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ABSTRACT 

 

Chitosan, a natural and biocompatible cationic polymer, is an attractive carrier 

for siRNA delivery. The purpose of this study is to develop a chitosan-based hybrid 

nanocomplex that exhibits enhanced stability in the blood stream compared to 

conventional chitosan nanoparticles. Hybrid nanocomplexes composed of chitosan, 

protamine, lecithin, and thiamine pyrophosphate (TPP) were prepared for the 

systemic delivery of survivin (SVN) siRNA and evaluated for their in vitro and in 

vivo therapeutic efficacies. Physicochemical properties of the nanoparticles were 

investigated, which included particle size measurements in distilled water, cell 

culture media, and 50% fetal bovine serum conditions. Cellular uptake and target 

gene silencing efficiencies of the siRNAnanocomplexes in prostate cancer cells 

(PC-3 cells) were measured. In vivo tumor targetability and anti-tumor efficacy 

were assessed in PC-3 tumor xenografted mouse model by near-infrared 

fluorescence (NIRF) imaging and tumor growth monitoring, respectively. The 

SVN siRNA-loaded hybrid nanocomplex (GP-L-CT) showed of < 200 nm mean 

diameter with positive zeta potential value in water and maintained the diameter 
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without aggregation even in serum. Mean SVN expression rate in PC-3 cells was 

reduced to 21.8% after treating with GP-L-CT. The fluorescence intensity in the 

tumor region and the tumor growth inhibitory effect of the new nanocomplex were 

indicative of the cancer theranostic efficacy in the prostate cancer mouse model. In 

conclusion, a chitosan-based hybrid nanocomplex was successfully developed for 

the systemic delivery of SVN siRNA, which could serve as an alternative to the 

cationic polymeric nanoparticles that are unstable in serum. 

 

Keywords:chitosan, lecithin, nanocomplex, protamine, survivinsiRNA, thiamine 

pyrophosphate 
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1. Introduction 

 

Various preclinical and clinical studies have been attempted for the development of 

siRNA therapeutics based on RNA interference technology. According to these reports on 

gene therapeutics, overcoming the low cellular permeability of nucleic acids as well as 

the low stability against serum proteins and degradative enzymes was considered a 

prerequisite for therapeutic applications [1-3].One of primary approaches to solve these 

difficulties is the development of highly efficient nucleic acid delivery systems which 

endow the protection of siRNA as a drug substancefrom nucleases presented in the body 

fluids, the improvement of low cellular membrane permeability and the amelioration of 

endosomolysis [4]. 

Many strategies were developed using non-viral vehicles for nucleic acid delivery 

[5]. Endowing cationic and lipophilic properties to overcome the limited cellular 

permeability of anionic and hydrophilic nucleic acids has been considered as themain 

approach. Among these, nucleic acid delivery systems based on cationic polymershave 

gained much attention with cationic lipids [6]. Typical cationic polymers could be 



2 

 

classified into synthetic polymers (i.e., polyethyleneimine, poly-L-lysine, poly-L-

arginine) and natural polymers (i.e., chitosan) [7,8]. Particularly, chitosan as a natural 

polymer has been widely used in the development of nucleic acid delivery systems as it 

is known to have low cytotoxicity, high biocompatibility and high cellular permeability 

[9].In addition, its nucleic acid binding and delivering capacity can be influenced by its 

molecular weight, the degree of deacetylation and its salt form [10,11]. Moreover, 

chitosan conjugated with cationic polymer, peptide, and hydrophilic or hydrophobic 

residue is reported to exhibit an improved gene transfection efficiency [12-15]. 

Polyethylene glycol can be also introduced into chitosan for increasing its hydrophilicity 

and stability in biological fluids [16].  

However, chitosan conjugates can encounter barriers (i.e., problems in 

reproducibility in manufacturing and toxicity of the delivery vehicle itself) for clinical 

application and commercialization, and thus natural chitosan-based gene delivery system 

is more preferable.It also should be noted that cationic nanoparticle based on 

polyethylenimine as well as chitosan can induce plasma protein binding and aggregation 

with platelet resulting in hemolysis and thrombosis, as the surface charge increases[17-

19]. These phenomena can influence the delivery accuracy and efficiency of therapeutics 
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[20]. Moreover, it is reported that, although chitosan may exhibit high binding affinity 

with siRNA due to high cationic charge density in acidic pH, siRNA/chitosan complex 

tends to be unstable in neutral and basic pH condition [21]. To maintain the stability of 

siRNA/chitosan complex in physiological pH, thiamine pyrophosphate (TPP) could be 

added.The delivery efficiency of chitosan could be highly kept at physiological pH due to 

the positively charged amine group of thiazolium included in TPP [22].  

Survivin (SVN) belongs to the member of the inhibitor of apoptosis family protein 

and is known to be a promising target for cancer therapy. Its expression has been shown 

to be up-regulated in many cancers including prostate cancer while minimally expressed 

in normal tissues [23]. Thus, SVN could be a good target protein for siRNAnanocomplex 

studies. Studies have shown that protamine, which binds to the nucleic acids to form a 

stable nanocomplexvia ionic and hydrophobic interactions, could be used for the pre-

complex preparation in the development of a SVN siRNA-loaded hybrid 

nanocomplex[24-26]. Herein, we report on the preparation, physicochemical properties 

and delivery efficiencies of a SVN siRNA-loaded hybrid nanocomplex (Fig. 1). Pre-

complex in this study was prepared to havenegative net chargefor the binding with 

cationic chitosan in the next step, by combination of a limited amount of protamine. 
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Phospholipid including lipid moiety was then introduced into siRNA/protamine pre-

complex for the enhancement of nanocomplexstability in the blood stream. Until this step, 

the complex hadno transfection efficacy because of the lack of cationic charge in anentire 

particle. Finally, chitosan and TPP were added to induce the enhanced siRNA delivery 

which was caused by the stabilized positive surface charge achieved from chitosan and 

TPP. Then, the physicochemical properties and siRNA delivery efficiency of developed 

hybrid nanocomplex were assessed in vitro and in vivo. 
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2.Materials and methods 

 

2.1. Materials 

 

Survivin (SVN)siRNA, luciferase siRNA, and cy5.5-SVN siRNA (cy5.5-siRNA) 

wereprovided by BioneerCo. (Daejeon, Korea). Their sequences were as follows: 

SVNsiRNA (sense: 5’-AAG GAG AUC AAC AUU UUC A(dTdT)-3’, anti-sense: 5’-

UGA AAA UGU UGA UCU CCU U(dTdT)-3’), luciferase siRNA (sense: 5’-UUG UUU 

UGG AGC ACG GAA A(dTdT)-3’, anti-sense: 5’-UUU CCG UGC UCC AAA ACA 

A(dTdT)-3’). Chitosan acetate and chitosan hydrochloride (HCl) were purchased from 

Heppe Medical Chitosan (Halle, Germany) and FMCBioPolymer (Philadelphia, PA, 

USA), respectively. BLOCK-iT fluorescent oligo and Lipofectamine 2000 (L2K) was 

obtained from Invitrogen (Carlsbad, CA, USA) and GelRed was acquired from Biotium, 

Inc. (Hayward, CA, USA). Lecithin, protamine andthiamine pyrophosphate (TPP) 

werepurchased from Alps Pharmaceutical (Hida, Japan), Lipoid (Ludwigshafen, 

Germany), and Sigma-Aldrich (St. Louis, MO, USA), respectively. Human 

SurvivinQuantikine ELISA kit was obtained from R&D systems (Minneapolis, MN, 
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USA) and Matrigel was acquired from BD Biosciences (Bedford, MA, USA). Fetal 

bovine serum (FBS), penicillin, streptomycin, RPMI 1640 (developed at Roswell Park 

Memorial Institute), phosphate buffered saline (PBS), tris-borate-EDTA, and trypsin-

EDTA were obtained from GibcoLife Technologies, Inc. (Grand Island, NY, USA). All 

other chemicals were of analytical grade. 

 

2.2. Gel retardation assays 

 

The influences of molecular weight (MW) and the kind of salt form of chitosan on 

complex formation with SVN siRNA were investigated by gel retardation assayas 

reported in the literature [27].In this investigation, chitosan acetate or hydrochloride 

which has 50~400 kDa MW and 83~95% deacetylation degree were selected (Table 1). 

The weight ratios between chitosan and siRNA were 1, 10, 20, 30, 40, 50, 75, 100, and 

150 (w/w).Each sample was electrophoresed in 2.5% agarose gel,including 0.01% 

GelRedwith tris-borate-EDTAbuffer at50V for 15 min. After electrophoresis, the 

complex formation was evaluated by scanning with MiniBIS Pro (DNR Bio-imaging 
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Systems, USA). 

 

2.3. In vitro transfection efficiency according to the chitosan type 

 

PC-3 cell, as a human prostate cancer cell, was purchased fromKorea Cell Line 

Bank (KCLB; Seoul, Korea). Cells were cultured with RPMI 1640 containing 10% 

FBS,100 U/ml penicillin, and 100 µg/ml streptomycin, in a 5% CO2 atmosphere with 95% 

relative humidity at 37°C. To evaluate gene silencing efficiency according to the chitosan 

type and weight ratio between chitosan and siRNA, SVN expression (%) was measured 

by Human SurvivinQuantikineELISA kit.In brief, PC-3 cells were seeded into 6-well 

plate at a density of 1×10
5
cells per well and cultured for 48 h. Before loading SVN 

siRNA/chitosan complex, cells were stabilized for 2 h with fresh culture media. PC-3 

cells were incubated with various weight ratio (20, 40, 60, 80, 100 and 120 w/w)of 

chitosan/siRNAcomplex (corresponded amounts to 2 µg of siRNA per well)for 48 h in a 

5% CO2 atmosphere with 95% relative humidity at 37°C. Cells were lysed with the 

addition of 500 µl cell lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) 
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and collected. Cell lysates were centrifuged at 12,000 rpm for 20 min and 100 µl 

supernatant was used for subsequent assay. Assay diluent(100 µl) and collected samples 

(100 µl) were mixed and stirred at 500 rpm for 2 h. Upon washing 4 times, SVN 

conjugate (200 µl) was added and stirred for 2 h at room temperature. After washing 4 

times again, substrate solution (200 µl) was added and incubated for 30 min at dark 

place.The reaction was terminated with the addition of stop solution (50 µl) and the 

absorbance at 450 nm was read by SpectraMax M2 microplate reader (Molecular 

Devices, Sunnyvale, CA, USA).The amount (%) of SVN was calculated by substituting 

absorbance values into the regression line obtained from standard solution.  

 

2.4. Preparation of hybrid nanocomplex 

 

Hybrid nanocomplexes were prepared by the combination of SVNsiRNA,protamine, 

lecithin, chitosan, and TPP (as shown in Table 2).Briefly, each substance, such as 10 mg 

SVN siRNA, 0.5 mg protamine sulfate, 4 mg chitosanHCl (150~400 kDa, FMC CL214, 

FMC BioPolymer, Philadelphia, PA, USA), and 20 mg TPP,was solubilized in 1 ml of 
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diethylpyrocarbonate-treated distilled water (DW), respectively, and filtered.In the case 

of lecithin (Lipoid S-100), 30mg was dissolved in ethanol (1ml) and filtered. The pre-

complex was prepared by mixing and stirring SVN siRNA and protamine. Lecithin was 

added into that complex solution and stirred for 30 min. The final formulation, GP-L-CT, 

was developed by adding chitosan and TPPinto the above mixture. Other complexes (G-

C, G-CT, GP, GP-C, GP-CT, GP-L) were also prepared following theabove order. 

 

2.5. Particle size and zeta potential measurements 

 

The mean diameter and zeta potential values of developed nanocomplexes were 

measured by a light-scattering spectrophotometer (ELS-Z, Otsuka Electronics, Tokyo, 

Japan) according to the manufacturer’s protocol. Corresponded amounts of 

nanocomplexes (to 20 µg of siRNA) were dispersed in DW (0.5 ml) for their analysis. 

The stability of nanocomplexes was assessed in cell culture medium (RPMI 1640) and 50% 

(v/v) FBS. Similarly with the above method, corresponded amounts of nanocomplexes 

(to 20 µg of siRNA) were diluted in 0.5 ml of cell culture medium or 50% FBS.After 
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incubating for 3 h, the mean diameter and zeta potential values were measured by ELS-Z 

system.  

 

2.6. Cryo-transmission electron microscopy (Cryo-TEM) 

 

The morphology of developed nanocomplexes was observed by Cryo-TEM (Tecnai 

G2 F20 Cryo-TEM, FEI Company, Hillsboro, Oregon, USA) [28]. The specimen was 

applied to holey carbon affixed to the grid (Quantifoil Micro Tools GmbH, Jena, 

Germany), and rapidly cooled to -170℃. It was fixed in the cryo-holder and inserted into 

the Cryo-TEM at -170°C. Images of specimen were recorded under low electron dose 

conditions.  

 

2.7. In vitro cellular uptake 

 

Cellular uptake efficiency of siRNA was assessed by flow cytometry analysis [29]. 
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PC-3 cells were seeded onto 6-well plate at a density of 1 × 10
5
 cells per well and 

incubated for 48 h in a 5% CO2 atmosphere with 95% relative humidity at 37°C. All 

formulations containing 10 µg of BLOCK-iT fluorescent oligo were prepared according 

to the composition described in Table 2. Nanocomplexes with BLOCK-iT fluorescent 

oligo were added and incubated for 24 h in the same culture condition. After incubating, 

cells were washed with PBS three times, collected by the treatment with 0.25% trypsin-

EDTA, and analyzed by flow cytometry (BD FACS Canto II; Becton-Dickinson, San 

Jose, CA, USA). 

 

2.8. In vitro transfection study of developed nanocomplexes 

 

Nanocomplexes were prepared, according to the compositions in Table 2, to 

evaluate their gene silencing efficiency in PC-3 cells by the described method in section 

2.3. In case of L2K group, the mixture of SVN siRNA(100 µg) and L2K (300 µl) was 

prepared and incubated for 20 min before its use. Loading amount of siRNA was also 2 

µg/ml per well and SVN expression (%) in PC-3 cells was analyzed according to the 
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above method.  

 

2.9. In vivo near-infrared fluorescence (NIRF) imaging 

 

Biodistribution of developed siRNA-loaded hybrid nanocomplex was assessed in 

PC-3 tumor xenografted mouse model. To establish human prostate cancer xenografted 

mouse model, 2× 10
6
PC-3 cells suspended in 50 µl cell culture media with 50 µl 

Matrigel were injected subcutaneously into the five-week-old male severe combined 

immunodeficient (SCID) mouse (Shizuoka Laboratory Animal Center, Hamamatsu, 

Japan). After attaining 100 mm
3
 of tumor volume, naked cy5.5-siRNA or cy5.5-siRNA-

loaded formulation was injected intravenously via tail vein at a dose of 80 µg siRNAper 

mouse. cy5.5-siRNA-loaded formulations were prepared using cy5.5-siRNA instead of 

SVN siRNA according to the described method in section 2.4 and 2.8.NIRF images of 

tumor region in mouse model were obtained by eXploreOptixsystem (Advanced 

Research Technologies-GE healthcare, St. Laurent, Quebec, Canada) 2h post-injection 

[30]. Laser power and count time settings were 25 μW and 0.3 s per point, respectively. 
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To excite the Cy5.5 molecules in the nanocomplex, the laser diode at 670 nm wavelength 

was used. 

