. 2010).
After incubation at 37 °C for 5 min, CaCl2 solution was
discarded, and the resulting beads were cultured in 24 well
plate with a conventional chondrogenic media (CM;
serum-free DMEM-HG supplemented with 10 ng/mL of
TGF-b1, 50 nM ascorbate, 100 nM dexamethasone, 5 lg/
mL of ITS, 100 U/mL of penicillin, and 100 mg/mL of
streptomycin).
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Morphology of AD-MSCs
The morphology of AD-MSCs cultured in SA–HA beads or
SA beads for 14 days were evaluated by MTT staining
(Yoon et al. 2011). After 14 days of 3D chondrogenic
culture, the beads were transferred to new 24-well plates.
Then, 900 lL of culture media and 100 lL of MTT solution were added to the beads. After 4-h incubation at 37 °C
in 5 % CO2, the culture media and MTT solution were
discarded. Then, the stained beads were washed twice with
PBS and observed under light microscopy (2009).
Proliferation of AD-MSCs
Proliferation of AD-MSCs cultured in SA–HA beads or SA
beads was evaluated by MTT assay and the quantification
of genomic DNA. For MTT assay, the beads were transferred into new 24-well plates after 1, 7, and 14 days of 3D
chondrogenic culture, and 1 mL of fresh CM was added.
After adding 100 lL of MTT solution (5 mg/mL in PBS)
to each well, the beads were incubated for 4 h at 37 °C in a
5 % CO2 incubator. The resulting MTT formazan crystals
were dissolved with 1.0 mL of DMSO. Plates were shaken
for 20 min, and then 100 lL supernatant in each well was
transferred to a 96-well plate. The absorbance at 490 nM
was measured by a microplate reader (Emax, Molecular
Devices Corporation, Sunnyvale, CA). Beads containing
no cells were used as control. For the quantification of
genomic DNA, the genomic DNA was isolated from the
beads after 1, 7, and 14 days of 3D chondrogenic culture.
The isolation of genomic DNA was performed using
DNeasy tissue kit (QIAGEN; Chatsworth, USA) according
to the manufacturer’s protocol. After tenfold dilution of the
isolated genomic DNA, the absorbance at 260 nM was
measured by a microplate reader.
Chondrogenic differentiation of AD-MSCs
Chondrogenic differentiation of AD-MSCs in SA–HA
beads or SA beads was evaluated by s-GAG content and
type II collagen immunohistochemistry. The s-GAG content was determined by the reported dimethylmethylene
blue (DMMB) method (Farndale et al. 1986). After 1, 7,
and 14 days of 3D chondrogenic culture, the beads were
digested with papain for 48 h at 60 °C in 20 mM sodium
phosphate buffer (pH 6.8) containing 1 mM ethylenediaminetetraacetic acid (EDTA) and 2 mM dithiothreitol
(DTT). Then, 2.5 mL of DMMB dye solution was added to
100 lL of digested sample, and the absorbance at 525 nM
was measured by a microplate reader. Bovine chondroitin
sulfate was used to prepare standard solution for calibration. The DMMB dye solution was prepared by dissolving
16 mg of DMMB in 1 L of distilled water containing
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3.04 g of glycine, 2.37 g of NaCl and 95 mL of 0.1 M
HCl. Type II collagen immunohistochemistry was performed as described previously (Estes et al. 2010). After
14 days of 3D chondrogenic culture, the beads were
transferred into 20 mL of paraformaldehyde solution and
fixed for 4 h at room temperature or overnight at 4 °C.
After fixation, the beads were dehydrated in 30, 50, 70, 80,
and 100 % ethanol during 30 min for each reagent at room
temperature, and incubated with 50 % ethanol/50 % xylene
and 100 % xylene during 30 min for each reagent at room
temperature. After dehydration, the beads were embedded
in paraffin and cut into slices with thickness of 6–10 lm
using a microtome. The slices were placed on Superfrost/
Plus microscope slides and dried overnight in a 37 °C slide
warmer. Immunohistochemistry was performed using a
standard indirect three step immunoperoxidase technique.
The primary antibody was a murine monoclonal antibody
raised against human type II collagen (MAB1330, Chemicon). The stained beads were observed under light
microscopy (1009).
Statistical analysis
A p value \0.05 was considered to be statistically significant using Student’s t test for unpaired data. Data were
expressed as mean ± standard deviation.

Results and discussion

Fig. 1 AD-MSCs-encapsulating SA beads (a) or SA–HA beads (b) in
chondrogenic media

Morphology of AD-MSCs
AD-MSCs-encapsulating SA–HA beads or SA beads were
successfully prepared and cultured in chondrogenic media
for 14 days as shown in Fig. 1. The morphology of ADMSCs cultured in SA–HA beads or SA beads for 14 days
were evaluated by MTT staining (Fig. 2). AD-MSCs are
known to show a spindle-like fibroblastic morphology in
2D culture systems such as culture dish or flask (Kim et al.
2007). However, as shown in Fig. 2, a number of stained
round aggregates were dispersed within the beads, indicating that the two beads provided an appropriate 3D culture condition for cell survival. There was no discernible
difference in cell morphology between the two beads.
Proliferation of AD-MSCs
The proliferation of AD-MSCs cultured in SA–HA beads
or SA beads for 1, 7, and 14 days was evaluated by MTT
assay and DNA assay (Fig. 3). In MTT assay, optical
density values of SA–HA beads were significantly higher
than those of SA beads at 7 and 14 days (Fig. 3a). In DNA
assay, DNA contents of SA–HA beads were significantly
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higher than those of SA beads at 14 days (Fig. 3b). These
result suggest that the proliferation of AD-MSCs encapsulated in SA beads could be enhanced by the addition of
HA to SA beads.
Chondrogenic differentiation of AD-MSCs
Chondrogenic differentiation of cultured in SA–HA beads
or SA beads for 1, 7, and 14 days was evaluated by s-GAG
assay (Fig. 4) and collagen type II immunohistochemistry
(Fig. 5). The s-GAG, a main matrix element of the cartilage, has been considered as a marker for chondrogenic
differentiation (Kang et al. 2009; Estes et al. 2010). Normalized s-GAG contents with respect to DNA conetents of
SA–HA beads were significantly higher than those of SA
beads at 14 days (Fig. 4). Moreover, in Fig. 5, browncolored area (indicating type II collagen) of SA–HA beads
was larger than that of SA beads. In the cartilage, chondrocytes and proteoglycan are entrapped in collagen
fibrillar network. Type II collagen is the predominant
collagen fiber and generally considered as the primary
marker for chondrogenic differentiation (Estes et al. 2010;
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Fig. 2 MTT staining of AD-MSCs-encapsulating SA beads (a) or
SA–HA beads (b) after 14 days of chondrogenic culture

Yoon et al. 2011). These result suggest that the chondrogenic differentiation of AD-MSCs encapsulated in SA
beads could be enhanced by the addition of HA to SA
beads.
Possible reasons for the enhanced proliferation
and chondrogenic differentiation of AD-MSCs
in SA–HA beads as compared to SA beads
In this study, 2 % SA beads with or without 0.35 % HA
have been prepared. The composition of the beads was
chosen referring to a previous study on SA–HA beads
(1.2–2.4 % SA and 0.35 % HA), which reported that sufficient HA retentions (more than 55 % of initial amount of
HA) could be achieved in the SA–HA beads during 28-day
culture period (Lindenhayn et al. 1999). Regarding the
enhanced proliferation of AD-MSCs in SA–HA beads as
compared to SA beads, it has been reported that human and
porcine chondrocytes exhibit a enhanced proliferation
when cultured in HA-containing SA beads, as compared to