 

2.10. In vivo anti-tumor efficacy 

 

Prostate cancer (PC-3 tumor) xenografted mouse model was used to assess siRNA 

delivery efficiency of developed nanocomplex formulations. As described, 2 × 10
6
 PC-3 

cells suspended in 50 µl cell culture media with 50 µl Matrigel (BD Biosciences, 

Bedford, MA, USA) were injected subcutaneously into the five-week-old male SCID 

mouse to prepare the mouse model. Luciferase siRNAwas used as a scrambled siRNA 

and the preparation method of luciferase-loaded GP-L-CT was identical to that of SVN 

siRNA. After reaching approximately 100 mm
3
 tumor volume, corresponded amounts of 

formulations to 40 μgsiRNA were injected intravenously via the tail vein 6 times for 2 

weeks. The tumor size was measured with Vernier calipers, and tumor volume was 

calculated according to following formula; V = 0.5 × longest diameter × shortest 

diameter
2
.  
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2.11. Statistical analysis 

 

All experiments in this investigation were conducted at least three times and data 

were represented as mean ± standard deviation (S.D.). Statistical analysis was based on 

analysis of variance (ANOVA). 
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3. Results and discussion 

 

3.1. Selection of chitosan 

 

Chitosan is a natural and cationic polymer, which exists in a variety of MW, salt 

type and deacetylation degree. In our preliminary study, various types of chitosan of 

differentMWs were tested for siRNA complex formation by gel retardation assay to 

select those with efficient complexation capabilities (data not shown).Based on these 

results, four chitosans which have 50~400 kDa MW and 83~95% deacetylation degree 

were selected (Table 1), and then thecomplex formation with siRNA(Fig.2) and the in 

vitrogene transfection efficiencies(Fig.3) were evaluated. Chitosan D (chitosan HCl with 

150~400 kDa MW and 95% deacetylation degree) exhibited the highest 

complexationcapability and gene transfection efficiency among the four chitosanstested. 

Chitosan/siRNA complex was formed in the minimum weight ratio (chitosan to siRNA) 

of 10for Chitosan D (Fig. 2) which also showed lower SVN expression rate 

(%)compared to other chitosans(Fig.3).Therefore, chitosan D was finally selected for the 

preparation of the siRNA-loaded hybrid nanocomplexes. 
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3.2. Development and characterization of siRNA-loaded hybrid nanocomplexes 

 

All of the nanocomplex formulations were prepared according to the composition 

presented in Table 2. In the G-CT formulation, TPP was addedto improve the binding 

capacity of chitosan to nucleic acid therapeutics in the physiological pH region, 

compared to G-C as the conventional formulation. For stabilized hybrid nanocomplexes 

using a pre-complex process, GP, GP-CT, GP-L, and GP-L-CT were prepared. GP was a 

pre-complex consisted of siRNA and protamine, based on their electrostatic interaction. 

GP-CT was produced by the addition of siRNA/protamine complex, instead of siRNA 

alone, into the G-CT formulation. GP-L and GP-L-CT were prepared by adding lecithin 

into GP and GP-CT for more stability improvement, respectively. 

Considering the clinical dose of therapeutic siRNA, the lower weight ratio between 

chitosan and siRNAis preferred. In our preliminary study, optimum formulations of 

hybrid nanocomplexes (GP-L-CT) were prepared at different weight ratios of chitosan to 

siRNA (3.4, 6.8, 10.0, and 20.0). Since the proper gene silencing effect was observed 
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from the weight ratio of 6.8 (data not shown), it was estimated to be the minimum ratio 

to prepare stable hybrid nanocomplexes, which was also supported by the gel retardation 

assay of chitosan D (Fig. 2). The amount of protamine, for the pre-complex formation 

with siRNA, should be restricted to make complexation with positively charged chitosan. 

The weight ratio of protamine to siRNA was fixed as 0.6 because the aggregation and 

precipitation of nanocomplex were shown around 0.8, and zeta potential value of 

siRNA/protamine pre-complex was converted into a positive charge of over 1. 

 

The mean diameter and zeta potential values of the developed nanocomplexes in 

DW were measured and stability of nanocomplexes, presented by the change of the mean 

diameter in cell culture media and serum, was also evaluated (Fig. 4). The mean 

diameters of G-C and G-CT in DW were 377 and 419 nm, respectively, but the particle 

size was increased in the cell culture media and 50% FBS. After incubating 3 h in cell 

culture media and 50% FBS conditions, the mean diameters of G-C were 1,773 and 

1,128 nm, respectively, while those values of G-CT were 1,440 and 1,247 nm, 

respectively. Such an aggregation of nanocomplexes in biological fluids should be 

resolved for efficient in vivo gene transfection and the maintenance of stability after 
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intravenous injection. The mean diameters of GP, GP-CT, GP-L, and GP-L-CT in DW 

were 177, 604, 133, and 189 nm, respectively. Zeta potential values of GP and GP-L 

were negative due to the absence of the cationic substances, chitosan and TPP. In contrast, 

zeta potential values of GP-CT and GP-L-CT were positive which could guarantee the 

attachment of nanocomplexes to negatively charged cellular membrane for subsequent 

endocytosis. The mean diameters of GP, GP-CT, GP-L, and GP-L-CT nanocomplexes in 

cell culture media were 25, 1,512, 110, and 129 nm, respectively. These values in 50% 

serum condition were changed to 33, 1,051, 94, and 181 nm, respectively (Fig. 4b). The 

GP exhibited complex dissociation and the GP-CT showed increased the diameter caused 

by aggregation in cell culture media and serum conditions, compared to nanocomplexes 

in DW. On the other hand, lecithin-incorporated formulations (GP-L and GP-L-CT) 

suppliedthe maintained particle size without a significant change of the 

diameters.Especially, it is interesting to note that GP-L-CT had positive zeta potential 

and similar particle size both in DW and serum.  

 

The morphology of GP, GP-L, and GP-L-CT was observed by Cryo-TEM because 

the nanocomplexes had < 200 nm diameters in DW, culture media, and 50% FBS without 
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aggregation or precipitation. As shown in Fig. 5, GP has reticulartexture with loosely 

disentangled particular shape. GP-L exhibited a partial reticular structure but showed a 

fused shape with spherical liposome. In the case of GP-L-CT, reticular texture was 

completely disappeared and opaque spot, a characteristic of nanoparticles, was presented 

(Fig. 5C).The Cryo-TEM images explained that although the complex could be stabilized 

by pre-complex processor addition of lecithin, the formation of nanoparticle should be 

completed by complexation with cationic substances, chitosan and TPP. 

 

3.3. In vitro cellular uptake 

 

Cellular uptake efficiency of developed nanocomplexes in PC-3 cells was evaluated 

by flow cytometer (Fig. 6). According to the result with nanocomplexes including 

fluorescent siRNA, the mean population percentages in P1 region of naked siRNA, L2K, 

G-C, and G-CT were 2.0, 40.0, 59.6, and 73.2%, respectively. The mean population 

percentages of GP, GP-CT, GP-L, and GP-L-CT were 3.3, 75.0, 2.8, and 83.9%, 

respectively. It was shown that the naked siRNA, GP, and GP-L could not be permeated 

into the cellular membrane, and G-C, G-CT, GP-CT and GP-L-CT have a higher cellular 
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uptake efficiency compared to the L2K-treated group, despite their large particle size in 

cell culture media and serum condition in vitro. Especially, G-CT, GP-CT, and GP-L-CT 

with both chitosan and TPP showed the highest level of cellular uptake efficiency.  

 

3.4. In vitro gene silencing 

 

In vitro gene silencing efficiency of developed nanocomplexes was assessed by 

measuring SVN expression in PC-3 cells. SVN expression (%) was measured after 

incubating SVN siRNA or its nanocomplex formulations for 48 h (Fig. 7). SVN 

expression (%) was reduced to 29.3 and 25.9% by the treatment of G-C and G-CT, 

respectively. Although L2K treatment produced lower SVN expression rate (6.8%), its 

systemic application in vivo has been restricted generally due to its toxicity and low 

efficacy in vivo compared to the in vitro effect. SVN expression rates of GP, GP-CT, GP-

L, and GP-L-CT-treated groups were 99.6, 35.2, 100.0, and 21.8%, respectively. While 

naked siRNA, GP and GP-L formulations lacking chitosan did not have any in vitro gene 

silencing efficacy, G-C, G-CT, GP-CT and GP-L-CT groups containing chitosan alone 

orboth chitosan and TPP exerted higher gene silencing efficiency. So it was confirmed 
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that the stabilizing process including pre-complexationor lecithin incorporation did not 

reduced the gene silencing efficiency of chitosan nanocomplex.  

Considering the particle size (< 200 nm) in serum conditionand gene silencing 

efficiency, GP-L-CT is considered to be the most appropriate nanocomplex for the 

systemic delivery of SVN siRNA for cancer therapy. The stability of siRNAnanocomplex 

in serum condition was insured only by both pre-complexation with protamine and 

lecithin incorporation process. And cellular uptake and gene silencing efficiency was 

highly induced by complexation process of chitosan and TPP. Therefore, GP-L-CT 

nanocomplex, as the final formulation, was used in further in vivo studies. 

 

3.5. In vivo NIRF imaging  

 

Tumor targetability of Cy5.5-siRNA-loaded GP-L-CTnanocomplex was 

investigated by in vivo NIRF imaging in PC-3 tumor xenografted mouse model. 

Fluorescence intensity in tumor region was scanned 2 h after intravenous injection. As 

shown in Fig. 8, fluorescence intensity in tumor region of Cy5.5-siRNA/GP-L-CT was 
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the highest in all of the experimental groups. Fluorescence intensities of the naked 

Cy5.5-siRNA and Cy5.5-siRNA/L2K were lower than of the GP-L-CT-treated group, and 

it is surmised that naked siRNA and L2K were inappropriate for systemic administration 

due to their low stability in the biological fluids.  

Though normal vasculature has packed structure with < 10 nm pore size, 

neovasculature in tumor region has an abnormally aligned endothelium with wide 

fenestrations (100~700 nm pore size) and defective lymphatic drainage [31]. As a result, 

in vivo stabilized and circulating nano-sized drug delivery systems can be easily 

permeated and accumulated in the tumor region. This phenomenon has been known as 

the enhanced permeability and retention (EPR) effect which explains the in vivostability 

and tumor targetability of GP-L-CT. 

 

3.6. In vivo anti-tumor efficacy  

 

In vivo anti-tumor efficacy of control, SVN siRNA-loaded GP-L-CT nanocomplex 

was tested in PC-3 tumor xenografted mouse model by monitoring tumor growth 

inhibition (Fig. 9). As a scrambled siRNA, luciferase siRNA was incorporated into GP-L-
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CT and used as a control group. In our preliminary study, naked siRNA did not produce 

an anti-tumor efficacy in PC-3 tumor bearing mouse model (data not shown). Mean 

tumor volumes, at day 14, of control, scrambled siRNA/GP-L-CT, and SVN siRNA/GP-

L-CT treated groups were 615, 550, and 226 mm
3
, respectively. At day 18, mean tumor 

volumes of control, scrambled siRNA/GP-L-CT, and SVN siRNA/GP-L-CT treated 

groups were 754, 742, and 277 mm
3
, respectively. It is particularly notable that the tumor 

volume of SVN siRNA/GP-L-CT group was smaller than the scrambled siRNA/GP-L-

CT group (P< 0.05). It indicated that the in vivo anti-tumor efficacy was induced by SVN 

siRNA delivery.  

 

In vivo tumor targetability and anti-tumor efficacy of SVN siRNA/GP-L-CTafter 

intravenous injection have been demonstrated in this study.Although further investigation 

is needed for fully elucidating the specific mechanism of the developed nanocomplex, 

the feasibility as a nano-sized vehicle for the systemic application of siRNA therapeutics 

has been shown. Though chitosan could be used as a cationic polymer for in vitro gene 

transfection, it is difficult to verify itsin vivo performance due to the weakened binding 

affinity with nucleic acids and the aggregation resulted by the interaction with 
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endogenous components in the biological system. The significance of this study is in 

successfully identifying thethe systemic application of the GP-L-CT formulation in 

cancer therapy and diagnosis. 
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4. Conclusions 

 

The low cytotoxicity, high biocompatibility, high mucoadhesiveness, and high cell 

permeability of chitosan has made it widely used for the delivery of nucleic acid 

therapeutics. However,the reduction of itsin vivo gene delivery efficiency should be 

overcome,even whenitsin vitro gene transfection efficiency was properly maintained.A 

pre-complex based on siRNA and protamine was formed and lecithin, chitosan, and TPP 

were added to develop a more stable and efficient hybrid nanocomplex (GP-L-CT) in this 

study. GP-L-CT provided suitable physicochemical properties (< 200 nm mean diameter 

in serum and positive zeta potential) for intravenous injection of siRNAas well as 

superior in vitro cellular uptake and gene silencing efficiencies. Furthermore, in vivo 

tumor targetability and anti-tumor efficacy in tumor xenografted mouse model have been 

proven. The newly developed theranostic hybrid nanocomplex can therefore be used 

efficiently for the systemic siRNA delivery in cancer therapy. 
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Table 1.Specifications of the chitosans used in this study. 

 Chitosan 
Molecular weight  

(MW:kDa) 

Deacetylation degrees 

(%) 

A Chitosan acetate 100 84 

B Chitosan acetate 300 84 

C Chitosan HCl 50 ~ 150 83 

D Chitosan HCl 150 ~ 400 95 
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Table 2.Compositions of SVN siRNA-loaded chitosan-based nanocomplexes. 

components G-C G-CT GP GP-CT GP-L GP-L-CT 

SVN siRNA 1 1 1 1 1 1 

Protamine - - 0.6 0.6 0.6 0.6 

Lecithin - - - - 8 8 

Chitosan 6.8 6.8 - 6.8 - 6.8 

TPP - 1.2 - 1.2 - 1.2 

All values were presented as weight ratios. 
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Fig.1. Schematic illustration of GP-L-CT hybrid nanocomplex preparation 
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Fig.2. Gel retardation assays of siRNA with different chitosans; (A) chitosan acetate 

(MW: 100 kDa), (B) chitosan acetate (MW: 300 kDa), (C) chitosan HCl (MW: 50~150 

kDa), and (D) chitosan HCl (MW: 150~400 kDa). Complex formation according to the 

weight ratios between chitosan and siRNA was investigated by gel electrophoresis in 2.5% 

agarose gel. 
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Fig.3.In vitro gene transfection efficiency of different chitosans; (A) chitosan acetate 

(MW: 100 kDa), (B) chitosan acetate (MW: 300 kDa), (C) chitosan HCl (MW: 50~150 

kDa), and (D) chitosan HCl (MW: 150~400 kDa). SVN expression rate (%) was shown 

after incubating for 48 h with various weight ratios between chitosan and SVN siRNA in 

PC-3 cells. Each value was presented as the mean ± S.D. (n = 3). 
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Fig.4. Characterization of SVN siRNA-loaded hybrid nanocomplex. (A) Particle size and 

zeta potential values of nanocomplex formulations in DW. (B) Mean diameters of 

nanocomplexes in cell culture media and FBS. Each value represents the mean ± S.D. (n 

= 3). 
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Fig.5. Morphology of nanocomplex formulations observed by cryo-transmission electron 

microscopy (cryo-TEM).Images of (A) siRNA/protamine (GP), (B) 

siRNA/protamine/lecithin complex (GP-L), (C) siRNA/protamine/lecithin/chitosan/TPP 

complex (GP-L-CT). The length of scale bar is 20 nm. 

  



39 

 

(A) (B)

(C) (D)

(E) (F)

(G) (H)

 

Fig.6. In vitro cellular uptake efficiency of the nanocomplexes in PC-3 cells. Fluorescent 

siRNA was loaded into various nanocomplex formulations and fluorescence intensity 

was measured by flow cytometry after incubating for 24 h. Plots, between cell count and 

fluorescence intensity, of (A) naked siRNA, (B) siRNA/Lipofectamine 2000 (L2K), (C) 

siRNA/chitosan (G-C), (D) siRNA/chitosan/TPP (G-CT), (E) siRNA/protamine (GP), (F) 

siRNA/protamine/chitosan/TPP (GP-CT), (G) siRNA/protamine/lecithin (GP-L), and (H) 

siRNA/protamine/lecithin/chitosan/TPP (GP-L-CT) are presented. 
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Fig.7. In vitro transfection efficiency of SVN siRNA-loaded nanocomplex formulations 

in PC-3 cells. SVN expression levels (%) of naked siRNA (naked), 

siRNA/Lipofectamine 2000 (L2K), siRNA/chitosan (G-C), siRNA/chitosan/TPP (G-CT), 

siRNA/protamine (GP), siRNA/protamine/chitosan/TPP (GP-CT), 

siRNA/protamine/lecithin (GP-L), and siRNA/protamine/lecithin/chitosan/TPP (GP-L-

CT)-incubated groups (for 48 h) are presented. Each value represents the mean ± S.D. (n 

= 3). 
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Fig.8. In vivo NIRF images of siRNA-loaded nanocomplex formulations in PC-3 tumor-

xenografted mouse model. Cy5.5-filtered and optical images of tumor in (A) control, (B) 

naked cy5.5-siRNA, (C) cy5.5-siRNA/Lipofectamine 2000 (Cy5.5-siRNA/L2K), (D) 

cy5.5-siRNA/protamine/lecithin/chitosan/TPP complex (Cy5.5-siRNA/GP-L-CT) groups 

2 h post-injection via intravenous route. 
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Fig.9. In vivo anti-tumor efficacy test of siRNA-loaded nanocomplex in PC-3 tumor-

xenografted mouse model.Tumor volume profiles of control, luciferase-

siRNA/protamine/lecithin/chitosan/TPP (scrambled siRNA/GP-L-CT), survivin-

siRNA/protamine/lecithin/chitosan/TPP complex (SVN siRNA/GP-L-

CT).Nanocomplexes were injected 6 times for 2 weeks via intravenous route. *P< 0.05 

and **P< 0.01 are established between scrambled siRNA/GP-L-CT and SVN 

siRNA/GP-L-CT. Data represents the mean ± S.D. (n ≥ 3). 
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요약 (국문 초록) 

 

제목 :Chitosan을 이용한 siRNA 전달용 융합 나노복합체와 

항암치료로의 활용 

학교 : 서울대학교 약학대학원 

학과 및 전공 : 제약학과 약제과학 전공  

성명 : 기 민 효  

 

천연의 생체적합성 양이온성폴리머인 chitosan 은 siRNA 전달을 위한 

매력적인 전달체이지만 in vivo 환경에서 유전자 전달력이 감소되는 단점을 

가지고 있다. 본 연구에서는 이러한 기존의 chitosan 나노입자의 문제점을 

극복하기 위하여 혈액 내 안정성이 개선된 새로운 chitosan 융합 

나노복합체를 개발하여 in vitro 및 in vivo 전달효력을 향상시키고자 하였다. 

Chitosan 융합 나노복합체는 survivin (SVN) siRNA 의 전달을 위하여 chitosan 
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및 protamine, lecithin, thiamine pyrophosphate (TPP)를 구성성분으로 하여 

제조되었다. 먼저 정제수 및 세포배양액, 50% fetal bovine serum (FBS) 내에서 

나노입자의 안정성을 포함한 물리화학적 특성을 평가하였고 전립선암세포주 

(prostate cancer cells, PC-3)를 이용하여 세포 내로의 유전자 전달효과를 

측정하였다. 그 결과, SVN siRNA 를 로딩한 융합 나노복합체 (GP-L-CT)는 

혈청 내에서도 200 nm 이하의 평균 입자도와양이온성 표면전하를 유지하였고 

PC-3 세포에서 SVN 발현율을 21.8%로 감소시켰다. 그리고 PC-3 

암종을이종이식한 마우스 모델에서 근적외선 형광 (near-infrared fluorescence, 

NIRF)을 이용하여 나노복합체의 암으로의 이행성과 항암 효력을 평가하였을 

때, GP-L-CT 는 정맥주사를 통해 암조직의 형광강도 증가와 암성장 억제 

효력을 나타내어 전신투여를 통한 치료 및 진단 가능성을 보여주었다. 

결론적으로 chitosan 을 이용한 융합 나노복합체는 SVN siRNA 의 전신투여 

전달에 활용이 가능하고 또한 혈청 내에서 안정성이 낮은 기존의 

양이온성폴리머나노입자의 문제점에 대한 대안이 될 수 있음이 확인되었다. 
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ABSTRACT
Purpose Chitosan, a natural and biocompatible cationic polymer, is
an attractive carrier for small interfering RNA (siRNA) delivery. The
purpose of this study was to develop a chitosan-based hybrid
nanocomplex that exhibits enhanced physical stability in the blood-
stream compared with conventional chitosan complexes. Hybrid
nanocomplexes composed of chitosan, protamine, lecithin, and thia-
mine pyrophosphate were prepared for systemic delivery of survivin
(SVN) siRNA.
Methods Physicochemical properties of the nanoparticles including
mean diameters and zeta potentials were characterized, and target
gene silencing and cellular uptake efficiencies of the siRNA
nanocomplexes in prostate cancer cells (PC-3 cells) were
measured. In vivo tumor targetability and anti-tumor efficacy
by systemic administration were assessed in a PC-3 tumor
xenograft mouse model by near-infrared fluorescence
(NIRF) imaging and tumor growth monitoring, respectively.
Results Mean diameters of the SVN siRNA-loaded hybrid
nanocomplex (GP-L-CT) were less than 200 nm with a positive
zeta potential value in water and were maintained without aggrega-
tion in culturemedia and 50% fetal bovine serum. SVN expression in
PC-3 cells was reduced to 21.9% after treating with GP-L-CT. The
tumor targetability and growth inhibitory efficacies of GP-L-CT sup-
ported the use of this novel hybrid nanocomplex as a cancer
therapeutic and as a theranostic system for systemic administration.
Conclusions A chitosan-based hybrid nanocomplex was suc-
cessfully developed for the systemic delivery of SVN siRNA,
which could serve as an alternative to cationic polymeric nano-
particles that are unstable in serum.

KEY WORDS chitosan . lecithin . nanocomplex . protamine .
survivin siRNA . thiamine pyrophosphate

ABBREVIATIONS
Cryo-TEM Cryo-transmission electron microscopy
EPR Enhanced permeability and retention
NIRF Near-infrared fluorescence
RNAi RNA interference
SCID Severe combined immunodeficiency
siRNA Small interfering ribonucleic acid
TPP Thiamine pyrophosphate

INTRODUCTION

Various preclinical and clinical studies have been tried for the
development of small interfering RNA (siRNA) therapeutics
based on RNA interference (RNAi) technology (1). These
studies have indicated that overcoming low cellular
permeability of nucleic acids, as well as low stability against
serum proteins and degradative enzymes, are prerequisites for
therapeutic applications (2, 3). One of ways to solve these
difficulties is the development of highly efficient nucleic acid
delivery systems, which protect siRNA from nucleases
presented in the body fluids, improve low cellular
membrane permeability, and ameliorate endosomolysis (4).

Many strategies have been developed using non-viral vehi-
cles for the delivery of RNAi (5). The primary approach has
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been the addition of cationic and lipophilic properties that
overcome the limited cellular permeability of anionic and
hydrophilic nucleic acids. Among these approaches, nucleic
acid delivery systems based on cationic polymers and lipids
has gained attention (6). Typical cationic polymers could be
classified into synthetic polymers (i.e., polyethyleneimine,
poly-L-lysine, poly-L-arginine) and natural polymers (i.e., chi-
tosan) (7, 8). Chitosan has been widely used in the
development of nucleic acid delivery systems due to its low
cytotoxicity, high biocompatibility, and high cellular
permeability (9). Its nucleic acid binding and delivery
capacity can be influenced by its molecular weight and the
degree of deacetylation (10, 11). Moreover, chitosan conju-
gated with a cationic polymer, peptide, and hydrophobic
residue exhibits improved gene transfection efficiency
(12–15), while the introduction of polyethylene glycol can
increase chitosan hydrophilicity and stability in biological
fluids (16).

However, clinical application and commercialization of
synthetic chitosan conjugates could be hampered by toxicity
of the delivery vehicle. Thus, a non-modified (i.e., natural)
chitosan-based gene delivery system would be preferable if
gene transfection efficiency could be maintained. Neverthe-
less, there are also some obstacles in using natural chitosan for
siRNA delivery. Conventional siRNA delivery of cationic
nanoparticles using chitosan can induce protein binding and
aggregation in the bloodstream, resulting in peripheral vascu-
lar thrombosis and hemolysis as the surface charge increases
(17–19). These phenomena in nanoparticle formulations can
also influence the delivery accuracy and efficiency of
therapeutics (20). Because of these reasons, few studies have
described the intravenous administration of siRNA/chitosan
nanoparticles until now (10, 21). In addition, even though
chitosan may exhibit high binding affinity with siRNA due
to its cationic charge density in acidic pH, the siRNA/chitosan
complex tends to be physically unstable in neutral and basic
pH conditions (22). These problems need to be solved through
the optimal design of a stable chitosan-based nanocomplex in
physiological conditions for successful siRNA delivery using
natural chitosan.

Survivin (SVN) is an inhibitor of apoptosis and is thought
to be a promising target for cancer therapy. It is minimally
expressed in normal tissues and up-regulated in many cancers,
including prostate cancer (23). Thus, SVN could be a good
target protein for siRNA nanocomplex studies. In addition,
several studies have shown that protamine, which binds to
nucleic acids to form a stable nanocomplex via ionic and
hydrophobic interactions, could be used for pre-complex
preparation in the development of a nucleic acid
nanocomplex (24–26). Herein, we thus prepared pre-
complex with siRNA and protamine, which has a negative
net charge for subsequent binding with cationic chitosan, by
combining a limited amount of protamine. Phospholipid was

then introduced into the siRNA/protamine pre-complex for
the enhancement of nanocomplex stability in the bloodstream
because protamine is known to have a binding affinity for the
lipophilic moiety in a phospholipid (27, 28). In order to
enhance the transfection efficiency of siRNA through the
addition of a positive surface charge on this complex, chitosan
was added together with thiamine pyrophosphate (TPP).
TPP, combined with chitosan, is known to maintain the
delivery efficiency of the siRNA/chitosan complex in neutral
physiological pH, because the positively charged amine group
of thiazolium in TPP stabilizes the complex regardless of the
pH conditions (29). Following preparation of the nanoparticle
complex, the physicochemical properties and siRNA delivery
efficiency were assessed in vitro and in vivo.

MATERIALS AND METHODS

Materials

siRNA for SVN, luciferase, and Cy5.5-SVN (Cy5.5-siRNA)
were provided by Bioneer Co. (Daejeon, Korea). Their se-
quences were as follows: SVN siRNA [sense: 5’-AAGGAG
AUCAACAUUUUCA (dTdT)-3’, anti-sense: 5’-UGAAAA
UGUUGAUCUCCUU (dTdT)-3’], luciferase siRNA [sense:
5’-UUGUUUUGGAGCACGGAAA (dTdT)-3’, anti-sense:
5’-UUUCCGUGCUCCAAAACAA (dTdT)-3’]. Chitosan
acetate and chitosan hydrochloride (HCl) were purchased
from Heppe Medical Chitosan (Halle, Germany) and FMC
BioPolymer (Philadelphia, PA, USA), respectively. BLOCK-
iT fluorescent oligo and Lipofectamine 2000 (L2K) were
obtained from Invitrogen (Carlsbad, CA, USA), and GelRed
was acquired from Biotium, Inc. (Hayward, CA, USA). Lec-
ithin, protamine, and TPP were purchased from Alps Phar-
maceutical (Hida, Japan), Lipoid (Ludwigshafen, Germany),
and Sigma-Aldrich (St. Louis, MO, USA), respectively. A
human SVN Quantikine ELISA kit was obtained from
R&D Systems (Minneapolis, MN, USA), and Matrigel was
acquired from BD Biosciences (Bedford, MA, USA). Fetal
bovine serum (FBS), penicillin, streptomycin, RPMI 1640
(developed at Roswell Park Memorial Institute), phosphate-
buffered saline (PBS), Tris-borate-EDTA, and trypsin-EDTA
were obtained from Gibco Life Technologies, Inc. (Grand
Island, NY, USA). All other chemicals were of analytical
grade.

Preparation of Hybrid Nanocomplex

Hybrid nanocomplexes were prepared by the combination of
SVN siRNA, protamine, lecithin, chitosan, and TPP. Briefly,
10mg of siRNA, 0.5mg of protamine sulfate, 4 mg of chitosan
HCl (150–400 kDa, FMC CL214, FMC BioPolymer, Phila-
delphia, PA, USA), and 20 mg of TPP were each solubilized
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in 1 mL of diethylpyrocarbonate-treated distilled water (DW)
and individually filtered. For lecithin (Lipoid S-100), 30 mg
were dissolved in 1 mL of ethanol and filtered. The pre-
complex was prepared by mixing and stirring SVN siRNA
and protamine solutions. A lecithin solution was added into
the pre-complex solution and stirred for 30 min. The final
formulation, GP-L-CT, was prepared by adding chitosan and
TPP solutions into the mixture. All components in the formu-
lation were added and mixed according to weight ratios of the
compositions. Other complexes were also prepared according
to the manufacturing order of GP-L-CT. For siRNA/L2K
complex as the control, a mixture of SVN siRNA (100 μg) and
L2K (300 μL) was prepared and incubated for 20 min before
use.

Particle Size and Zeta Potential Measurements

Themean diameter and zeta potential values of the developed
complexes were measured by a light-scattering spectropho-
tometer (ELS-Z, Otsuka Electronics, Tokyo, Japan), accord-
ing to the manufacturer’s protocol. Complexes corresponding
to 20 μg of siRNAwere dispersed in DW (0.5 mL) for analysis.
The stability of complexes was assessed in cell culture medium
(RPMI 1640) and 50% (v/v) FBS. FBS was used after remov-
ing the flocculence (centrifugation at 400g and 0.2 μm filtra-
tion) according to the user’s guide. Similarly, complexes cor-
responding to 20 μg of siRNA were diluted in 0.5 mL of cell
culture medium and 50% FBS. After incubation for 3 h, the
mean diameter and zeta potential values were measured by
the ELS-Z system.

Cryo-Transmission Electron Microscopy (Cryo-TEM)

Themorphology of the developed complexes was observed by
cryo-TEM (Tecnai G2 F20 Cryo-TEM, FEI Company, Hills-
boro, Oregon, USA) (30). The specimen was applied to holey
carbon affixed to the grid (Quantifoil Micro Tools GmbH,
Jena, Germany) and rapidly cooled to−170°C. It was fixed in
the cryo-holder and inserted into the cryo-TEM at−170°C.
Images were recorded under low electron dose conditions.

Gel Retardation Assays

Each sample was separated in a 2.5% agarose gel that includ-
ed 0.001%GelRed in a Tris-borate-EDTA buffer at 50 V for
15 min. After electrophoresis, complex formation was evalu-
ated by scanning with MiniBIS Pro (DNR Bio-imaging Sys-
tems, USA).

Quantification of Non-loaded Free siRNA

Non-loaded free SVN siRNAwas assayed by high performance
liquid chromatography (HPLC) after ultracentrifugation, to

estimate loading amount of siRNA. Free SVN siRNA was
separated from nanocomplexes by ultracentrifugation at
100,000g for 60 min at 15°C using Optimal-100XP ultracen-
trifuge (Beckman Coulter, Brea, CA, USA) (31). The free
siRNA in the obtained supernatant was assayed using Waters
Alliance 2695 HPLC system (Waters, Milford, MA, USA) and
the Xterra® C18 column (5 μm, 4.6×150 mm, Waters,
Milford, MA, USA). The mobile phase consisted of
100 mM triethylammonium acetate with pH 7.0 in water
(MP-A) and acetonitrile (MP-B), and the flow rate was
0.5 mL/min. The gradient elution programs of the mobile
phases were as follows: 93–90% MP-A; 7–10% MP-B, 0.0–
30.0 min; 90–50% MP-A; 10–50% MP-B, 30.0–35.0 min;
50–20% MP-A; 50–80% MP-B, 35.0–40.0 min; 20–93%
MP-A; 80–7%, 40.0–40.1 min; and 93% MP-A; 7% MP-
B, 40.1–60 min. The samples were prepared by diluting
0.1 mL of the supernatant with 0.9 mL of MP-A. The stan-
dard were prepared by dissolving SVN siRNA to 30 μg/mL
withMP-A. The sample or standard (10 μL each) was injected
and detected by UV at a wavelength of 260 nm. The good
linearity in a calibration curve of HPLC analysis was obtained
at the concentration ranges of 1.0–100.0 μg/mL for anti-sense
siRNA strands as demonstrated by the high correlation coef-
ficient (R2) value of above 0.99 (Fig. S1).