Fig. 3 MTT optical densities (a) and DNA contents (b) of ADMSCs-encapsulating SA beads or SA–HA beads after 1, 7, and
14 days of chondrogenic culture (n = 3). *Significantly different
from the ‘SA bead’ group (p \ 0.05)

that in HA-free SA beads (Lindenhayn et al. 1999), which
is consistent with the present data. HA is known to induce
protein kinase activity through CD44 receptor and activates
a cytoplasmic signal transduction pathway, resulting in
nuclear translocation of extracellular signal-regulated
kinase 1 to stimulate cell proliferation (Knudson et al.
2000; Slevin et al. 1998). Regarding the enhanced chondrogenic differentiation of AD-MSCs in SA–HA beads as
compared to SA beads, it has been reported that HA
enhances cell–cell contact by modulating the pericellular
matrix in the cell condensation process, which is the initial
stage of chondrogenesis (Knudson 2003). Moreover,
interactions between HA and CD44 are known to play an
important role in maintaining chondrocytic phenotypes
(Ponta et al. 2003; Yoon et al. 2011). Therefore, the higher
level of proliferation and chondrogenic differentiation of
AD-MSCs in SA–HA beads than SA beads could be
attributed to the above-mentioned biological functions of
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Fig. 4 Normalized s-GAG contents with respect to DNA contents of
AD-MSCs-encapsulating SA beads or SA–HA beads after 1, 7, and
14 days of chondrogenic culture (n = 3). *Significantly different
from the ‘SA bead’ group (p \ 0.05)

In this study, the proliferation and chondrogenic differentiation of AD-MSCs in SA beads with or without HA have
been reported. AD-MSCs-encapsulating SA–HA beads or
SA beads were prepared and cultured in conventional
chondrogenic media. Then, cell morphology, proliferation,
and chondrogenic differentiation were evaluated by MTT
staining, MTT assay/DNA assay, and s-GAG assay/type II
collagen immunohistochemistry, respectively. There was
no discernible difference in the morphology of AD-MSCs
between SA–HA and SA beads. However, the proliferation
(MTT optical density and DNA contents) and chondrogenic differentiation (s-GAG contents and type II collagen
staining) of AD-MSCs were significantly enhanced in SA–
HA beads as compared to SA beads. The present results
suggest that HA can be added to SA beads-based cell
delivery systems of AD-MSCs in order to improve their
chondrogenesis-inducing capacity for repair of cartilage
defects.
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a b s t r a c t
Chitosan oligosaccharide–arachidic acid (CSOAA) conjugate was successfully synthesized and used for the
development of self-assembled nanoparticles for doxorubicin (DOX) delivery. The molar substitution of
AA on CSO and critical micelle concentration (CMC) of CSOAA were measured. Physicochemical properties
of DOX-loaded CSOAA-based nanoparticles, such as particle size, zeta potential and morphology, were
also characterized. The DOX-loaded CSOAA-based nanoparticles showed spherical shape with a mean
diameter of 130 nm and positive charge. According to the result of in vitro release test, DOX-loaded CSOAAbased nanoparticles exhibited sustained and pH-dependent drug release proﬁles. The CSOAA showed
negligible cytotoxicity in FaDu, human head and neck cancer, cells. Cellular uptake of DOX in FaDu cells
was higher in the nanoparticle-treated group compared to the free DOX group. The anti-tumor efﬁcacy
of DOX-loaded nanoparticles was also veriﬁed in FaDu tumor xenografted mouse model. These results
suggested that synthesized amphiphilic CSOAA might be used for the preparation of self-assembled
nanoparticles for anti-cancer drug delivery.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Polymeric nanoparticles have been widely investigated as drug
carriers for anti-cancer agents (Cho et al., 2011; Choi et al.,
2012; Kaida et al., 2010; Kolishetti et al., 2010; Yoon et al.,
2012). Self-assembly based on amphiphilic polymer has been
widely investigated because it has many interesting properties.
Amphiphilic polymers can form stable nanoparticles composed of
a hydrophobic core and a hydrophilic shell in an aqueous environment. Poorly water-soluble drugs can be encapsulated in the
internal hydrophobic cavity, which can improve their solubility
and bioavailability (Aliabadi et al., 2005; Kwon, 2003; Li and Tan,
2008). The nano-size and hydrophilic shell of these self-assembled
nanoparticles can impede elimination by the reticuloendothelial
system (RES) and have an enhanced permeability and retention
(EPR) effect as a passive targeting strategy, leading to effective
accumulation of drugs at the tumor region (Maeda et al., 2000).
Doxorubicin (DOX) is an anthracycline antibiotic that is
commonly used in the treatment of various types of cancer,
such as hematological malignancies, breast carcinomas, ovarian
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carcinomas, bronchogenic carcinomas, and soft-tissue sarcomas.
DOX has also exhibited therapeutic effects for head and neck
cancer (Airoldi et al., 2008), which includes several types of tumor
localized in the oral cavity, nose, throat, sinuses, and salivary glands
(Cho et al., 2012a). The response rate for anti-cancer therapeutics is
known to be relatively low in head and neck cancer, with a survival
beneﬁt of about 10 weeks for patients with recurrent/metastatic
disease (Reuter et al., 2007). Although DOX shows high potential
anti-cancer efﬁcacy, its clinical application is limited because of its
severe side effects, especially cardiotoxicity and myelosuppression
(Kratz et al., 2007; Wildiers et al., 2008). Therefore, it is thought
that tumor-targeting strategy can minimize these side effects (Cho
et al., 2012b).
Chitosan (CS) is a linear cationic polysaccharide composed of
randomly distributed ␤-(1–4)-linked d-glucosamine and N-acetyld-glucosamine units, produced by the deacetylation of chitin. CS
has been regarded as an attractive material for the development of
drug delivery systems due to its biocompatibility, biodegradability, and low toxicity (Kumar et al., 2004; Muzzarelli and Muzzarelli,
2005). Moreover, CS has free primary amino groups, allowing for
further chemical modiﬁcation. However, the major drawback of CS
is its poor solubility at physiological pH. Recently, many researchers
have investigated chitosan oligosaccharide (CSO), a low-molecularweight CS, because it can be soluble in water and several organic
solvents under physiologically relevant conditions (Vishu Kumar
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et al., 2004). CSO has been modiﬁed with hydrophobic residues,
such as alkyl groups, cholesterol, tocopherol, and deoxycholic acid
(Chae et al., 2005). These hydrophobically modiﬁed CSOs can form
self-assembled nanoparticles, which can be used as carriers for
tumor-targeted drug and gene delivery.
In this study, arachidic acid (AA), as a fatty acid, was conjugated
to a CSO backbone to make an amphiphilic CSO derivative. DOX
was loaded into the self-assembled nanoparticles based on chitosan oligosaccharide–arachidic acid (CSOAA). The physiochemical
properties of DOX-loaded CSOAA-based nanoparticles, such as particle size, zeta potential and morphology, and in vitro drug release
behavior were investigated. In vitro cytotoxicity and cellular uptake
efﬁciency were evaluated in head and neck cancer cells, and in vivo
anti-tumor efﬁcacy was also assessed in the head and neck cancer
xenografted mouse model.
2. Materials and methods
2.1. Materials
Chitosan oligosaccharide (CSO; average molecular weight =
5 kDa, degree of acetylation > 90%) was purchased from
Kitto Life Co., Ltd. (Seoul, Korea). Arachidic acid (AA),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), Nhydroxysuccinimide (NHS), and deuterium oxide were purchased
from Sigma–Aldrich Co. (St. Louis, MO, USA). Dimethylsulfoxide-d6
(DMSO-d6 ) was purchased from Cambridge Isotope Laboratories
Inc. (Andover, MA, USA). Doxorubicin hydrochloride (DOX HCl)
was obtained from Boryung Pharmaceutical Co. (Seoul, Korea).
Minimum essential medium (MEM), penicillin, streptomycin, and
fetal bovine serum (FBS) were obtained from Gibco Life Technologies, Inc. (Grand Island, NY, USA). All other chemicals were of
reagent grade and were used without further puriﬁcation.
2.2. Synthesis and characterization of CSOAA
Amphiphilic CSOAA was synthesized from CSO and AA. Brieﬂy,
CSO (0.2 mmol) and AA (0.6 mmol) were dissolved separately in
20 ml DMSO each at 50 ◦ C for 15 min. Carboxyl groups of AA were
activated by adding EDC and NHS (1.5 mol/mol AA) and it was
stirred at room temperature for 30 min. Then, activated AA solution
was dripped into the CSO solution for 5 min. The coupling reaction
was conducted for a further 12 h, and then 4 ml of deionized distilled water (DDW) was added. The pH of the mixture was adjusted
to 3.5 with 1 N HCl and stirred for 30 min. The mixture was precipitated by adding acetone (ten times the volume of mixture) and
centrifuged (8608 × g, 30 min) to remove unreacted AA. The precipitation step was repeated three times. Next, the precipitate was dispersed with DDW and dialyzed with dialysis membrane (molecular
weight cut-off = 1 kDa; Spectrum Laboratories, Laguna Hills, CA,
USA) against DDW for 24 h. The dialyzed products were lyophilized.
The conjugation of CSOAA was conﬁrmed by Fourier transform
infrared (FTIR) spectroscopy and 1 H-nuclear magnetic resonance
(NMR) analyses. FTIR spectra were obtained with a JASCO FTIR
4200 spectrometer (JASCO Company Ltd., Hachioji, Japan) by KBr
method. The 1 H NMR spectra were obtained using a Varian FT 500MHz NMR spectrometer (Varian Inc., Palo Alto, CA, USA). Samples
(15 mg/ml) were dissolved in DMSO-d6 . The molar substitution
(MS) of CSOAA, which is total number of moles of reacted AA per
one mole of CSO, was determined by integration of the values of
the proton peaks from the 1 H NMR spectra. MS of CSOAA was
obtained using a linear regression line generated from standard
samples with various molar ratios between AA and CSO (0.5:1, 1:1,
2:1, 3:1, and 4:1). The standard samples were prepared by homogeneously mixing CSO and AA in DDW/tetrahydrofuran (THF) mixture