In Vitro Transfection Study

For the in vitro transfection study, gene-silencing efficiency was
evaluated in a human prostate cancer cell, PC-3, purchased
from the Korea Cell Line Bank (KCLB; Seoul, Korea). Cells
were cultured with RPMI 1640 containing 10% FBS, 100
U/mL penicillin, and 100 μg/mL streptomycin in a 5% CO2

atmosphere with 95% relative humidity at 37°C. To evaluate
gene-silencing efficiency, SVN expression (%) was measured
by a human SVN Quantikine ELISA kit. In brief, PC-3 cells
were seeded into a 6-well plate at a density of 1×105 cells/well
and cultured for 48 h. Before loading the samples with SVN
siRNA or luciferase siRNA as control, cells were stabilized for
2 h with fresh culture media. PC-3 cells were incubated with
complexes corresponding to 2 μg of siRNA/well for 48 h in a
5% CO2 atmosphere with 95% relative humidity at 37°C.
Cells were lysed with the addition of 500 μL of cell lysis buffer
(Cell Signaling Technology, Inc., Danvers, MA, USA) and
collected. Cell lysates were centrifuged at 12,000 rpm for
20 min and 100 μL of the supernatant was used for the
subsequent assay. Assay diluent (100 μL) and collected super-
natant (100 μL) were mixed and stirred at 500 rpm for 2 h.
Upon washing four times, the SVN conjugate (200 μL) was
added and stirred for 2 h at room temperature. After washing
additional four times, the substrate solution (200 μL) was
added and incubated for 30 min in the dark. The reaction
was terminated with the addition of stop solution (50 μL), and
the absorbance at 450 nm was read by a SpectraMax M2
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microplate reader (Molecular Devices, Sunnyvale, CA, USA).
The amount (%) of SVN was calculated by substituting ab-
sorbance values into the regression line obtained from a
standard solution. SVN expression rate was measured, re-
garding that of the untreated group as 100%. Gene-
silencing efficiency was calculated according to following for-
mula: efficiency=(1 – SVN expression rate in test group/SVN
expression rate in control group)×100.

In Vitro Cellular Uptake

Cellular uptake efficiency of siRNA was assessed by flow
cytometry analysis (12). PC-3 cells were seeded onto 6-well
plates at a density of 1×105 cells/well and incubated for 48 h
in a 5% CO2 atmosphere with 95% relative humidity at
37°C. All formulations were prepared using BLOCK-iT fluo-
rescent oligo instead of SVN siRNA, as described above. PC-3
cells were incubated with naked siRNA (Naked) or complexes
corresponding to 2 μg of BLOCK-iT fluorescent oligo/well
for 24 h in a 5%CO2 atmosphere with 95% relative humidity
at 37°C. After incubating, cells were washed with PBS three
times, and the fluorescence and optical photographs of cells
were taken with the inverted microscope (Inverted Research
Microscope ECLIPSE Ti, Nikon, Tokyo, Japan). Cells were
collected by treatment with 0.25% trypsin-EDTA, and ana-
lyzed by flow cytometry (BD FACS Canto II; Becton-
Dickinson, San Jose, CA, USA).

In Vivo Near-Infrared Fluorescence (NIRF) Imaging

The biodistribution of the complexes by systemic administra-
tion was assessed in a PC-3 tumor xenograft mouse model.
Briefly, 2×106 PC-3 cells suspended in 50 μL of cell culture
media with 50 μL of Matrigel were injected subcutaneously
into 5-week-old male severe combined immunodeficiency
(SCID) mice (Shizuoka Laboratory Animal Center, Hama-
matsu, Japan). After attaining a tumor volume of 100 mm3,
complexes were injected intravenously via the tail vein at a
dose of 80 μg siRNA (about 266 μL) per mouse. For NIRF
imaging, Cy5.5-siRNA-loaded formulations were prepared
using Cy5.5-siRNA instead of SVN siRNA, according to the
method described above. NIRF images of the tumor region
were obtained by the eXplore Optix system (Advanced Re-
search Technologies-GE healthcare, St. Laurent, Quebec,
Canada) at 2 and 5 h post-injection (32). Laser power and
count time settings were 25 μW and 0.3 s per point, respec-
tively. To excite the Cy5.5 molecules in the complexes, a laser
diode at 670 nm was used.

In Vivo Anti-Tumor Efficacy

The PC-3 tumor xenograft mouse model was used to assess
siRNA delivery efficiency of complexes of test or control

groups. As described previously, 2×106 PC-3 cells suspended
in 50 μL of cell culture media with 50 μL of Matrigel (BD
Biosciences, Bedford, MA, USA) were injected subcutaneous-
ly into the 5-week-old male SCIDmice. Luciferase siRNAwas
used as a irrelevant siRNA, and the preparation method of
luciferase siRNA-loaded GP-L-CT was identical to that of
SVN siRNA. After reaching a tumor volume of 100 mm3,
complexes corresponding to 40 μg siRNA (about 133 μL) per
mouse were injected intravenously via the tail vein six times for
2 weeks. Tumor size was measured with Vernier calipers, and
tumor volume and tumor inhibition rate (%) were calculated
according to the following formula: V=0.5×longest diame-
ter×shortest diameter2; growth inhibition rate (%)=[1 – (Vf –
V0 in test group)/(Vf – V0 in control group)]×100, where V0

and Vf are the tumor volume at the initial day and final day
tested, respectively.

Statistical Analysis

All experiments were conducted at least three times, and data
are represented as means ± standard deviation (SD). Statisti-
cal analysis was based on analysis of variance (ANOVA).

RESULTS AND DISCUSSION

Determination of Nanocomplex Composition

To produce stable nanocomplexes without aggregation under
physiological conditions in vitro and in vivo, optimal composi-
tion of the siRNA hybrid nanocomplexes was determined at
each step in the preparation. All complex formulations were
prepared according to the compositions presented in Table I.
Protamine was introduced to form SVN siRNA/protamine
pre-complexes and then chitosan + TPP was added to pro-
duce the SVN siRNA/chitosan/TPP complexes.

For the siRNA pre-complex formation, several weight
ratios of siRNA and protamine were tested, ranging from
1:0.4 to 1:1 (w/w) (Table I). The pre-complexes with 1:0.4,
1:0.6, and 1:1 ratios had mean diameters of 261.9, 192.3, and
225.8 nm in DW, respectively, while the complex with a 1:0.8
ratio resulted in severe aggregation without measurable diam-
eter and zeta potential values (Fig. 1a). Although it is not clear
why aggregation was observed, a similar case was reported
previously (33). The complexes with 1:0.4 and 1:0.6 ratios had
negative surface charges according to zeta potential values
and the complex with 1:1 converted to a positive surface
charge. Thus, the amount of protamine in the pre-complex
should be restricted to maintain the negative surface charge
for the next step, which requires the addition of chitosan as a
cationic polymer. The pre-complex with a 1:0.6 weight ratio
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was selected for siRNA pre-complex formation because it
showed the smallest diameter and a negative surface charge.

The mixture of chitosan and TPP (85:15, w/w) was used
for complex formation with siRNA to complement the weak
binding affinity of chitosan with siRNA in neutral physiolog-
ical pH conditions (29). Several weight ratios of siRNA and
chitosan + TPP were tested, ranging from 1:2 to 1:12 (w/w)
corresponding to 3.5 to 21.1 of N/P (chitosan/siRNA) ratio
(Table I). All siRNA/chitosan/TPP complexes had positive
surface charges, reaching a plateau at a 1:8 ratio and showed
larger mean diameters with increased amounts of chitosan +
TPP (Fig. 1b). The complex of siRNA and chitosan + TPP
with a 1:8 ratio was considered to be the optimal combination
for efficient siRNA delivery because they had a high zeta
potential value and relatively small mean diameter.

Based on these results, the siRNA pre-complex with siRNA
and protamine (1:0.8, w/w) was subsequently complexed with
chitosan +TPP at the 1:8 ratio of siRNA and chitosan +TPP.
However, this resulted in a bulky complex with a mean
diameter >600 nm. To ameliorate this phenomenon, lecithin

was incorporated between the protamine pre-complex and
chitosan complex steps, since protamine has a nanocomplex-
stabilizing effect when it binds to the lipophilic moiety in a
phospholipid (27, 28). The optimal lecithin amount was de-
termined by comparing the mean diameters of the final
nanocomplexes in DW, as well as in cell culture media and
in 50% FBS. Lecithin was incorporated in ratios ranging from
1:5 to 1:15 (w/w) of siRNA and lecithin (Table II). The 1:10
ratio of siRNA and lecithin showed the smallest mean diam-
eter nanocomplex compared with the 1:5 and 1:15 ratios in
various media including serum conditions (Fig. 2). The mean
diameter of the 1:10 ratio was 189, 129, and 181 nm in DW,
culture media, and 50% FBS, respectively. However, that of
the 1:15 ratio was 312, 340, and 404 nm, respectively, while
that of the 1:5 ratio was >500 nm in DW and even larger in
culture media and 50% FBS due to the aggregation. There-
fore, we concluded that lecithin should be incorporated at no
less than 10-fold the weight of the siRNA to stabilize the
nanocomplex in culture media and 50% FBS. However,
lecithin at a ratio >1:15 induced reversible bulky or loosened
complexes that resulted in a slightly increased mean diameter.
Therefore, the nanocomplex with the 1:10 ratio of siRNA and
lecithin (GP-L-CT) was used as the final formulation and
compared with comparative example formulations
(Table III and Fig. 3) in further studies.

Before determination of the component compositions of
the nanocomplex, the proper chitosan for siRNA delivery had
been selected. Chitosan is a natural cationic polymer, which
exists in a variety of molecular weights (MWs), salt types and
deacetylation degrees. In our preliminary study, four chitosans
with MWs of 50–400 kDa and 83–95% deacetylation degrees
were tested (Table SI). The influences of chitosan MW and
deacetylation on complex formation with SVN siRNA were
investigated by gel retardation assay, as reported in the
literature (34). Based on this result, chitosan D (chitosan HCl
with aMWof 150–400 kDa and 95% deacetylation) exhibited
higher siRNA-binding capability (Fig. S2) and resulted in
lower SVN expression indicative of siRNA transfection effi-
ciency, compared to other chitosans (Fig. S3). Therefore,
chitosan D was selected and used for preparation of the
chitosan-based complexes in the experiments.

Characterization of siRNA-Loaded Hybrid
Nanocomplexes

The GP-L-CT nanocomplex (GP-L-CT) was prepared as
described in Fig. 3 and the composition presented in
Table III. The GP pre-complex (GP) was produced by mixing
siRNA and protamine and the GP-L complex (GP-L) was
produced by incorporating lecithin into GP. The final GP-
L-CT was prepared by coating chitosan and TPP onto GP-L
based on their electrostatic interaction. The morphology of
GP, GP-L, and GP-L-CT was observed by cryo-TEM at each
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Fig. 1 Mean diameter and zeta potential values of siRNA/protamine pre-
complexes and siRNA/chitosan/TPP complexes. (a) SVN siRNA/protamine
pre-complexes with various siRNA:protamine ratios. (b) SVN siRNA/chito-
san/TPP complexes with various siRNA:chitosan + TPP ratios. Chitosan +
TPP was prepared at a ratio of 85/15 (w/w, %). Each value represents the
mean ± SD (n=3).
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preparation step for the chitosan-based hybrid nanocomplex.
As shown in Fig. 3a, GP had a reticular texture with a loosely
disentangled particular shape. GP-L exhibited a partial retic-
ular structure but showed a fused shape with a spherical
liposome (Fig. 3b). In the case of GP-L-CT, the reticular
texture completely disappeared and an opaque spot, charac-
teristic of polymeric nanocomplexes, was presented (Fig. 3c).
The cryo-TEM images demonstrated that the formation of
tightly compacted nanocomplexes should be completed by
complexing with cationic substances, chitosan and TPP, al-
though the complexes could be stabilized by pre-complexing
with protamine or lecithin incorporation processes. Other
complex formulations were prepared for comparison with
GP, GP-L, and GP-L-CT (Table III). As comparative exam-
ples, a G-C complex (G-C) was prepared by mixing siRNA
and chitosan and a G-CT complex (G-CT) was made by
mixing siRNA, chitosan and TPP. GP-CT complex (GP-
CT) was produced using the same preparation method as
GP-L-CT without lecithin incorporation.

The mean diameter and zeta potential values of the devel-
oped nanocomplexes in DW were measured and stability of
the nanocomplexes was evaluated as the change in mean
diameter in cell culture media and 50% FBS (Fig. 4). The
mean diameters of GP, GP-L, and GP-L-CT in DW were
177, 133, and 189 nm, while those of G-C, G-CT, GP-CT as
comparative examples were 377, 371, and 604 nm, respec-
tively (Fig. 4a). Although FBS contained background signal of
around 25 nm mean diameter (data not shown), the size
measurement of nanocomplexes does not seem to be influ-
enced by those smaller nanoparticles. Zeta potential values of
GP and GP-L were negative due to the absence of the cationic

substances, chitosan and TPP. In contrast, zeta potential
values of GP-L-CT, G-C, G-CT, and GP-CT were positive
due to the inclusion of chitosan, which is necessary for inter-
action with the negatively charged cellular membrane. Leci-
thin incorporation reduced the positive charge, seen when
comparing the zeta potential value of GP-L-CT with that of
GP-CT, due to lecithin itself having a slight negative charge.
When the complexes were exposed to cell culture media and
50% FBS for 3 h, the complexes showed extremely different

Table I Composition of SVN siRNA/Protamine Pre-complexes and SVN siRNA/Chitosan/TPP Complexes

Components siRNA:protamine (w/w) siRNA:(chitosan + TPP) (w/w)

1:0.4 1:0.6 1:0.8 1:1 1:2 1:4 1:8 1:12

SVN siRNA 1 1 1 1 1 1 1 1

Protamine 0.4 0.6 0.8 1 - - - -

Chitosan + TPPa - - - - 2 4 8 12

a Chitosan + TPP was prepared at a ratio of 85/15 (w/w, %).

All values are presented as weight ratios.

Table II Composition of
Chitosan-Based Hybrid
Complexes with Lecithin
Incorporation

All values are presented as
weight ratios.

Components siRNA:lecithin (w/w)

1:5 1:10 1:15

SVN siRNA 1 1 1

Protamine 0.6 0.6 0.6

Lecithin 5 10 15

Chitosan 6.8 6.8 6.8

TPP 1.2 1.2 1.2
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Fig. 2 Mean diameter and zeta potential values of chitosan-based complexes
with various siRNA:lecithin ratios. (a) Mean diameters and zeta potentials of
chitosan-based complexes with lecithin incorporation in DW. (b) Mean
diameters of chitosan-based complexes with lecithin incorporation in culture
media and 50% FBS. Each value represents the mean ± SD (n=3).
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changes in mean diameters. The mean diameters of GP, GP-
L, and GP-L-CT were 25, 110, and 129 nm in culture media,
and 33, 94, and 181 nm in 50% FBS, respectively (Fig. 4b).
The mean diameters of G-C, G-CT, and GP-CT increased to
>1,400 nm in culture media, and >1,000 nm in 50% FBS.
Themean diameter of GP in culture media and 50% FBS was
20% smaller than that in DW and finally overlapped with the
background signal of FBS (<30 nm), possibly due to dissocia-
tion of the complex. GP-L and GP-L-CT had a stable mean
diameter, although it decreased slightly in culture media. In
contrast, the mean diameters of G-C, G-CT, and GP-CT,
which are conventional chitosan complexes that did not in-
clude protamine or lecithin, increased significantly with the
precipitation of large particles in culture media and 50% FBS.
GP-L-CT was more stable in the serum because of the for-
mation of the liposomal complex (35, 36) as well as the
reduction of the zeta potential (29.5 mV), compared to those
of G-C, G-CT, and GP-CT (74.9–77.1 mV). Because the
serum content in 50% FBS is similar to that in whole blood,

G-C, G-CT, and GP-CT can form the aggregation in vivo that
can result in the decrease of siRNA delivery efficiency and
peripheral vascular thrombosis via intravenous injection.

When the influences of compositions on complex forma-
tion with SVN siRNA were investigated by gel retardation
assay, GP-L-CT, G-C, G-CT, and GP-CT exhibited higher
binding capabilities compared to GP and GP-L (Fig. 4c). It
was supported by assay of non-loaded free siRNA using
HPLC, in which GP and GP-L showed 31.7±5.1 and 20.9
±2.9% of free siRNA, respectively, while other complexes
had no detectable amount of free siRNA. To prepare a
chitosan-based hybrid nanocomplex that can be systemically
administered, GP-L-CTwere evaluated with GP andGP-L as
intermediate steps of GP-L-CT in further studies, excluding
comparative examples such as G-C, G-CT, and GP-CT,
which are physically unstable under physiological conditions.

In Vitro Gene Silencing and Cellular Uptake

In vitro gene silencing efficiency of the developed complexes
was assessed by measuring SVN expression in PC-3 cells after
incubating with SVN siRNA or luciferase siRNA as control
for 48 h (Fig. 5). SVN expression rates were reduced to 7.0
and 21.9% by treatment with L2K and GP-L-CT containing
SVN siRNA, while those were 68.5 and 105.5% with L2K
and GP-L-CT containing luciferase siRNA, respectively.
Thus, the gene silencing efficiencies of L2K and GP-L-CT
were calculated as 89.8 and 79.2%, respectively. The high
efficiencies were also supported by the siRNA-binding capac-
ity of L2K and GP-L-CT exhibited in gel retardation assay
(Fig. S4). Although L2K treatment resulted in higher gene
silencing efficiency, its systemic application in vivo has been

Table III Compositions of SVN siRNA-Loaded Nanocomplexes and Com-
parative Examples

Components GP GP-L GP-L-CT G-C a G-CT a GP-CT a

SVN siRNA 1 1 1 1 1 1

Protamine 0.6 0.6 0.6 - - 0.6

Lecithin - 8 8 - - -

Chitosan - - 6.8 6.8 6.8 6.8

TPP - - 1.2 - 1.2 1.2

a G-C, G-CT, and GP-CTwere prepared as comparative examples of GP-L-
CT.

All values are presented as weight ratios.

GP pre-complex

GP-L complex

GP-L-CT complex

Protamine (P)

siRNA (G)

Lecithin (L)

Chitosan (C)

TPP (T)

a

b

c

Fig. 3 Morphology of
nanocomplex formulations
observed by cryo-transmission
electron microscopy (cryo-TEM)
and schematic illustration of GP-L-
CT hybrid nanocomplex
preparation. Images of (a) siRNA/
protamine pre-complex (GP), (b)
siRNA/protamine/lecithin complex
(GP-L), (c) siRNA/protamine/
lecithin/chitosan/TPP complex (GP-
L-CT) are presented. Scale bar=
20 nm.
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restricted generally due to toxicity, which was implied by the
decreased SVN expression rate in the control group (68.5%),
as well as its low efficacy in vivo compared to in vitro. In the
transfection study of conventional chitosan nanocomplexes,
the gene silencing efficiencies of G-C and G-CT were 73.9%
and 80.0%, respectively (Fig. 5), which means the efficiency of

GP-L-CT was not reduced in spite of the composition of
nanocomplex-stabilizing components, lecithin and protamine.
In Naked, GP, and GP-L complexes that do not have cationic
charges, SVN expression rates were not silenced at all, which
indicates that complexes lacking a cationic moiety (i.e., chitosan
and TPP) could not efficiently induce gene silencing. The
control groups for Naked, GP,GP-L, andGP-L-CT complexes
showed negligible cytotoxicity, which was supported by >90%
SVN expression. Consequently, GP-L-CT was the most effec-
tive nanocomplex which induced in vitro gene silencing efficien-
cy with SVN siRNA and did not decrease SVN expression rate
with control siRNA indicating its low cytotoxicity.

Cellular uptake efficiency of developed complexes in PC-3
cells was evaluated by flow cytometry using complexes that
included fluorescent siRNA (Fig. 6). The mean population per-
centages in P1 regions of L2K and GP-L-CT were 40.0 and
83.9%, respectively. A greater population shift into the P1 region
is observed when more fluorescent siRNA is delivered into the
cells through nanocomplexes. Themean population percentages
in P1 regions of Naked, GP, and GP-L were 2.0, 3.3, and 2.8%,
respectively, which indicates that the cells do not take up com-
plexes without a cationic charge. Mean florescence intensity in
Fig. 6 highly increased with GP-L-CT among the test groups,
indicative of increased cellular uptake efficiency, which was also
observed in dot plots by flow cytometry (Fig. S5). When the
fluorescence and optical microscope images of cells on the well
plate were taken after cellular uptake study, L2K and GP-L-CT
showed fluorescent cell images by cellular uptake, while the
Naked did not have fluorescence intensity (Fig. S6).

Based on a mean diameter <200 nm in serum and efficient
gene silencing and cellular uptake, GP-L-CT was considered to
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Fig. 4 Characterization of nanocomplex formulations by measurement of
diameter and zeta potential values of complexes using a light-scattering
spectrophotometer, gel retardation assay, and quantification of non-loaded
free siRNA. The siRNA/protamine/lecithin/chitosan/TPP hybrid complex (GP-
L-CT) was prepared through an intermediate step that included the siRNA/
protamine pre-complex (GP) and siRNA/protamine/lecithin complex (GP-L).
The siRNA/chitosan complex (G-C), siRNA/chitosan/TPP complex (G-CT),
and siRNA/protamine/chitosan/TPP complex (GP-CT) were prepared as
comparative examples of GP-L-CT. (a) Mean diameters and zeta potentials
of chitosan-based nanocomplexes in DW are presented. (b) Mean diameters
of chitosan-based nanocomplexes in culture media and 50% FBS are pre-
sented. (c) The gel retardation results by electrophoresis in 2.5% agarose gel
and the quantified ratios of non-loaded free siRNA from complexes are
presented. Each value represents the mean ± SD (n=3).
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be themost appropriate nanocomplex for the systemic delivery of
SVN siRNA for cancer therapy. Stability of the siRNA
nanocomplex in serum was ensured only in the hybrid
nanocomplex, GP-L-CT, by pre-complexing with protamine
(24–26) and incorporation of lecithin. Moreover, gene silencing
and cellular uptake efficiencies were highly induced by
complexing with chitosan and TPP (29), without interference of
stabilizing components, protamine and lecithin, used in interme-
diate steps of the hybid nanocomplex preparation. Therefore,
GP-L-CT was selected and evaluated as the final formulation in
in vivo studies.

In Vivo NIRF Imaging and Anti-Tumor Efficacy

Tumor targetability of Cy5.5-siRNA-loaded GP-L-CT was
investigated by in vivo NIRF imaging in a PC-3 tumor
xenograft mouse model. Fluorescence intensity in the tumor
region was scanned 2 and 5 h after intravenous injection,

according to the previous study (32). As shown in Fig. 7, fluo-
rescence intensity in the tumor region of Cy5.5-siRNA-loaded
GP-L-CT was the highest of the experimental groups. Fluores-
cence intensities of the naked Cy5.5-siRNA and Cy5.5-siRNA
loaded L2K were lower than that of GP-L-CT, suggesting that
naked siRNA and L2Kwere inappropriate for systemic admin-
istration due to their low stability and delivery effect in biolog-
ical fluids. Normal vasculature has a packed structure with a
pore size <10 nm, however, neovasculature in the tumor region
has an abnormally aligned endothelium with wide fenestrations
with a pore size of 100–700 nm and defective lymphatic
drainage (37). As a result, in vivo stabilized and circulating
nano-sized drug delivery systems can easily permeate and
accumulate in the tumor region. This phenomenon is known
as the enhanced permeability and retention (EPR) effect, which
explains the in vivo stability and tumor targetability of GP-L-
CT. The EPR effect observed in Cy5.5-siRNA loaded GP-L-
CT demonstrated that GP-L-CT was circulated in the

Fig. 6 In vitro cellular uptake
efficiency of the nanocomplexes in
PC-3 cells. Fluorescent siRNA was
loaded into various nanocomplex
formulations and fluorescence
intensity measured by flow
cytometry after incubating for 24 h.
Plots are presented of cell count and
fluorescence intensity from (a)
naked siRNA (Naked), (b) siRNA/
Lipofectamine 2000 (L2K), (c)
siRNA/protamine (GP), (d) siRNA/
protamine/lecithin (GP-L), and (e)
siRNA/protamine/lecithin/chitosan/
TPP (GP-L-CT).
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bloodstream and permeated into the tumor tissue as a nano-
sized drug delivery system after intravenous injections.

In vivo anti-tumor efficacy of GP-L-CT nanocomplexes was
tested in a PC-3 tumor xenograft mouse model by monitoring
tumor growth inhibition (Fig. 8). Luciferase siRNA was incor-
porated into GP-L-CT for the irrelevant siRNA group. In our

preliminary study, naked siRNA did not have any anti-tumor
efficacy in a PC-3 tumor-bearing mouse model (data not
shown). The mean tumor volumes of the PBS (control),
Luciferase siRNA GP-L-CT, and SVN siRNA GP-L-CT
treated groups were 615, 550, and 226 mm3 at day 14,
and 754, 742, and 277 mm3 at day 18, respectively.
The growth inhibition rate of GP-L-CT was calculated
to be 75.5% at day 18 compared to the control group.
It is particularly notable that the tumor volume of the
SVN siRNA GP-L-CT group was significantly smaller
than those of the control and Luciferase siRNA GP-L-
CT groups (P<0.05). This indicated that anti-tumor
efficacy was induced by in vivo systemic siRNA delivery
of the chitosan-based hybrid nanocomplex.

Based on its tumor targetability and anti-tumor efficacies,
GP-L-CT can circulate in the bloodstream and exhibit an
EPR effect with systemic administration, resulting in reduced
tumor growth in a tumor xenograft mouse model. Although
chitosan could be used as a cationic polymer for in vitro gene
transfection, it is difficult to verify its in vivo performance due to
its weakened binding affinity with nucleic acids and the ag-
gregation that was resulted from interaction with endogenous
components (17–19, 22). The significance of this study is that
it identified a method for systemic application of the GP-L-
CT formulation in cancer therapy and diagnosis, overcoming
difficulties with instability of conventional cationic nanoparti-
cles under physiological conditions using the hybrid
nanocomplex system. Although further investigation is needed
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Fig. 7 In vivo NIRF images of
siRNA-loaded nanocomplex
formulations in a PC-3 tumor-
xenograft mouse model. Cy5.5-
filtered and optical images of tumor
in (a) control, (b) naked Cy5.5-
siRNA, (c) Cy5.5-siRNA/
Lipofectamine 2000 (Cy5.5-siRNA
loaded L2K), (d) Cy5.5-siRNA/
protamine/lecithin/chitosan/TPP
complex (Cy5.5-siRNA loaded GP-
L-CT) groups 2 h (I) and 5 h (II)
post-intravenous injection.
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Fig. 8 In vivo anti-tumor efficacy of siRNA-loaded nanocomplex in a PC-3
tumor-xenograft mouse model. Tumor volume profiles of PBS (Control),
luciferase siRNA/protamine/lecithin/chitosan/TPP (Luciferase siRNA GP-L-
CT), SVN siRNA/protamine/lecithin/chitosan/TPP complex (SVN siRNA
GP-L-CT). Nanocomplexes were injected intravenously six times for 2 weeks.
*P<0.05 and **P<0.01 are established between Luciferase siRNA GP-L-
CTand SVN siRNA GP-L-CT. Data represent means ± SD (n≥3).
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to fully elucidate the specific mechanism and detailed in vivo
efficacy of the developed nanocomplex, its feasibility as a
nano-sized vehicle for systemic application of siRNA thera-
peutics was verified.

CONCLUSIONS

The low cytotoxicity, high biocompatibility, high muco-
adhesiveness, and high cell permeability of chitosan have made
it widely used for the delivery of nucleic acid therapeutics.
However, a reduction in its in vivo gene delivery efficiency must
be overcome. In this study, a pre-complex based on siRNA and
protamine was formed and lecithin, chitosan, and TPP were
added to develop a more stable and efficient hybrid
nanocomplex (GP-L-CT). GP-L-CT provided suitable physi-
cochemical properties with a positive zeta potential in DW and
mean diameter <200 nm in 50% FBS for intravenous injection
of siRNA, as well as superior in vitro cellular uptake and gene
silencing efficiencies. Furthermore, systemic administration of
GP-L-CT improved in vivo tumor targetability and anti-tumor
efficacy in a tumor xenograft mouse model compared to other
formulations. This novel chitosan-based hybrid nanocomplex
was successfully developed for the systemic delivery of SVN
siRNA, which could serve as an alternative to cationic poly-
meric nanoparticles that are unstable in serum.
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An injectable liquid crystal-forming system (LCFS) was prepared by using sorbitan monooleate (SMO) as a new
liquid crystal-formingmaterial for injections, and its potential use of clinically available sustained-release formu-
lation was evaluated. LCFS was prepared using SMO mixed with phosphatidyl choline and tocopherol acetate,
and contained 3.75mg of leuprolide acetate as a monthly dose in 90 μl in liquid form. The semi-solidmesophase
was formed from the liquid LCFS when it contacted water. The mesophase showed typical characteristics of the
liquid crystalline phase, which was classified as the hexagonal phase. The safety of the LCFS was studied by an
in vitro extraction colony assay and by examining the injection site in rats and white rabbits after an autopsy.
Both in vitro release test and in vivo pharmacokinetic and pharmacodynamic studies showed a sustained release
of leuprolide. When compared with a commercial depot formulation of leuprolide, the LCFS showed a similar
AUClast value and significantly reduced initial burstwith sufficient suppression of testosterone after subcutaneous
injections in rats and dogs. The LCFS can serve as a new type of sustained-release injection formulation for its
safety, ease of preparation, and sustained release properties.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Sustained-release (SR) injections are designed to release a drug
substance at a predetermined rate to maintain its effective plasma
concentration for a specific period of time for months. Leuprolide
(pGlu-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NHEt) is one of the most
successful drugs in SR depot injection formulation of poly(lactic-co-
glycolic acid) (PLGA) microspheres [1–4]. It is a potent luteinizing
hormone-releasing hormone (LHRH) analog that stimulates the release
of luteinizing hormones. Leuprolide has been used in treating prostate
cancer by saturating and down-regulating pituitary receptors, thereby
suppressing testosterone production. Though PLGA microspheres are
available for clinical application, they are difficult to prepare and are
known to decrease the stability of protein drugs [5–7]. Unfortunately,
alternative polymers with proven safety for injectable excipients have
not been reported yet in spite of many research efforts [8].

Recently, liquid crystal technology has emerged as a new, injectable
SR formulation for its sustained drug release properties. Although no
commercial product based on this technology has been developed, it
has gained increasing interest for drug delivery [9,10]. Lyotropic liquid
2 2 873 9177.
crystal systems composed of amphiphiles can be classified into lamellar
(La), hexagonal and cubic phases based on their assembly shape.
Among them, the reversed hexagonal phase (H2) and the reversed
cubic phase (Q2) have been extensively investigated for their ability to
control the release rate of numerous drug substances, from low-
molecular-weight chemicals to macromolecular drugs (proteins,
peptides and nucleic acids) [11]. Their structures consist of a linear
arrangement of alternating lipid bilayers and of aqueous channels
arranged in periodicminimal surface geometries. The reversedhexagonal
phase consists of an infinite rod-type water channel arranged in a two-
dimensional lattice and separated by lipid bilayers, and the reversed
cubic phase comprises a curved water channel and a bicontinuous
lipid bilayer that extends in three dimensions. The reversed hexagonal
and cubic mesophases are spontaneously formed from the liquid
crystal-forming system (LCFS) in an aqueous fluid. The formed tortuous
networks of aqueous nano-channels in the mesophases or mesophase
particles play important roles as passageways for the sustained release
of drugs from liquid crystals [9–12].