(1:1, v/v). THF was removed by evaporation and the resultant was
lyophilized. The ratio of integration area (1.23/1.81 ppm) of each
standard sample was calculated.
2.3. Preparation and characterization of nanoparticles
To investigate the self-assembly behavior of CSOAA, the critical
micelle concentration (CMC) of CSOAA was determined by using
pyrene as a ﬂuorescence probe. The ﬂuorescence emission spectrum of pyrene (6 × 10−7 M) was recorded at 360–450 nm in the
CSOAA concentration range from 10−4 to 1 mg/ml. The excitation
wavelength was 334 nm and the slit openings for excitation and
emission were set at 10 and 3 nm, respectively. The intensity ratio
of the ﬁrst peak (I1 , 373 nm) to the third peak (I3 , 384 nm) was
calculated to determine the CMC.
Blank self-assembled nanoparticles were prepared by dissolving
CSOAA in DDW, vortexing for 15 min, and ﬁltering through a 0.2m syringe ﬁlter (Minisart RC 15; Sartorius Stedim Biotech GmbH,
Goettingen, Germany).
DOX base was used as a hydrophobic drug and encapsulated
into the CSOAA nanoparticles by a solvent evaporation method.
To prepare DOX base according to a reported method (Cho et al.,
2012b), DOX HCl was reacted with triethylamine in DMSO for 12 h,
and then lyophilized. To make DOX-loaded nanoparticle, DOX base
(1 mg) was dissolved in 1 ml DMSO and DDW mixture (1:1, v/v).
CSOAA (7.5 mg) was added to that mixture and vortexed for 10 min.
The solvent was evaporated under a nitrogen gas stream for 4 h
at 70 ◦ C. DOX-loaded CSOAA-based self-assembled nanoparticles
were obtained by resuspending the polymer and drug composite
ﬁlm with 1 ml DDW. That suspension was gently stirred for 15 min
and further heated at 70 ◦ C for 15 min. Unloaded drug was eliminated with a 0.22-m syringe ﬁlter.
The encapsulation efﬁciency (EE) of the DOX in nanoparticles was determined by disrupting DOX-loaded nanoparticles with
100× the volume of DMSO. DOX was analyzed quantitatively by
Waters high-performance liquid chromatography (HPLC) system
(Waters Co., Milford, MA, USA), equipped with a reversed-phase C18 column (Xbridge RP18, 250 mm × 4.6 mm, 5 m; Waters Co.),
a separation module (Waters e2695), and a ﬂuorescence detector (Waters 2475). The mobile phase consisted 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 wavelengths of 470 nm and 565 nm, respectively, with a ﬂow
rate of 1.0 ml/min. The injection volume for drug analysis was 20 l.
The EE value was calculated using the following equation:
EE (%) =

actual amount of DOX in nanoparticle
× 100.
theoretical amount of DOX in nanoparticle

(1)

The mean diameter and zeta potential values of the blank
nanoparticles and DOX-loaded nanoparticles were measured by
a dynamic light scattering (DLS) method (ELS-Z, Photal; Otsuka
Electronics Co. Ltd., Osaka, Japan). The morphological shapes of
self-assembled nanoparticles were observed under transmission
electron microscopy (TEM; LIBRA 120; Carl Zeiss, Oberkochen,
Germany). The samples were placed on a copper grid coated with
carbon ﬁlm, dried at 20 ◦ C, and photographed.
2.4. In vitro DOX release
In vitro release studies were performed in phosphate-buffered
saline (PBS; pH 5.5, 6.8, and 7.4, adjusted with phosphoric
acid) at 37 ◦ C. DOX-loaded CSOAA-based nanoparticles (150 l)
were placed in a mini GeBA-ﬂex tube (molecular weight cutoff = 12–14 kDa). That tube was then transferred to 10 ml release
medium and kept in the horizontal shaker at 37 ◦ C and 50 rpm
of rotation speed. An aliquot (0.2 ml) of the release medium was
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Fig. 1. Synthetic scheme of CSOAA.

periodically collected (at 1, 2, 3, 4, 6, 9, 12, 24, 48, 72, 96, 120, and
144 h) and the same volume of fresh medium was replaced. The
released DOX was quantitatively analyzed by HPLC system.

2.5. In vitro cytotoxicity of CSOAA
FaDu cells were purchased from the Korean Cell Line
Bank (Seoul, Korea). These cells were cultured in MEM containing 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin at 37 ◦ C under 5% CO2 atmosphere and 95% relative
humidity. The cytotoxicity of CSOAA was determined by
a 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4sulfophenyl)-2H-tetrazolium (MTS)-based assay. Cells were seeded
in 96-well plates at a density of 1.0 × 104 cells per well. After
24 h of incubation, the cell culture medium was replaced with
200 l medium containing various concentrations (5–500 g/ml)
of CSOAA and incubated for 12 and 24 h. After discarding the culture medium, cells were treated with the MTS-based CellTiter 96
AQueous One Solution Cell Proliferation Assay Reagent (Promega
Corp., Madison, WI, USA) at 37 ◦ C for 4 h, according to the
manufacturer’s protocol. The spectrophotometric absorbance of
samples was measured at a wavelength of 490 nm using an EMax
Precision Microplate Reader (Molecular Devices, Sunnyvale, CA,
USA).

2.6. In vitro cellular uptake
Cellular uptake efﬁciency was evaluated by ﬂow cytometry
analysis. FaDu cells were seeded in 6-well plates at a density of
6 × 105 cells per well and grown overnight at 37 ◦ C. The culture
medium was then removed, and the cells were incubated with free
DOX or the DOX-loaded CSOAA-based nanoparticles at an equivalent DOX concentration (50 g/ml) for 1 h. After washing with
PBS (pH 7.4) at least three times, the cells were detached and centrifuged. The supernatant was then removed and the cell pellets
were resuspended with PBS containing 2% (v/v) FBS. DOX uptake
was analyzed using a Calibur ﬂuorescence-activated cell sorter
equipped with CELLQuest software (Becton Dickinson Biosciences,
San Jose, CA, USA).

2.7. In vivo anti-tumor efﬁcacy
Female BALB/c nude mice (5 weeks old; Charles River) were
used to prepare a tumor-bearing mouse model for evaluating anticancer efﬁcacy. 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, College of Pharmacy,
Seoul National University, Seoul, Korea). Experimental protocols
used were approved by the Animal Care and Use Committee of
the College of Pharmacy, Seoul National University. BALB/c nude
mice bearing FaDu tumors were prepared by subcutaneous injection of 3 × 106 cells in the right back. Tumor size was measured
with Vernier calipers and tumor volume (mm3 ) was calculated
according to the following formula: volume = 0.5 × longest diameter × shortest diameter2 . Measuring tumor volume and weighing
body weight started 10 days post-inoculation, when the tumor
volume reached about 50–100 mm3 . The mice were divided into
three groups: control, DOX solution, and DOX-loaded CSOAA-based
nanoparticles. Both DOX solution and DOX-loaded nanoparticles
were injected intravenously at a dose of 25 mg/kg on days 6, 8, 11,
and 13. The tumor volume and body weight were monitored for 18
days.
2.8. Statistical analysis
Statistical analyses were performed using analysis of variance.
All experiments were performed at least three times and the data
are presented as mean ± standard deviation (SD).
3. Results
3.1. Synthesis and characterization of CSOAA
The CSOAA conjugate was synthesized by EDC- and NHSmediated amide bond formation between the carboxylic group of
AA and the amine group of CSO. The synthesis scheme is shown
in Fig. 1. EDC can react with the carboxylic group of AA to form an
EDC active ester, and the NHS ester intermediate forms rapidly. The
intermediate can then react with the primary amine of CSO to form
an amide bond.
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Fig. 4. The correlationship between the ratio of integration area (1.23/1.81 ppm)
and molar ratio of AA/CSO based on their physical mixture. Each point represents
the mean ± SD (n = 3).
Fig. 2. FTIR spectra of AA, CSO, and CSOAA.

The structural characterization of CSOAA was performed using
FTIR and 1 H NMR. The FTIR spectrum (Fig. 2) conﬁrmed the synthesis of the CSOAA conjugate. Absorption bands of CSO at 1591
and 1643 cm−1 were assigned to N H bending of the deacetylated
amine ( NH2 ) and carbonyl stretching of a non-deacetylated amide
(NHC OCH3 ; amide I band), respectively. After the reaction, the
amine peak at 1591 cm−1 of CSO disappeared and a new absorption
band at 1558 cm−1 in the spectrum of CSOAA was observed, which
was associated with the formation of a new amide bond (amide
II band). Additionally, absorption bands at 2918 and 2851 cm−1 of
CSOAA represented stretching vibrations of the acyl chain, CH2
and CH3 of AA, respectively. The conjugation of AA to CSO was also
conﬁrmed by 1 H NMR analysis (Fig. 3). The 1 H NMR spectrum of
CSOAA exhibited proton signals for both CSO and AA. Although the
proton peaks of the glucosamine ring of CSO overlapped with the
DMSO-d6 solvent, the proton peaks at 0.86 and 1.23 ppm indicated

Fig. 3.

1

a terminal methyl group ( CH3 ) and an alkyl chain ( CH2 ) of
AA, respectively. Furthermore, a new proton peak of CH2 of AA
linked with a carbonyl group was seen at 2.07 ppm in the 1 H NMR
spectrum of the CSOAA conjugate, whereas that peak was absent in
the spectrum of a physical mixture of CSO and AA (Supplementary
Fig. 1S). This result indicated that AA was successfully conjugated
to the CSO backbone via amide bond formation.
To calculate the MS of CSOAA, the homogeneous physical mixtures of CSO and AA (at different molar ratios) were prepared
as standard samples and analyzed by 1 H NMR. As shown in
Fig. 4, the linear regression line was generated by plotting the
ratio of integration area between peak of the alkyl chain protons of AA (ı = 1.23 ppm; CH2 ) and the N-acetyl protons of
CSO (ı = 1.81 ppm; NH CO CH3 ) according to the molar ratio of
AA/CSO. The MS of CSOAA was 1 (mole of AA/mole of CSO), calculated from the equation of regression line with its 1 H NMR
integration ratio (1.23/1.81 ppm), when the initial molar ratio

H NMR spectrum of CSOAA. CSOAA was dissolved in DMSO-d6 for 1 H NMR analysis.
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Fig. 5. Determination of the CMC of CSOAA. Fluorescence intensity ratio (I373 /I384 )
was plotted against CSOAA concentration.

(AA/CSO) was 3 in the conjugation reaction. The chemical yield of
CSOAA was 61.2%.
The self-assembly behavior of CSOAA in the aqueous phase was
investigated by ﬂuorescence measurements, using pyrene as a ﬂuorescence probe (Fig. 5). CMC can be determined by measuring the
intensity ratio (I1 /I3 ) between the ﬁrst (373 nm) and third (384 nm)
emission peaks of pyrene according to the CSOAA concentration. As
shown in Fig. 5, the CMC of CSOAA was 1.42 g/ml.