Various amphiphilic liquid crystal-forming materials (LCFMs), such
as glycerol monooleate (GMO), glycerol dioleate (GDO), glycerol oleyl
ether, oleyl glycerate, phytanyl glycerate and phytantriol, have been
reported [13–16]. The drug release patterns of different types of LCFMs
have been evaluated for the development of lyotropic liquid crystals as

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2014.04.034&domain=pdf
http://dx.doi.org/10.1016/j.jconrel.2014.04.034
mailto:ddkim@snu.ac.kr
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http://www.sciencedirect.com/science/journal/01683659
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controlled release dosage forms. The results show that the drug release
rate was reduced as the diameter of the aqueous channel, located inside
the liquid crystal, was decreased and the drug in the similar molecular
structure was more hydrophobic [17,18]. Aside from LCFMs, additives
that change the physical properties of liquid crystal have also been
investigated, such as fat materials including phospholipid, tocopherol,
tocopherol acetate and tri-acyl glycerol. A mixture of phospholipid
and GDO (45/55 to 55/45%, w/w) that formed the liquid crystalline
phase has been used for subcutaneous drug delivery [19]. Fat materials,
such as tocopherol, tocopherol acetate and tricaprylin, that are added to
LCFMs (up to 10 or 15%weight ratio), could help the fabrication of cubic
or hexagonal phase by increasing the curvature of the bicontinuous
layer inside the liquid crystal [20,21].

Although there were many results regarding in vitro drug release
tests of LCFSs, their in vivo pharmacokinetic study over one month
was not thoroughly investigated. Moreover, while many studies on
SR injections using LCFMs, such as GMO, GDO, oleyl glycerate or
phytantriol, have been conducted, no drug delivery systems based
on LCFM have been approved by the FDA. In this study, sorbitan
monooleate (SMO) (also known as Span 80) was used as a new LCFM
because it has been used as a pharmaceutical excipient with acceptable
daily intakes up to 25 mg/kg/day [22]. Unlike other LCFMs reported,
SMO is regarded as safe for injection formulations. To the best of our
knowledge, this study is the first case of applying SMO in SR (monthly)
injections based on liquid crystal technology which could replace the
PLGA depot systems. The non-polar tail structure of SMO is made up
of oleic acid, the same as the previously used LCFMs. But its polar head
group has a distinguished sorbitan structure, compared to the polyol
structures in other LCFMs, such as glycerol or glycerate (Fig. 1)
[13–16]. SMO has advantages in terms of safety and quality control
when it is applied in SR injections, because it is an injectable emulsifier
that has been used in various pharmaceutical formulations.

In this study, the LCFS composed of leuprolide acetate and SMOwas
assessed for its use as a SR injection formulation. The inner structure
and the drug release profiles of liquid crystal phases from the LCFS
were investigated. Also, the pharmacokinetic and pharmacodynamic
GMO

GDO

PT

SMO

OG

Fig. 1. Chemical structures of liquid crystal-forming materials, GMO: glyceryl monooleate;
GDO: glyceryl dioleate; OG: oleyl glycerate; PT: phytantriol and SMO: sorbitanmonooleate.
properties of leuprolide acetate from the developed LCFS were com-
pared to the commercial PLGA depot formulation.

2. Materials and methods

2.1. Materials

Leuprolide acetate and leuprolide-d5 acetate were obtained from
Teva (Petah-Tiqva, Israel) and Toronto Research Chemicals (Ontario,
Toronto, Canada), respectively. Testosterone and testosterone-d3 were
obtained from TLC PharmaChem (Ontario, Toronto, Canada) and BDG
Synthesis (Wellington, New Zealand), respectively. SMO, phosphatidyl
choline, tocopherol acetate, and Tween 80 were purchased from Seppic
(Puteaux, France), Lipoid GmBH (Ludwigshafen, Germany), DSM
Nutritional Products Limited (Sisseln, Switzerland), and Croda (Edison,
NJ, USA), respectively. Leuprolide acetate conforms to 97–103% of the
assay specification. SMO and phosphatidyl choline correspond to 65–
88% as oleic acid and N94% of the assay specification, respectively.
Na-heparin was obtained from JW Pharma(Seoul, Korea) and aprotinin
solution (30 TIU/5 mL) was purchased from Phoenix Pharmaceuticals
(Hanau, Germany). The mouse fibroblast (NIH 3T3) was obtained from
ATCC (Manassas, VA, USA). Giemsa stain solution 5% and fetal bovine
serum (FBS) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) and NOVA Biologics (Oceanside, CA, USA), respectively.
Penicillin, streptomycin, Eagle's minimum essential medium (EMEM)
and trypsin-ethylenediaminetetraacetic acid (EDTA) were purchased
fromGibco (Grand Island, NY, USA). All the other chemicals were of an-
alytical grade.

2.2. Preparation of LCFS and its formation test

The LCFS was prepared by adding and mixing a leuprolide solution
into the LCFS vehicle solution. The leuprolide solution was prepared
by dissolving 3.75 mg of leuprolide acetate in 5 μl of DMSO. The LCFS
vehicle solution was prepared by mixing SMO, phosphatidyl choline,
tocopherol acetate, Tween 80, and ethanol (33:45:10:2:10, w/w%).
SMO, phosphatidyl choline, and tocopherol acetate were used as core
components for the LCFS, and Tween 80 and ethanol were used to pre-
vent the separation of components which could make a homogenized
vehicle solution. The final LCFS was designed to contain 3.75 mg of
leuprolide acetate for onemonth dose in 90 μl. The viscosity of the liquid
form, being approximately 650 cPs, was suitable for injection. The com-
mercialized Leuplin DPS Injection® 3.75 mg (Takeda Pharmaceutical
Company Limited, Osaka, Japan) was used as a reference product.

To confirm the transition from the oil phase to the gel-like
mesophase after the LCFS came in contact with water, 100 μl of the
LCFS in the oil phase was added to 3 ml of phosphate buffered saline
(PBS, pH 7.4) at room temperature. The apparent appearance and the
half-dissected section of the mesophases were observed after water
on the surface of the formed liquid crystalline mesophases was
cautiously wiped off at 0.5, 6, 72, 168, 240 and 336 h after the loading.
The water content of the mesophases was measured by Karl Fischer
titration (758 KFD Titrino, Metrohm, Herisau, Switzerland).

2.3. Cryo-transmission electron microscopy (Cryo-TEM) and polarized
optical microscopy

Cryo-TEM (Tecnai G2 F20 Cryo-TEM, FEI Company, Hillsboro, OR,
USA) was used to observe the inner structure of the liquid crystal that
was formed with exposure to water [23–25]. For convenient observa-
tion of the liquid crystalline phase, 15 μl of the LCFS in the oil phase
was added to 3 ml of triple distilled water and dispersed using a probe
sonicator (CL-334, Qsonica, LLC, Newtown, CT, USA) to formmesophase
particles. The dispersed liquid crystalline phasewas placed on the holey
carbon-coated grid (QuantifoilMicro Tools GmbH, Jena, Germany) like a
water film and quickly frozen at−170 °C. The frozen grid was fixed in
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the cryo-holder and moved to the Cryo-TEM at −170 °C. The sample
was observed at the 80–200 kV dose.

Polarized optical microscopy (BA 300 Pol, Motic, British Columbia,
Canada) was also used to investigate the structure of the liquid crystal
phase [26–29]. LCFS (15 μl) was dropped and thinly spread on the
glass slide. The glass slide was placed in a petri dish that contained
10 ml of triple distilled water for 15 min to form the liquid crystalline
phase on the glass. The cover glass was placed slowly on the glass
slide so as not to form air bubbles, and then the cover glass was sealed
with silicone grease to prevent water evaporation at 25 °C. All the
photographs were taken under the condition of the cross-polarizer.

2.4. In vitro release test

The drug release test was evaluated in triplicate with the modified
method, based on the USP rotating-basket method [30]. The LCFS
containing 3.75 mg of leuprolide acetate was loaded in 3 ml of purified
water to form a liquid crystalline mesophase. The Hanson SR8 Plus
dissolution tester (Hanson Research Corp., Chatsworth, CA, USA) was
used as a basket dissolution apparatus (USP apparatus 1) for the release
test. When the basket was fully submerged in the release medium, the
liquid crystalline phase was placed in the basket. The vessel was filled
with 500 ml of the release medium, and the basket was rotated at
100 rpm at 37 °C. Aliquots of the medium (5 ml) were taken at 0, 1, 3,
6, 12, 18, 24, 48, 72, 120 and 168 h and an equivalent volume of the
medium was refilled. The medium that was taken at each time point
was filtered using a 0.22 μm syringe filter and analyzed quantitatively
by high performance liquid chromatography (HPLC). As for the release
medium, 20.95 ml triethylamine was dissolved in 1000 ml of water,
and then 85% phosphoric acid was added to it to adjust the pH to 7.0.
Finally, sodium azide (0.02%) and Tween 80 (0, 0.02, 0.2 and 2.0%,
w/v) were added to it.

The Waters Alliance 2695 HPLC system (Waters, Milford, MA, USA)
and the Spherisorb® C18 column (3 μm, 4.6 × 100mm,Waters, Milford,
MA, USA) were used for the analysis of the drug. The mobile phase was
prepared as a mixture of a pH 3.0 buffer, acetonitrile, and n-propyl
alcohol (80: 12: 8, volume ratio) and flowed through the column at
the rate of 1.0 ml/min and room temperature. For the pH 3.0 buffer,
20.95 ml triethylamine was dissolved in 1000 ml of water, and then
85% phosphoric acid was added to adjust its pH to 3.0. The samples
(20 μl each) were injected and detected by UV at a wavelength of
220 nm.

2.5. Animals

Male Sprague–Dawley (SD) rats (8 weeks old, about 300 g body
weight)were obtained fromOrient Bio, Inc. (Seongnam, Korea). Female
New Zealand white rabbits (approximately 2.5–3.5 kg) were acquired
from Roberto C. Hartelust (Tilburg, the Netherlands). Rats and rabbits
were acclimated for approximately 7 days before dosing. They had
free access to food and water. Male beagle dogs (5–6 months old,
about 10 kg body weight) were purchased from Beijing Marshall
Biotechnology (Beijing, China). Beagle dogs were acclimated for
approximately 14 days before dosing. They were fed approximately
300 g dog diet once daily and municipal water was supplied ad libitum.
All animals were cared for in accordance with OECD guideline for
the testing of chemicals (the standards of toxicity study for medicinal
products No. 2013–121).

2.6. Safety test

As the LCFS forms a gel-like mesophase in contact with water, an
extraction colony assay (colony-forming assay) was used to evaluate
the toxicity of the liquid crystalline phase in vitro. The extraction colony
assay can be used to test the toxicity of solid materials inserted into the
human body, such as polymers, dental materials and implant devices
[31,32]. Leuplin DPS Injection® 3.75mg (reference) and LCFS containing
3.75 mg of leuprolide acetate were added to each 2 ml of EMEM with
10% FBS, respectively, and incubated at 37 °C for 24 h. After centrifuga-
tion, the supernatantwas taken for amediumextractwhichwas diluted
serially using EMEMwith 10% FBS to achieve the final concentrations of
25, 50, 75 and 100%. NIH 3T3 (mouse fibroblast) cells were seeded in 6
wells at a density of 1 × 102 per well, and 2 ml of 10% EMEM with 10%
FBSwas added to thewell and incubated at 37 °C in a 5% CO2 incubator.
After 24 h incubation, the medium was exchanged with 2 ml of the
serially diluted medium extract or the medium without the medium
extract for control, and the cells were cultured for 7 days at 37 °C in
the 5% CO2 incubator. The cells were fixed with a 10% formalin solution
for 5 min, and the cell colonies attached to the well plate were stained
with a 5% Giemsa stain solution. The number of stained colonies in
each well was counted, and the relative colony-forming capacity was
calculated as the ratio of the number of colonies in the sample to that
in the control. The cytotoxicity of the reference and LCFSwere evaluated
using the half-maximal inhibitory concentration (IC50) of the relative
colony-forming capacity compared to that of the reference. The IC50

(%) values were calculated from dose–response curves.
The in vivo safety of LCFS was investigated in rats and rabbits. An oil

free syringe was filled with LCFS without air bubbles. After the hair on
the back of the rats and rabbits was shaven, the injection site was ster-
ilized with 70% (v/v) ethanol, and then LCFS containing 3.75 mg of
leuprolide acetate was injected. The rats and rabbits were sacrificed 7,
14 and 28 days from the injection date, and the injection sites were
dissected to observe the appearance of the formed liquid crystalline
phase and the surrounding tissues.

2.7. Pharmacokinetic and pharmacodynamic studies

Leuplin DPS Injection® 3.75 mg (reference) and LCFS containing
3.75 mg of leuprolide acetate were subcutaneously injected into the
back of the rats and beagle dogs (five animals per group). For pharma-
cokinetic study, blood samples of the rats were collected from the tail
vein at 0, 0.5, 1, 3 and 6 h, and 1, 3, 5, 7, 10, 14, 21 and 28 days, while
blood samples of the beagle dogs were collected from the cephalic
vein at 0, 1, 3, 6 and 12 h and 1, 2, 3, 5, 7, 10, 14, 21 and 28 days after
the injection. For pharmacodynamic study, reference and LCFS were
injected into beagle dogs additionally in the same manner 28 days
after the first injection after which blood samples were collected at 35,
42, 49, and 56 days. Each blood sample of the rats (0.75 ml) or beagle
dogs (2 ml) were mixed with Na-heparin, resulting in about 15 IU/ml
of Na-heparin in blood and centrifuged at 4 °C and 4000 rpm for
20 min. The centrifuged 100 μl of plasma sample was mixed with a
10 μl of aprotinin solution (30 TIU/5 ml) and stored at −80 °C before
analysis. The concentration of leuprolide was analyzed for pharmacoki-
netic evaluation using plasma samples of the rats and beagle dogs, and
the concentration of testosterone was analyzed for pharmacodynamic
evaluation using plasma samples of the beagle dogs.

For the analysis of leuprolide, a stock solution of leuprolide acetate
(20.0 μg/ml in 50% methanol) was prepared. A working standard solu-
tion was prepared by diluting a stock solution to 10.0, 8.0, 2.5, 1.0,
0.25, 0.1, 0.05, 0.025 and 0.005 μg/ml with 50% methanol. An internal
standard solution was prepared by dissolving leuprolide-d5 acetate to
20.0 μg/ml with 50% methanol and diluting it to 0.025 μg/ml with 50%
methanol. Sequentially, a series of calibration standards was prepared
by diluting 10 μl of a working standard solution with 0.99ml of plasma.
The final concentrations of the calibration standards were 100, 80.0,
25.0, 10.0, 2.5, 1.0, 0.5, 0.25 and 0.05 ng/ml. Each calibration standard
(100 μl) was mixed with aprotinin solution (10 μl). Then, the plasma
samples (50 μl) and the calibration standards were mixed with
the internal standard solution (10 μl) and centrifuged for 1 min at
13,000 rpm after vortexing for 1 min. After the organic layer was sepa-
rated, acetonitrile (150 μl) was put in each sample and standard, and
centrifuged for 3 min after vortexing for 1 min. Each supernatant
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separated (150 μl) was put in a 96-well round plate, and 350 μl of 0.05%
(v/v) acetic acid was added onto the plate. The 96-well round plate was
centrifuged for 1min at 4000 rpm at room temperature aftermixing for
3 min. The prepared samples (20 μl) were injected into an ultra perfor-
mance liquid chromatography–tandem-mass spectrometry (UPLC–MS/
MS) system. TheUPLC–MS/MS system consisted of theWaters ACQUITY
UPLC System (Waters, Milford, MA, USA) and the Waters XEVO TQ-S
(Waters, Milford, MA, USA). Chromatographic separation was achieved
on an ACQUITY UPLC® BEH C18 column (100 × 2.1mm, 1.7 μm,Waters,
Milford, MA, USA) with a column temperature of 35 °C. The mobile
phase consisted of 0.05% acetic acid in water (MP-A) and 0.05% acetic
acid in acetonitrile (MP-B), and the flow rate was 0.4 ml/min. The
gradient elution programs of the mobile phases were as follows: 75%
MP-A; 25% MP-B, 0–0.4 min; 75–60% MP-A; 25–40% MP-B, 0.4–
2.0 min; 60–10% MP-A; 40–90% MP-B, 2.0–2.01 min; 10% MP-A; 90%
MP-B, 2.01–2.5 min; 10–75% MP-A; 90–25% MP-B, 2.5–2.51 min; and
75% MP-A; 25% MP-B, 2.51–3.0 min. The UPLC–MS/MS system was
interfaced with an electrospray ionization (ESI) probe. The ion source
and desolvation temperatures were set at 150 °C and 500 °C, respective-
ly. The flow rates of the cone gas and the desolvation gas were kept at
150 l/h and 800 l/h, respectively. The voltages were set at 30 V for the
entrance potential, and at 16 V for the collision energy. The ions for
selective monitoring were chosen via positive scanning from 100 to
800 m/z; and for the quantification, the product ions were monitored.
The protonated molecule ions of leuprolide were monitored at
605.53 m/z [M + H]+ for the precursor ions and at 299.34 m/z
[M + H]+ for the product ions. The protonated molecule ions of
leuprolide-d5 were monitored at 608.02 m/z [M+ H]+ for the precur-
sor ions and at 304.34 m/z [M + H]+ for the product ions. Using the
above UPLC–MS/MS analysis method, good linearity in a calibration
curve was obtained at the concentration range of 0.05–100 ng/ml for
leuprolide in the rat and dog plasmas, as demonstrated by the high cor-
relation coefficient (R2) value of above 0.99 (Fig. S1). The developed
assay exhibited acceptable precision and accuracy, and 0.05 ng/ml of
lower limit of quantification (LLOQ) in both rat and dog plasma.

For the analysis of testosterone, a stock solution of testosterone
(50.0 μg/ml in 50% methanol) was prepared. A calibration standard
was prepared by diluting a stock solution to 10.00, 5.00, 2.00, 0.50,
0.20, 0.10, 0.05 and 0.02 ng/ml with plasma. An internal standard
solution was prepared by dissolving testosterone-d3 to 0.02 μg/ml
with 50% methanol. Then, each calibration standard (200 μl) was
mixed with the internal standard solution (10 μl) and centrifuged for
1 min at 13,000 rpm after vortexing for 1 min. The mixed solvent
(1.0 ml) of n-hexane and ethyl acetate (60:40, v/v) was put in each
sample and standard, and centrifuged for 3 min at 13,000 rpm at
room temperature after vortexing for 10 min. After separating into
aqueous and organic phases, the aqueous layer (lower layer)was frozen
at −60– -80 °C for 30 min. The organic layer (upper layer) was put in
1.5 ml polypropylene tube and then evaporated completely in a centrif-
ugal vacuum concentrator for 30 min. Each residue in the tube was
dissolved with 0.2 ml of 85% (v/v) methanol and centrifuged for 1 min
at 13,000 rpm at room temperature after vortexing for 10 min. After
0.3 ml of 0.05% (v/v) acetic acid was put in the tube and vortexed for
1 min, the centrifugation was carried out for 1 min at 13,000 rpm at
room temperature. All supernatants were put in a 96-well round
plate. The prepared samples (50 μl) were injected into the UPLC–MS/
MS system. Chromatographic separation was achieved on an ACQUITY
UPLC® BEH C18 column (50 × 2.1 mm, 1.7 μm, Waters, Milford, MA,
USA). The mobile phase consisted of 0.05% acetic acid in water (MP-A)
and 0.05% acetic acid in acetonitrile (MP-B), and the flow rate was
0.4 ml/min. The gradient elution programs of the mobile phases were
as follows: 65% MP-A; 35% MP-B, 0–0.2 min; 65–10% MP-A; 35–90%
MP-B, 0.2–1.5 min; 10% MP-A; 90% MP-B, 1.5–2.0 min; 10%–65%
MP-A; 90%–35% MP-B, 2.0–2.1 min and 65% MP-A; 35% MP-B, 2.1–
2.5 min. The UPLC–MS/MS system was interfaced with an ESI probe.
The ion source and desolvation temperatures were set at 150 °C and
600 °C, respectively. The flow rates of the cone gas and the desolvation
gas were kept at 150 l/h and 1000 l/h, respectively. The voltages were
set at 34–36V for the entrance potential, and at 20–21V for the collision
energy. The protonated molecule ions of testosterone were monitored
at 289.39 m/z [M + H]+ for the precursor ions and at 97.13 m/z
[M + H]+ for the product ions. The protonated molecule ions of
testosterone-16,16,17-d3 were monitored at 292.42 m/z [M + H]+ for
the precursor ions and at 97.15 m/z [M + H]+ for the product ions.
Using the above UPLC-MS/MS analysis method, good linearity in a
calibration curve was obtained at the concentration range of 0.02–
10.00 ng/ml in dog plasmas, as demonstrated by the high correlation co-
efficient (R2) value of above 0.99 (Fig. S1). The developed assay exhibit-
ed acceptable precision and accuracy, and 0.02 ng/ml of LLOQ in dog
plasma.

2.8. Pharmacokinetic and statistical analysis

The maximum plasma concentration (Cmax) of leuprolide and the
time to reach the maximum concentration (Tmax) were determined as
the mean value directly from the data. Non-compartmental pharmaco-
kinetic analysis was performed on the plasma concentration versus time
curves using commercially available pharmacokinetic software. The
area under the plasma concentration time curve from time zero to the
last measurable concentration (AUClast), the area under the curve from
time zero to infinity (AUCinf), and terminal half-life of the drug (T1/2)
were calculated by WinNonlin 5.3 (Pharsight Corporation, Mountain
View, CA, USA). Statistical analysis was carried out using paired t-tests
between pharmacokinetic parameters of reference and LCFS.

3. Results and discussion

3.1. Liquid crystal formation test

A LCFS based on SMO, phosphatidyl choline, and tocopherol acetate
was developed for the subcutaneous delivery of leuprolide acetate. The
LCFS was transformed into a gel-like mesophase by forming a lyotropic
liquid crystal in 5 min after the LCFS containing SMO came in contact
with PBS. As soon as the LCFS was injected into the water, it lost the
flow property of a liquid and changed into a spherical semi-solid form
to minimize the contact surface with water, exhibiting a semi-
transparent and light yellow appearance (Fig. 2).

The formed gel-like mesophase was kept in PBS and observed up to
336 h. The internal part of themesophasewas not fully developed into a
semi-solid form at 0.5 h and was squashed when dissected. The semi-
solid state was reached, including the surface and internal part, at 6 h
and maintained until the end of the observation period of 14 days.
Water content continuously increased up to 21.4% at 240 h, but
remained constant after that. About 21% of water content in the liquid
crystalline phase is probably the maximum content that could be
involved in the formation of a water channel inside the liquid crystal
(Fig. 3).

The similar phenomenon of gel formation can be observed in a
microemulsion preparation. Microemulsion gel in a temporal phase
(between w/o and o/w) has similar characteristics to the liquid crystal.
Though the microemulsion gel formed temporarily loses its semi-solid
property by transformation into the liquid form of o/w microemulsion
in the presence of excessive water, liquid crystal keeps its semi-solid
mesophase for at least 14 days in spite of its continuous exposure to
excessive amounts of water. SMO has been used for microemulsion
gel formation as a minor component with large amount of oil and
surfactants [33,34]. However, the LCFS in this study was prepared
with SMO and phosphatidyl choline as core components providing the
curvature in liquid crystals without oil or additional surfactants. The
liquid crystalmesophases have shown that the longer half-life is achiev-
able compared to microemulsion gels [34] as sustained release is
maintained for several days to even several months. Formation of a
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Fig. 2. Schematic illustration of liquid crystal formation in water after subcutaneous injection. Images of LCFS containing leuprolide acetate before injection (A) and liquid crystalline
mesophase formed in PBS (pH 7.4) after injection (B) are shown.

66 M.-H. Ki et al. / Journal of Controlled Release 185 (2014) 62–70
liquid crystal using SMOwas also confirmed in the following analysis of
the inner structure, using Cryo-TEM and polarized optical microscopy.

3.2. Cryo-TEM and polarized optical microscopy

The crystallographic structures of the mesophases and the
mesophase particles were determined via Cryo-TEM. The crystalline
phase formed by SMOwas observed to have mesophases with an inter-
nal curved longitudinal axis andmesophase particleswith hexosome- or
cubosome-like particles (Fig. 4). Fig. 4A and B show the striation texture
in which the curved longitudinal axis has only one direction or many
duplicated directions,while Fig. 4C andD show themesophase particles
with hexagonal or cubosomal symmetry. According to the shape and
morphology of mesophase particles in previous literature, lamellar
phases, including micelles, emulsions and liposomes, which have sepa-
rated internal and external layers, exhibit a vesicle structure with a
transparent or non-transparent inner single space in the particles
[23,24]. However, the non-lamellar phases like liquid crystals, which
have no separation between internal and external layers, show a lattice
structure that is filled with many nano-sized units in the particles
[23–25]. Results of this study confirmed that the structure of the
mesophase particles from the LCFS was of the non-lamellar-phase
Fig. 3.Morphologies and water contents of liquid crystalline mesophases after incubation
in PBS (pH 7.4). (A) Mesophases were formed after injections into PBS (pH 7.4).
(B) Mesophases were cut in half after their formation. Water content was measured by
Karl Fischer titration. Data are presented as mean ± SD (n = 3).
type, which is known to be the major characteristic of liquid crystalline
phase. The liquid crystalline phase can also be classified into the hexag-
onal phase and the cubic phase depending on the morphology. The
hexagonal phase shows faceted particles, many of which exhibit curved
striations, whereas others have textures with hexagonal symmetry.
The cubic phase shows cubic symmetry accompanied by a vesicle or
a vesicle-like structure on the contacting surface with water. The
Cryo-TEM results confirmed that the liquid crystalline phase from the
LCFS has characteristics that are similar to those of the hexagonal
phase, since the phase mainly exhibited curved striations or hexagonal
symmetries.

Since it is difficult to simply distinguish the hexagonal phase from
the cubic phase based on themicrographmorphology, polarized optical
microscopy was also performed. The result indicated that the liquid
crystalline phase had an angular or anisotropic texture, based on the
observation sites (Fig. 5). The optical texture in polarized opticalmicros-
copy can be used to distinguish the hexagonal phase from the cubic
phase. In particular, an angular texture in Fig. 5A was the morphology
mostly observed in the hexagonal liquid crystalline phase [26–28], as
well as the anisotropic texture in Fig. 5B observed in the hexagonal
phase [28,29]. All of the results from the Cryo-TEM and polarized optical
microscopy revealed that themesophase andmesophase particles from
the LCFS with SMO exhibited typical characteristics of the liquid
A B

100 nm100 nm

50 nm 50 nm

C D

Fig. 4. Cryo-TEMmicrographs of inner structure of mesophases and dispersedmesophase
particles formed from LCFS. (A) and (B) Mesophases show striation texture in the mass.
(C) and (D)Mesophase particles exhibit cubic or hexagonal symmetry inside the particles.
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Fig. 5. Polarized optical microscope images of mesophases formed from LCFS. Optical im-
ageswith (A) angular and (B) anisotropic textures. All images were taken at 100×magni-
fication and the scale bar is 100 μm.
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crystalline phase, which were classified into the hexagonal phase in
terms of their structure.

3.3. In vitro release test

Drug release tests from the liquid crystal have been conducted by
placing the formulation in a dialysis bag or a cuvette, wherein one or
multiple planes of the liquid crystalline mesophases or particles were
exposed to a release medium [17–19]. In this study, the liquid crystal
mesophases containing 3.75 mg of leuprolide acetate were exposed to
500 ml of the release medium without using a cuvette or a dialysis
bag surrounding the mesophase, for the simulation of subcutaneous
conditions and easy observation of mesophases. As shown in Fig. 6,
the release rate of leuprolide from the liquid crystalline phasewas faster
in the release medium with higher content of Tween 80. There seemed
to be no initial burst in all drug release profiles. In the release medium
without Tween 80, the released amount of drug was less than 5% at
168 h. The medium containing 0.02, 0.2 and 2.0% of Tween 80 showed
40.9, 71.2 and 94.3% of the released amounts at 168 h, respectively. In
the test with the medium containing 2.0% of Tween 80, the steady
state was already accomplished at 72 h with 87.5% of the released
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Fig. 6. In vitro release of leuprolide from LCFS in pH 7.0 buffer solutions containing 0, 0.02,
0.2, and 2.0% (w/v) of Tween 80 at 37 °C. Images of liquid crystal mesophases in the bas-
kets showed their shapes due to erosion. The images of liquid crystal mesophases at the
initial state (A) and after completion of release test in the buffer solutions containing 0%
(B-1), 0.02% (B-2), 0.2% (B-3), and 2.0% (B-4) of Tween 80 are shown. Data are
presented as mean ± SD (n = 3).
amount. A higher degree of erosion in the mass of the mesophase was
observed in the medium with higher contents of Tween 80 during the
test. Upon completion of the release test, over 80% of themass remained
in themediumwith 0 and 0.02% of Tween 80, and about 40% and 10% of
the mass remained in the medium with 0.2% and 2.0% of Tween 80,
respectively. The release of leuprolide from the liquid crystalline phase
was considered to be related to both the diffusion of the drug from the
mass and the direct erosion of the mass (Fig. 6). In the condition of all
drug release tests of this study, the solubility did not interfere with the
release rate under the sink condition, because the solubility of
leuprolide was known to be over 400 mg/ml in water at 25 °C [35].

Considering the results of the pharmacokinetic study presented
below, the in vitro release condition, whichmimics the in vivo condition
of the SR injection for onemonth,was observed in themedium contain-
ing 0 and 0.02% of Tween 80. In this in vitro condition, it was assumed
that the complete dissolutionwould be available in amonth and similar
velocity with the in vivo condition would be observed in the diffusion of
the drug and the erosion of the mass. However, considering the drug
stability of peptides and the practical test period for quality control,
themediumcontaining between 0.2% and 2.0% of Tween 80 could be se-
lected as a more appropriatemedium for the test completion in a week.
Although itmay cause faster erosion of themass compared to the in vivo
condition, themediumwith 0.2 to 2.0% of Tween 80 could be proper for
the prompt evaluation of the reproducibility of controlled release.

3.4. Safety test

The extraction colony assay was conducted to evaluate the toxicity
of the LCFS in vitro. The serially diluted medium extracts (25, 50, 75
and 100%) of reference were 96.3, 107.2, 78.3 and 48.0% of the relative
colony-forming capacities, and IC50 of about 98.5% was obtained. For
the LCFS, all of the medium extracts (25, 50, 75 and 100%) showed
more than 100% of the relative colony-forming capacities resulting in
IC50 of more than 100% (Fig. 7). The extraction colony assay can be
used to evaluate the toxicity of solid materials in contact with the
body or extracted materials from natural resources. The calculated IC50
from the assay was related to the cytotoxic effect on cell proliferation
and differentiation [31,32]. IC50 of the LCFS is higher than that of the
reference, and it means that the LCFS has less inhibitory effect on the
proliferation and differentiation than the reference. Considering the
Diluted medium extracts (%)
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Fig. 7. Relative colony forming capacities of NIH 3T3 cells cultured with the medium
extracts of reference and LCFS. For reference, Leuplin DPS Injection® 3.75 mg was
extracted in EMEM with 10% FBS. For LCFS, it was extracted in EMEM with 10% FBS.
*P b 0.05 is established between reference and LCFS. Data are presented as mean ± SD
(n = 3).
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Fig. 9. Plasma concentrations of leuprolide after subcutaneous injections of reference and
LCFS in rats. Data are presented as mean ± SD (n = 5).
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low cytotoxicity of the commercially available PLGA depot injections,
the LCFS can be regarded as a safe and proper SR injection in terms of
cytotoxicity.

To assess in vivo safety of the LCFS against local tissue, a monthly
dose of the LCFS was subcutaneously injected into the back of rats and
rabbits. The appearance of the liquid crystal formed in the subcutaneous
region and its injection site was observed after an autopsy. The liquid
crystal phase in the subcutaneous region was a light yellow semi-
transparent gel-like mesophase, similar to what was observed in vitro.
A slightly flat mass, less than 1 cm in diameter, was observed in the
in vivo state because it was located between the tissue and the skin
(Fig. 8). Nothing unusual was found at the injection site and the sur-
rounding tissue in all the animals at 7, 14 and 28 days after the injection
when observed with the naked eye. There was also no significant
pathological change, such as in the thickness of the tissue, an exudate,
an inflammation of the tissue or an adhesion between the tissue and
the liquid crystal mass during the test period.

The remaining amounts of the mesophases 28 days after injection
were approximately 70% of the initial amounts observed by the naked
eye. Considering that about 30% erosion of the mesophases took place
in amonth, itwould takemore than 3 months for the in vivomesophases
to be completely disintegrated, which would be similar to the 4 month
erosion time of the commercially available PLGA depot injection [36].