3.2. Preparation and characterization of CSOAA-based
self-assembled nanoparticles

3.3. In vitro DOX release
DOX release patterns from nanoparticles were investigated
under different pH conditions (pH 5.5, 6.8 and 7.4) at 37 ◦ C (Fig. 7).
DOX release from the CSOAA-based nanoparticles was monitored
for 6 days. Sustained drug release was observed and it was dependent on the pH of the release medium. About 30% of DOX was
released in the ﬁrst 12 h under all pH conditions. After that,
the amounts of DOX released from CSOAA-based nanoparticles
increased as the pH value of the releasing medium decreased. After
6 days, DOX was completely released at pH 5.5; in contrast, 78%
and 64% of DOX was released at pH 6.8 and 7.4, respectively.

Fig. 6. Morphology and size distribution of DOX-loaded CSOAA-based nanoparticles. (a) The size distribution of DOX-loaded CSOAA-based nanoparticles was
determined by dynamic light scattering. The CSOAA:DOX weight ratio was 7.5:1.
(b) TEM images of DOX-loaded CSOAA-based nanoparticles were shown. Bar lengths
are 500 (left) and 200 (right) nm, respectively.

120

Released amounts of DOX (%)

Blank self-assembled nanoparticles (without drug loading) were
prepared by dissolving CSOAA in the aqueous solution. The formation of nanoparticles was conﬁrmed by measuring particle size
and zeta potential values. To load DOX into the CSOAA-based
nanoparticles, a solvent evaporation method was used. The mean
diameter and zeta potential values were measured by DLS and are
shown in Table 1. The mean diameter of blank nanoparticles was
smaller than that of DOX-loaded nanoparticles (73.67 ± 3.91 nm
vs. 130.00 ± 5.76 nm). The polydispersity index of the DOX-loaded
nanoparticles was 0.23 ± 0.02, indicating a narrow size distribution of nanoparticles (Fig. 6a). The zeta potential value was also
increased slightly after loading DOX into the nanoparticles (from
7.58 ± 0.62 mV to 12.98 ± 0.55 mV). The spherical shape of the DOXloaded CSOAA-based nanoparticles was observed by TEM (Fig. 6b).
No aggregation of CSOAA-based nanoparticles was observed in that
image. The loading amount of DOX in the nanoparticles was measured by HPLC analysis and the EE was 53.12 ± 2.60%.
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Fig. 7. In vitro DOX release proﬁles from CSOAA-based self-assembled nanoparticles. Drug release proﬁles from CSOAA:DOX = 7.5:1 formulation at different pH
conditions (pH 5.5, 6.8, and 7.4) are shown. Each point represents the mean ± SD
(n = 3).
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Table 1
Characteristics of CSOAA-based nanoparticles.
Mean diameter (nm, mean ± SD)

Formulation
Blank nanoparticles
CSOAA:DOX (7.5:1)

73.67 ± 3.91
130.00 ± 5.76

Polydispersity index

Zeta potential (mV)

Encapsulation efﬁciency (%)

0.32 ± 0.01
0.23 ± 0.02

7.58 ± 0.62
12.98 ± 0.55

–
53.12 ± 2.60

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

FaDu cell viability (%)

proportional to the amount of DOX internalized into the cells. Fig. 9
shows that higher amount of DOX from CSOAA-based nanoparticles
was taken up into the cells than from the DOX solution group.
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3.6. In vivo anti-tumor efﬁcacy
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Fig. 8. In vitro cytotoxicity tests of CSOAA in FaDu cells. Various concentrations of
CSOAA were incubated for 12 and 24 h in FaDu cells. Cell viability (%) was determined
by an MTS-based assay. Each point represents the mean ± SD (n = 4).

In vivo anti-tumor efﬁcacy of DOX-loaded nanoparticles was
assessed in a FaDu tumor-bearing mouse model. DOX solution
and DOX-loaded CSOAA-based nanoparticles were injected intravenously on days 6, 8, 11, and 13. Tumor volume (mm3 ) and body
weight (g) were monitored for 18 days. As shown in Fig. 10a, tumor
growth inhibition in the DOX-loaded nanoparticle-treated group
was signiﬁcantly higher than in either the DOX solution-treated
group or the control group (p < 0.05). After 18 days of treatment
with DOX solution or DOX-loaded nanoparticles, tumor volumes
were 44.63 ± 9.02% and 25.24 ± 5.61% of that for control group.
No signiﬁcant difference in body weight change was observed
among the three groups; control, DOX solution-, and DOX-loaded
nanoparticle-treated groups (Fig. 10b).
4. Discussion

3.4. In vitro cytotoxicity test
To examine the cytotoxicity of CSOAA, cell viability was measured in FaDu cells, a head and neck cancer cell line. The cells were
treated with various concentrations of CSOAA for 12 and 24 h. As
shown in Fig. 8, FaDu cell viability (%) was over 90% for all CSOAA
concentrations tested. Thus, it can be concluded that CSOAA had no
severe toxicity for FaDu cells.
3.5. In vitro cellular uptake study
The cellular uptake efﬁciency of DOX in FaDu cells was investigated by ﬂow cytometry. Fluorescence intensity was assumed to be

In this study, CSOAA was successfully synthesized as a
hydrophobically modiﬁed CSO for the preparation of selfassembled nanoparticles. The synthesis of CSOAA conjugate was
conﬁrmed by 1 H NMR analysis, but accurate substitution ratio (AA
to CSO) might not be obtained from 1 H NMR spectrum of CSOAA.
From 1 H NMR analysis of CSOAA, the proton peak of the glucosamine ring of CSO could be overlapped with the solvent peak
and deacetylation degree of CSO was not obviously determined.
Because of these limitations, the correlation between the integration ratio (1.23/1.81 ppm) and molar ratio of AA/CSO, based on
physical mixture, was evaluated in this investigation (Fig. 4). With
the input of the integration ratio (1.23/1.81 ppm) of CSOAA conjugate into this regression line, the stoichiometric ratio of CSOAA can

Fig. 9. Cellular uptake efﬁciency of DOX analyzed by ﬂow cytometry. DOX solution and DOX-loaded nanoparticles were incubated for 1 h. The colors indicate each experimental
group (black: control, red: DOX solution group, green: DOX-loaded nanoparticle group). (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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Fig. 10. Anti-tumor efﬁcacy test of DOX-loaded CSOAA-based nanoparticles in a
FaDu tumor-bearing BALB/c nude mouse model. (a) Tumor volume (mm3 ) proﬁles
according to the time (days) for 18 days were shown. DOX solution and DOX-loaded
nanoparticles were injected intravenously on days 6, 8, 11, and 13. Each point indicates the mean ± SD (n ≥ 4). (b) Body weight (g) was monitored. Each point indicates
the mean ± SD (n ≥ 4). *P < 0.05 vs. control group; + P < 0.05 vs. DOX solution group.

be determined more accurately. It is assumed that established assay
(Fig. 4) could help identify the synthesis of CSOAA and calculate
substitution ratio. The CMC value is also an important characteristic of micellar structured nanoparticle. The CMC value of CSOAA
was signiﬁcantly lower than those of low-molecular-weight surfactants in water (Lee et al., 1998). It can be concluded that CSOAA
can form stable nanoparticulate structures at its low concentration
after dilution with a large volume of body ﬂuids.
The CSOAA synthesized could readily produce self-assembled
nanoparticles in aqueous solution because of its amphiphilic property. The AA part could constitute an internal hydrophobic core,
while CSO could provide a hydrophilic outer shell of the nanoparticles. The DOX-loaded CSOAA-based self-assembled nanoparticles
were prepared by a solvent evaporation method. This method can
provide several advantages over dialysis methods, such as the short
preparation period and high drug loading efﬁciency (Park et al.,
2004). DOX-loaded CSOAA-based nanoparticles exhibited <200 nm
of mean diameter and narrow size distribution, high drug encapsulation efﬁciency, and negligible cytotoxicity. Because of these
properties, it is assumed that DOX-loaded CSOAA-based nanoparticles can effectively accumulate in the tumor region via the EPR
effect and exhibit reduced uptake by RES (Maeda et al., 2000; Yuan
et al., 1995).
The sustained and pH-dependent drug release patterns from
the CSOAA-based nanoparticles developed were observed (Fig. 7).
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Sustained drug release can lead to reduced in vivo drug clearance and maintenance of effective drug concentrations for tumor
growth inhibition. Additionally, larger amount of DOX was released
at acidic pH, simulating the endocytic compartment of cancer cells,
compared with normal pH condition (pH 7.4). This difference may
have been due to the slack structure of the nanoparticle, following
protonation of amino groups in CSO and the higher solubility
of DOX at an acidic pH. These results indicate that DOX-loaded
CSOAA-based nanoparticles can be highly accumulated and release
a large amount of drug in tumor tissues, with less DOX delivery to
non-tumor regions. Moreover, enhanced drug release at pH 5.5 can
imply endosomal escape of the drug and its improved transport to
the cell nucleus.
As shown in Fig. 9, larger amount of DOX from nanoparticletreated group was taken up to the cells compared to that
from DOX solution group. This result may be explained by the
interaction between the positively charged surface of the CSOAAbased nanoparticle and the negatively charged cellular membrane,
and subsequent endocytosis of nanoparticles (Chavanpatil et al.,
2006; Lee et al., 2011; Zauner et al., 1998). Furthermore, fatty
acid-modiﬁed CS nanoparticles have been reported to form selfassembled nanoparticles with a multi-hydrophobic core (You et al.,
2007). A hydrophobic minor core may help the internalization of
nanoparticles into the cells by inserting fatty acids into the cell
membrane.
FaDu cells were selected as a head and neck cancer cell line
for this investigation. As shown in Fig. 10a, DOX-loaded CSOAAbased nanoparticles exhibited signiﬁcant inhibitory effects on FaDu
tumor growth, compared with both the control and DOX solutiontreated groups. The physicochemical properties of drug-loaded
nanoparticles, sustained drug release, and passive targeting, via
mainly an EPR effect, may explain the efﬁcient tumor growth inhibition by DOX-loaded CSOAA-based nanoparticles. In conclusion, the
self-assembled CSOAA-based nanoparticle developed can be used
as an anti-cancer drug delivery system, especially for head and neck
cancer therapy.
5. Conclusions
CSOAA was synthesized for the preparation of self-assembled
nanoparticles for DOX delivery. Its CMC value was relatively low
and it could form self-assembled nanoparticles in an aqueous
environment with a narrow size distribution. DOX-loaded CSOAAbased nanoparticles showed a sustained and pH-dependent drug
release proﬁle. It seemed that the nanoparticulate structure and
drug release proﬁle of the nanoparticles inﬂuenced on the cellular uptake and anti-tumor activity. DOX-loaded CSOAA-based
nanoparticles signiﬁcantly inhibited FaDu tumor growth in vivo.
Considering all experimental results in this study, CSOAA-based
self-assembled nanoparticles may be a promising carrier for anticancer drug delivery.
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Preparation of Hyaluronic Acid Microspheres with Enhanced Physical Stability
by Double Cross-link or Alginate
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Abstract — Hyaluronic acid (HA) is a natural polymer consisting of disaccharide units of D-glucuronic acid and N-acetylD-glucosamine. It has a great potential and success in cosmetic and biomedical applications. However, native HA is highly
soluble and easily metabolized by enzymes such as hyaluronidase. Thus, various studies have been reported on modifying
the physicochemical properties of HA, while maintaining its biocompatibility. For controlled drug delivery, many trials for
fabricating HA microspheres were achieved under chemical reaction. The HA microspheres fabricated to improve the physical stability of HA using adipic acid dihydrazide (ADH) by cross-linking reaction has been reported earlier, however it lacks
the desired physical stability and rapidly decomposes by swelling or enzymes. Therefore, we prepared double cross-linked
HA microspheres (DC-HA microspheres) and alginate containing HA microspheres (AC-HA microspheres) to enhance its
physicochemical properties. DC-HA microspheres were prepared using trisodium trimetaphosphate (STMP) under crosslinking reaction after ADH cross-linking reaction. AC-HA microspheres were prepared by adding alginate as a networking
polymer. These microspheres were characterized by morphology, particle size, zeta potential, stability against hyaluronidase.
Results showed that the DC-HA and AC-HA microspheres are more stable than that of HA microspheres.
Keywords □ hyaluronic acid, microsphere, cross-linker, adipic acid dihydrazide, trisodium trimetaphosphate, alginic acid

히알루론산(hyaluronic acid, HA)은 아미노산과 우론산으로 이

물전달시스템에 적용시키기에 적합한 물질로 많은 연구가 진행

루어진 다당류의 하나로 고등동물의 세포외 기질이나 연결조직,

되고 있으며, 필러, 상처치료 그리고 약물의 수송체 등의 여러 방

관절과 눈의 초자체나 탯줄 등에 존재하는 생체 내 물질이며, 글

면에서 이용되고 있다.8,9) 그러나 히알루론산은 프리라디칼에 의

루쿠론산과 N-아세틸글루코사민이 반복되는 구조로 분자량이 10

해 분해되거나 히알루노니다제(hyaluronidase)와 같은 효소에 의

1-3)

만~500만 정도되는 고분자 화합물이다(Fig. 1).

히알루론산은

세균의 침입이나 독물의 침투를 막고, 세포 부착 및 염증 반응
조절에 관여할 뿐 아니라, 관절 내에서는 윤활액의 역할을 하는
특징을 가진다.4-7)
히알루론산은 생체 내 구성물질이기 때문에 면역성을 유발하
지 않고 생체적합성과 생분해성의 특징을 가져 조직공학이나 약

#본 논문에 관한 문의는 저자에게로
(전화) 02-880-7870 (팩스) 02-873-9177
(E-mail) ddkim@snu.ac.kr

Fig. 1 − Chemical structure of hyaluronic acid.
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해 분해되어 생체내 안정성이 낮은 단점을 지니고 있다. 따라서

히알루론산 마이크로입자의 제조

많은 연구자들이 히알루론산의 생체적합성을 유지하면서 안정성

히알루론산 마이크로입자(HA microspheres)의 제조는 에멀젼

을 증가시키는 방법으로 물리화학적인 성질을 변화시켜 적용하

가교반응을 통하여 진행하였다. 가교제 ADH를 25 mg 포함한

고 있다. 대표적인 히알루론산의 생체 내 안정성을 증가시키는

5 ml 히알루론산 수용액(0.5%(w/v))을 400 mg의 span 80이 들어

방법으로 가교제를 이용하여 히알루론산 마이크로입자 또는 수

있는 20 ml 미네랄 오일에 첨가한 후 교반기계를 이용하여 1000

화젤을 제조하여 약물을 전달하거나 지지체로 사용하는 연구가

rpm의 속도로 교반하여 히알루론산 W/O 에멀젼을 형성하였다.

10,11)

기존의 1차 가교로 만들어진 히알루

교반을 시작한지 30분 후, 30 mg의 EDC(0.5 ml)을 상기 에멀젼

론산 지지체에 2차 가교를 통하여 물리적 안정성을 증진시키려

에 서서히 가하여 완전히 분산되게 한 후 HCl(0.1 N, 0.1 ml)를

는 연구가 진행되었다.12,13) 그러나 약물전달체로 개발된 히알루

서서히 가하여 상온에서 24시간 동안 가교반응을 진행하였다(Fig.

론산 마이크로입자의 물리적 특성을 상승시킬 수 있는 방법에 대

2a). 24시간 후 30 ml의 IPA를 넣고 1500 rpm에서 5분간 원심분

한 연구는 상대적으로 많은 연구가 진행되어있지 않은 상태이다.

리하여 히알루론산 마이크로입자를 수득한 후 IPA를 이용한 세

본 연구에서는 2차 가교를 통해 히아루론산 겔을 형성하던 방

척과정을 3번 반복하였다. 수득한 히알루론산 마이크로입자에 남

법을 마이크로입자의 제조에 처음으로 적용해 보고자 하였다. 기

아있는 용매는 동결건조과정을 통하여 완전히 제거하여 HA

존에 알려진 히알루론산 마이크로입자의 제조방법 중 하나인 가

microspheres를 얻었다.

많이 진행되고 있으며,

교제 아디프산디하이드라지드(adipic acid dihydrazide, ADH)를
통하여 마이크로 입자를 제조한 후 트리메타인산삼나트륨

이중 가교된 히알루론산 마이크로입자의 제조

(trisodium trimetaphosphate, STMP)으로 2차 가교반응을 시키

이중 가교된 히알루론산 마이크로입자(double-crosslinked HA

거나 알긴산을 추가하여 히알루론산 마이크로입자 내부에 네트

microspheres, DC-HA microspheres)는 1차 가교제인 25 mg의

워크 폴리머를 형성하여 생체내 안정성을 높이고자 하였다.14) 제

ADH와 2차 가교제인 25 mg의 STMP를 포함하는 5 ml 히알루

조된 히알루론산 마이크로입자들은 물리적 성질 및 히알루노니

론산 수용액(0.5%(w/v))을 상기 언급된 히알루론산 마이크로입

다제에 대한 저항성 등을 측정하여 약물수송체로서의 가능성을

자 제조방법과 동일하게 ml 미네랄 오일에 가하여 W/O 에멀젼

평가하였다.

을 형성하여 1차 가교반응를 진행하였다. 1차 가교반응 후
NaOH(0.1 N, 0.5 ml)를 넣어 약 알칼리 환경에서 3시간 동안

실험방법

STMP의 이중가교 반응을 진행하였다(Fig. 2b). 2차 반응 후 IPA
를 이용하여 상기 언급된 방법과 같이 세척한 후 동결건조하여

시약 및 기기

DC-HA microspheres를 얻었다.

히알루론산(hyaluronic acid, 1040 kDa)은 Shandong Freda
Biochem(jinan, 중국)에서 구입하였다. 미네랄오일(mineral oil),

알긴산을 포함한 히알루론산 마이크로입자의 제조

소르비탄 모노올레이트(Span 80)은 Samchun pure chemical(한

알긴산을 포함한 히알루론산 마이크로입자(Alginate containing

국)에서 구입하였고, 아디프산디하이드라지드(Adipic acid

HA microsphere, AC-HA microsphere)는 25 mg의 가교제

dihydrazide, ADH), 트리메타인산삼나트륨(Trisodium Trimeta-

(ADH)가 포함된 5 ml 히알루론산 : 알긴산나트륨(8 : 2, 7 : 3, 5 : 5)

phosphate, STMP), 알긴산(alginic acid), 에틸-3-[3-디메틸 아미

수용액(0.5%(w/v))을 준비한 후 상기 언급된 히알루론산 마이크로

노] 프로필 카르보디이미드(ethyl-3-[3-dimethyl amino] propyl

입자 제조방법과 동일하게 W/O 에멀젼을 형성하여 가교반응를 진

carbodiimide, EDC), 히알루노니다제(Hyaluronidase)는 Sigma-

행하였다. 가교반응 후 마이크로입자내에 폴리머 네트워크 형성을

Aldrich(St Louis, MO, 미국)에서 구입하였다. 이소프로필알코올

위하여 알긴산의 반응물질인 CaCl2(0.1 N, 0.1 ml)을 넣어 3시간 동

(isopropyl alcohol, IPA)은 Fisher scientific Inc(미국)에서 구입

안 반응 시킨 후 IPA를 이용하여 상기 언급된 방법과 같이 세척한

하였고 염화칼슘(CaCl2)은 Yakuri pure chemicals(Kyoto, 일본)

후 동결건조하여 알긴산이 포함된 AC-HA microspheres를 얻었다).

에서 구입하여 사용하였으며, 그 외의 시약은 특급 또는 1급을
사용하였다. 기기는 교반기계(mechanical stirrer)를 Daihan

마이크로입자의 물리적 특성 평가

scientific Co.(한국)에서 구입하여 사용하였고, 입도분석기 및 제

제조된 마이크로입자의 형태는 gold coating 후 주사전자현미

타전위측정기(ELS-Z)는 Otsuka Electronics Co.(Hirakata, 일본)

경 이용하여 측정하였다. 또한 입자의 수화안정성을 평가하기 위

에서 구입하였으며, 전자주사현미경(scaning electronic micro-

하여 제조된 마이크로입자를 PBS에서 30분 동안 수화한 후, 건

scopy, SEM)은 JEOL(Tokyo, 일본)사의 JSM-5310LV 모델을 사

조하여 gold coating 하고 주사전자현미경을 이용하여 측정하였

용하였다.

다. 제조된 마이크로입자의 크기는 주사전자현미경의 이미지를
J. Pharm. Soc. Korea
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Fig. 2 − Schematic of chemical reaction for preparation of HA microspheres (a) and DC-HA microspheres (b).

바탕으로 크기를 측정하였으며,14) 제타전위측정기를 이용하여 마
이크로입자의 표면전하를 측정하였다.
분해효소에 대한 저항력 측정
제조된 마이크로입자의 생체내 분해효소에 대한 저항성은 히
알루노니다제에 의한 분해정도를 통하여 유추하였다. 히알루론

산 마이크로입자의 분해정도는 식(1)로부터 계산하였다.15,16)
W0 -Wt
- × 100
% Degradation= --------------W0

(1)

W0는 마이크로입자의 처음 무게이고 Wt은 시간 t에서의 마이
크로입자의 무게이다. Wo는 10 mg으로 동일하게 하였다.

산 마이크로입자(10 mg)를 히알루노니다제 500 U/ml을 포함하는
10 ml의 PBS에 첨가 후 37oC에서 항온처리하였다. 0.5, 1, 2, 3,

결과 및 고찰

6 그리고 12시간에 샘플을 취하여 1500 rpm에서 5분간 원심분
리하고 상층액을 제거한 후 완전히 건조시켜 히알루론산 마이크

히알루론산 마이크로입자의 표면형태

로입자의 무게를 측정하였다. 히알루노니다제에 의한 히알루론

히알루론산 마이크로입자의 형태는 SEM을 이용하여 관찰하
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Fig. 3 − The morphology of HA microspheres.

였다(Fig. 3). 수화 전의 HA microspheres는 표면이 매끄러운 구

었는데 이는 1차 가교반응에서 쓰인 HCl과 2차 가교반응에서 쓰

형이었다. 두 가지 종류의 가교제로 이중 가교시킨 DC-HA

인 NaOH의 잔해인 NaCl 염으로 보인다. 그리고 AC-HA

microspheres의 경우, 구형입자에 막대 형상의 불순물이 관찰되

microspheres는 알긴산이 20% 포함된 입자(AC-HA microspheres,
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Alginate 20%)에서 매끄러운 구형의 마이크로 입자가 형성되었
으나, 알긴산의 비율이 30%였을 때는 일부 구형의 입자가 불규
칙한 형태를 나타내었으며, 50%의 경우는 대부분의 입자가 불
규칙한 형태를 나타내는 것을 확인할 수 있었다. 이는 알긴산의
비율이 높아지면 상대적으로 히알루론산의 비율이 낮아져서, 입
자의 형성에 가장 중요한 영향을 미치는 ADH의 가교 수가 적
어지기 때문에 상대적으로 입자 형성이 분완전 해졌기 때문인 것
으로 생각된다. 30분간 수화 후의 HA microspheres는 구형 입
자의 형태를 유지하지 못하고 대부분 녹거나 분해된 것을 확인
할 수 있었다. DC-HA microspheres의 경우 HA microspheres
에 비하여 구형의 입자를 유지하였고, AC-HA microspheres에
서도 수화 전·후의 입자의 형태가 유지되었다.
수화 전후의 히알루론산 마이크로 입자의 모양을 확인해 본

Fig. 4 − Resistance of HA microspheres against hyaluronidase. (●)
HA microspheres; (○) DC-HA microspheres; (▼) AC-HA
microspheres (20%); (△) AC-HA microspheres (30%); (■)
AC-HA microspheres (50%).

결과, STMP로 이중 가교를 시킨 DC-HA microspheres 또는 알
긴산이 함유된 AC-HA microspheres의 경우, HA microspheres

-48.17 mV로서 다른 입자에 비해 낮았지만 통계적인 유의성 있

에 비해서 형태의 변화가 적은 것을 확인하였다. 이는, 이중 가

는 차이는 보이지 않았다.

교나 알긴산에 의한 입자 내부의 네트워크 형성이 수상에서의 히
알루론산 마이크로입자의 안정성을 증가시켰기 때문인 것으로

히알루론산 분해효소에 대한 저항력

생각된다.

히알루론산 마이크로입자의 생체내 효소에 대한 안정성 평가
는 히알루노니다제에 의한 마이크로입자의 분해정도로 평가하였

입자크기 및 표면전하

다(Fig. 4). HA microsphere의 경우 히알루노니다제에 노출된 후

히알루론산 마이크로입자의 크기는 제조방법과는 상관없이 수

입자의 무게가 급격히 감소하여 30분 후 원래 무게의 53%만 남

백 나노미터에서 수십 마이크로미터 이내의 분포를 나타내었다

았으며 3시간 후는 대부분이 분해되었다. 그러나 DC-HA

(Table I). DC-HA microspheres와 AC-HA microspheres

microsphere의 경우는 3시간 후 원래 무게의 53.4%가 남았고 이

(Alginate 20, 30%)의 입자크기는 고른 분포를 보였으나 HA

후 일정한 속도로 분해되었다. DC-HA microspheres는 Fig. 2에

microspheres와 AC-HA microspheres(Alginate 50%)의 입자크

서 나타낸 것과 같이 1차 가교제인 ADH와 2차 가교제인 STMP

기는 분포가 일정하지 않은 것으로 관찰되었다. 또한 가교제의

가 히알루론산을 가교시켜 주기 때문에 가교제 ADH만을 사용

양이 늘어났을 때 입자 크기가 증가한다는 선행 연구결과들이 있

한 HA microspheres에 비해 생체내 효소에 대한 안정성이 증가

14,17)

본 연구에서는 HA microspheres에 비해 DC-HA

됨을 알 수 있었다. 또한 알긴산을 20% 포함한 AC-HA

microspheres의 입자의 크기 변화는 관찰되지 않았다. 본 실험

microspheres도 3시간 후 원래 무게의 52.7%가 남았고 DC-HA

에서 제조한 이중 가교의 경우, Fig. 2에서와 같이 가교제인 ADH

microspheres와 비슷한 속도로 분해되었다. 그리고 알긴산의 비

었으나,

와 STMP의 결합부위가 다르기 때문에 입자의 크기에 영향을 미

율이 높아질수록 AC-HA microspheres의 분해정도가 줄어드는

치지 않은 것으로 생각된다.

것을 볼 수 있었다. 이는 알긴산과 히알루론산의 네트워크 폴리

히알루론산 마이크로입자의 표면전하는 -30~40 mV 정도의 강

머 구조와 알긴산의 존재가 히알루론산에 대한 분해효소의 접촉

한 음전하를 나타내었으며 이중 가교나 알긴산을 첨가한 경우에

에 장애물로 작용하여 저항성을 가지는 것이라 생각된다. 그리

도 그 변화는 크지 않았다. 50%의 알긴산이 함유된 히알루론산

고 알긴산의 비율이 높아질수록 입자의 분해정도가 줄어드는 것

마이크로입자(AC-HA, Alginate 50%)의 경우, 표면전하는

은 안정성 증가의 원인 외에도 입자내의 히알루론산이 차지하는

Table I − Size distribution and zeta potential of HA microsphere
Samples
HA microspheres
DC-HA microspheres
AC-HA(Alginate 20%) microspheres
AC-HA(Alginate 30%) microspheres
AC-HA(Alginate 50%) microspheres
Vol. 55, No. 1, 2011

Particle
size (µm)

Zeta potential
(mV)

0.5-15
0.5-10
0.5-10
0.5-10
0.5-15

0-39.97±14.54
-35.02±6.41
-33.70±6.53
0-29.19±15.64
0-48.17±18.15

양이 줄어든 것이 큰 원인이라고 생각된다.
이러한 분해정도 평가를 통하여 히알루론산 마이크로입자의
생체내 효소 저항성을 확인 하였고, 이는 이중가교나 입자내부
의 폴리머 네트워크 형성을 통하여 제조된 히알루론산 마이크
로 입자의 경우가 하나의 가교제로 사용된 마이크로 입자에 비
하여 생체내 효소에 대한 저항성이 증가되었기 때문인 것으로
생각된다.
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