3.5. Pharmacokinetic & pharmacodynamic studies

When the reference and the LCFS, containing 3.75 mg of leuprolide
acetate as a monthly dose, were subcutaneously injected into the rat
(at a dose of 12.5 mg/kg), similar plasma concentration profiles were
observed except for the Cmax values. Tmax values of both groups were
observed within 1 h and the difference of the plasma concentrations
of the reference and LCFS was reduced after the Tmax point. A similar
pattern of plasma concentration profiles was observed from 6 h and a
steady state of plasma concentration was achieved from 7 days in
both groups. From 7 to 28 days, the reference and the LCFS maintained
1.7–5.7 and 2.7–3.6 ng/ml of plasma concentration, respectively (Fig. 9).
The Cmax values of the reference and LCFSwere 155.7±28.5 and 80.7±
13.6 ng/ml, respectively. The Cmax value of the LCFS was about half that
of the reference. The AUClast values of the reference and LCFS for 28 days
were 3358 ± 649 and 3233 ± 297 h.ng/ml, while the T1/2 values of the
reference and LCFS were 153.2 ± 20.7 and 168.2± 27.4 h, respectively.
A paired t-test indicated that only the Cmax value among pharmacoki-
netic parameters of the LCFS was significantly different from that of
the reference (Table 1).
A-1 A-2 B-1 B-2

Fig. 8. Morphologies of liquid crystal mesophases and subcutaneous tissues around the
mesophases after 7, 14, and 28 days of subcutaneous injections of LCFS into the back of
rats and rabbits. (A-1) and (B-1) Mesophases separated from subcutaneous tissues in
rats and rabbits. (A-2) and (B-2) Subcutaneous tissues around the mesophases in rats
and rabbits.
When the reference and the LCFS, containing 3.75 mg of leuprolide
acetate as amonthly dose, were subcutaneously injected into the beagle
dog (at a dose of 0.375 mg/kg), similar plasma concentration profiles of
leuprolide were observed except for the Cmax value, as shown in the
data of rats. Tmax values of both groups were within 3 h and the differ-
ence in the plasma concentrations of the reference and LCFS was
reduced after the Tmax point. A similar pattern of plasma concentration
profiles was observed from 1 day and a steady state of plasma concen-
tration was achieved from 7 days in both groups. From 7 to 28 days,
the reference and LCFSmaintained 0.4–1.2 and 0.3–0.8 ng/ml of plasma
concentration, respectively (Fig. 10A). Cmax values of the reference and
LCFS were 29.8 ± 21.5 and 12.7 ± 4.2 ng/ml, respectively. The Cmax

value of the LCFS was significantly lower than the reference. AUClast

values of the reference and LCFS for 28 days were 580.1 ± 370.1 and
538.5 ± 221.3 h.ng/ml, and T1/2 values of the reference and LCFS were
185.8 ± 29.8 and 161.1 ± 31.6 h, respectively. A paired t-test showed
that only the Cmax value among pharmacokinetic parameters of the
LCFS was significantly different from the reference (Table 2).

The LCFS showed significantly lower Cmax values than the reference,
as shown in the pharmacokinetic studies in rats and beagle dogs. The
difference in Cmax values was considered to be caused by the initial
burst in drug release due to the characteristics of each formulation.
Since a reference formulation is based on solid PLGA microparticles,
the drug located on the surface or the external layer of the particles
can be easily exposed to body fluids right after the injection, eventually
causing an initial burst that induces higher Cmax values. However, as the
LCFS is a liquid formulation and can be transformed into the liquid crys-
talline mesophases bearing dissolved drug after injection, the drug is
relatively unexposed to body fluids. Despite the significantly different
Cmax values, the plasma concentrations of the reference and LCFS went
down quickly beyond Tmax, which resulted in a similar steady state of
plasma concentrations and AUClast values. AUCinf values extrapolated
to time infinity were not significantly different either. The terminal
half-life values of leuprolide in intravenous solutions were different
according to the animals, showing 0.67 and 1.19 h in rats and dogs,
respectively [39]. T1/2 values of the reference and LCFS showed a
prolonged terminal half-life up to 153.2–185.8 h regardless of experi-
mental animals, because the half-life in the SR injection was mainly
determined by the sustained release rate of a drug from the subcutane-
ous or intramuscular depot form instead of the drugmetabolism rate of
an experimental animal. The reference showed a slight increase in
plasma concentration around 14 days in rats and dogs due to the char-
acteristics of PLGA formulations [39,40], but the maintenance of the
steady state was not influenced. The LCFS exhibited a plasma



Table 2
Pharmacokinetic parameters of leuprolide after subcutaneous injections of reference and
LCFS in dogs.

Reference LCFS

Dose (mg/kg) 0.375 0.375
Cmax (ng/ml) 29.8 ± 21.5 12.7 ± 4.2a

Tmax (h) 1.4 ± 0.9 2.2 ± 1.1
AUClast (h·ng/ml) 580.1 ± 370.1 538.5 ± 221.3
AUCinf (h·ng/ml) 673.8 ± 393.7 598.1 ± 237.8
T1/2 (h) 185.8 ± 29.8 161.1 ± 31.6

Data are presented as mean ± SD (n = 5).
a P b 0.05 is established between reference and LCFS.
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Fig. 10. Plasma concentrations of leuprolide (A) and testosterone (B) after subcutaneous
injections of reference and LCFS in dogs. Data are presented as mean ± SD (n = 5).
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concentration with a slowly decreasing pattern without a significant
change from 7 to 28 days. Although their profiles after 7 days were
slightly different due to the characteristics of each formulation, the
steady state of plasma concentration in both groups was well
maintained.

According to previous pharmacokinetic and pharmacodynamic
studies, the serum level of leuprolide and testosterone was analyzed
using radioimmunoassay (RIA) after injection of PLGA depot formula-
tions. The serum level determined by RIA was not different from the
plasma concentration in this study by UPLC-MS/MS. With the PLGA
depot formulation, Okada et al. reported 27.8 ng/ml serum level of
leuprolide was measured at 24 h in rats after injection of 14 mg/kg of
leuprolide acetate in the once-a-month PLGA depot formulations [39].
Table 1
Pharmacokinetic parameters of leuprolide after subcutaneous injections of reference and
LCFS in rats.

Reference LCFS

Dose (mg/kg) 12.5 12.5
Cmax (ng/ml) 155.7 ± 28.5 80.7 ± 13.6a

Tmax (h) 1.0 ± 0.0 1.0 ± 0.0
AUClast (h·ng/ml) 3,358 ± 649 3,233 ± 297
AUCinf (h·ng/ml) 3,736 ± 779 4,068 ± 580
T1/2 (h) 153.2 ± 20.7 168.2 ± 27.4

Data are presented as mean ± SD (n = 5).
a P b 0.01 is established between reference and LCFS.
Also, they reported 0.5–1 ng/ml serum level of leuprolide at 2 weeks
after the injection of leuprolide acetate (100 μg/kg/day; at a monthly
dose of 3 mg/kg) into rats, and 0.5–1.5 ng/ml serum level of leuprolide
and suppressed serum level of testosterone below 0.5 ng/ml at 2 weeks
after the injection of the drug (25.6 μg/kg/day; at a monthly dose of
0.786 mg/kg) to dogs [37]. The plasma concentrations of leuprolide
and testosterone in this study were similar to the serum levels in previ-
ous studies. Although the Cmax value of the LCFS groupwas significantly
different from that of the reference, the plasma concentration profile of
testosterone in dogs as a pharmacodynamic marker was similar in both
formulations. Compared to previous reports [37,38], a similar pharma-
codynamic response, flare up and complete suppression of testosterone,
was observed over the 56 day period (Fig. 10B).

The LCFS provided a significantly reduced initial burst due to its
formulation characteristics and the lowered Cmax values did not change
the therapeutic effect. The Cmax values of the one-month and three-
month depot injections based on PLGA depot formulations of leuprolide
were observed to be 10.7 and 20.8 ng/ml in clinical practice [40].
Although the Cmax values of these two formulations were significantly
different, they showed the same flare-up and complete down-
regulation of testosterone to the castration range (≤0.5 ng/ml for
testosterone) [40,41]. Moreover, Viadur®, a leuprolide implant, was
shown to have the same therapeutic effect as the depot injection even
if it reached a steady state of plasma concentration without Cmax

peaks generally observed in PLGA depot injections [42]. Accordingly,
the lower Cmax values in the SR injections of leuprolide probably did
not affect or change the efficacy of the drug. Rather the maintenance
of plasma concentration after the Cmax point was considered to be an
important factor in the therapeutic effect of leuprolide. This same
therapeutic effect is remarkable considering the fact that only 90 μl of
LCFS including solvent is used for onemonth SR injection and the inject-
able LCFS solution can be prepared by a simple mixing and dissolving
process. Both in vitro and in vivo studies have shown that the LCFS
with SMO could be developed into a novel SR injection system of
leuprolide acetate in the liquid form.

4. Conclusions

Results of this work revealed that LCFS containing SMO could be
used for SR injections of leuprolide acetate. The LCFS was formulated
using SMO, phosphatidyl choline and tocopherol acetate as the core
components while Tween 80 and ethanol were used as additives. The
LCFS formed the hexagonal liquid crystalline phase, when a liquid
crystal formation test, Cryo-TEM, and polarized optical microscopy
were conducted. In the safety test, the LCFS was observed to have
lower interference with the proliferation and differentiation of cells
compared to the reference. The LCFS also did not cause a pathologic
change in the injection site, including local inflammation. Finally, an
in vitro release test and an in vivo pharmacokinetic study proved that
the LCFS containing leuprolide acetate has the suitable controlled
release property required for SR injection, despite the fact that the
LCFS has less than 100 μl of total volume for one month SR injection
and can be prepared by a simple mixing and dissolving process. In
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particular, comparedwith a commercial depot formulation of leuprolide
acetate, the LCFS showed a similar AUClast value and significantly
reduced initial burst after subcutaneous injections in rats anddogs. Con-
sequently, the LCFS is believed to have a sufficient therapeutic effect
when it is used for SR injection of leuprolide acetate. The LCFS composed
of injectable excipients including SMO is expected to replace conven-
tional depot injections in terms of safety, ease of preparation, and suit-
ability of controlled release properties. It is also expected that the
developed LCFS for SR injections in liquid form can be applied for the
controlled release of awide range of drugs from lowmolecular chemical
entities to high molecular drugs, such as peptides and proteins.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2014.04.034.
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Lyotropic liquid crystal for long-term delivery of peptide drugs

Various injectable, sustained-release (SR) formulations have been
developed for delivery of peptide drugs for extended periods of time,
ranging from weeks to months. The current clinically used SR formula-
tions are mostly based on poly(lactic-co-glycolic acid) (PLGA) micro-
spheres. Since the first introduction of PLGA depot formulation of
goserelin acetate in 1989, only less than 10 PLGA formulations have
been clinically available for peptide delivery. Such a small number of
PLGA depot formulations developed for peptide and protein deliveries
over the last 25 years highlight various difficulties and significant chal-
lenges to overcome. Currently, PLGA is the only biodegradable polymer
that has been used in products approved by the Food and Drug Admin-
istration of the United States (US FDA). It is time to explore other long-
term peptide delivery systems beyond PLGA polymers.

Liquid crystal technology has gained increasing interest for develop-
ing in situ forming parenteral depot formulations [1,2]. Lyotropic liquid
crystal systems, composed of amphiphiles, are usually classified into la-
mellar, hexagonal, and cubic phases based on their assembly shape.
Among them, the reversed hexagonal phase (H2) and the reversed
cubic phase (Q2) have been extensively investigated for their ability to
control the release of diverse drugs, ranging from low-molecular-
weight chemicals to macromolecular drugs (proteins, peptides and
nucleic acids). Amphiphilic liquid crystal-forming materials (LCFMs)
include glycerol monooleate, glycerol dioleate, glycerol oleyl ether,
oleyl glycerate, phytanyl glycerate, and phytantriol [3]. A liquid
crystal-forming system (LCFS) is formulated by mixing these with
other hydrophobic materials, such as phospholipid, tocopherol,
tocopherol acetate, and tricaprylin.

In this issue, the paper by Professor Dae-Duk Kim and his colleagues
prepared a LCFS by mixing sorbitan monooleate (SMO, also known as
Span 80), phosphatidyl choline, tocopherol acetate, Tween 80, and eth-
anol (33:45:10:2:10, w/w%) [4]. The SMO LCFS preparation contains
3.75 mg leuprolide acetate as a monthly dose in 90 μl of a liquid formu-
lation. The semi-solid mesophase was formed upon contact with water.
The mesophase showed typical characteristics of the liquid crystalline
phase, which was classified as the hexagonal phase. The safety of the
LCFS was studied by an in vitro extraction colony assay and by examin-
ing the injection site in rats and white rabbits after an autopsy. Both
in vitro release test and in vivo pharmacokinetic and pharmacodynamic
studies showed sustained release of leuprolide. When compared with
the reference depot formulation of leuprolide acetate, the SMO LCFS
showed a similar AUClast value with a significantly reduced initial
burst after subcutaneous injections in rats and dogs. Although the
study by Professor Kim and his collaborators is focused on leuprolide
in their current study, other peptide drugs can be certainly delivered.

It will take a while until a LCFS-based peptide depot formulation is
approved by the FDA for clinical application. But a new opportunity
for making an injectable depot formulation based on materials other
than PLGA is encouraging. The new injectable SR formulations for clini-
cal application need to improve a few shortcomings of the currently
available formulations, mostly based on PLGA. First, the initial burst re-
lease has to be reduced dramatically. Most of the current formulations
have significant initial burst release, reaching the drug concentration
in the blood which is often two orders of magnitude higher than the
steady state concentration. These formulations were still approved be-
cause such initial burst release was tolerable by patients. This, by no
means, indicates that the huge initial burst release is acceptable. In
addition, the drug loading needs to be increased. The higher drug load-
ing usually results in a higher initial burst release. However, the high
drug loading without initial burst release will allow longer release, e.g.,
N6 months, without the side effects associated with large amounts of
excipients. These are tall orders, but availability of injectable depot for-
mulationmaterials different from PLGAwill stimulate the development
of various novel formulations. Clear understanding of the advantages
and limitations of LCFMs as well as the problems associated with the
current injectable depot formulations is essential in making the right
step toward development of many clinically useful formulations.
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Chitosan as a natural polymer has been widely used in the
development of nucleic acid delivery systems as it is known to have
low cytotoxicity, high biocompatibility and high cellular permeability

In addition, its nucleic acid binding and delivering capacity can be
influenced by its molecular weight, the degree of deacetylation and its
salt form

 pKa : A weak polybase with a pKa that is close to 6.6

 MW : ~ 2,000 kDa

 Deacetylation degree : 70% ~

Adv Drug Deliv Rev 62 (2010) 12–27.
J Control Release 158 (2012) 261–268.
AAPS PharmSciTech 11 (2010) 64–72.

Chitosan (Poly-(1-4)-2-Amino-2-deoxy-ß-D-Glucan)

Chitosan

Transfection efficacy in physiological pH
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 Active form of thiamine (Vit. B1) in the 
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 The positively charged amine group of 
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 Zwitterion interacting between siRNA
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siRNA condensation with protamine

(GP)

Protamine Sulfate

Eur J Pharm Biopharm. 80 (2012) 257–267.
Eur J Pharm Biopharm 79 (2011) 495–502.
Biomaterials 30 (2009) 6451–6459.

Lecithin

Lecithin incoporation

(GP-L)

Complexation with Protamine & Lecithin

 Small, arginine-rich, nuclear protein 

 DNA packing and stabilization in sperm

 Sequence of salmon protamine

PRRRRSSSRPVRRRRRPRVSRRRRRRGGRRRR 

(Mw. 5.1 kDa)

?
Naked siRNA

Design of Hybrid Nanocomplex System (GP-L-CT)
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Fig. 1. Schematic illustration of GP-L-CT hybrid nanocomplex preparation
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Chitosan
Molecular weight 

(MW: kDa)
Deacetylation 
degrees (%)

A Chitosan acetate 100 84

B Chitosan acetate 300 84

C Chitosan HCl 50 ~ 150 83

D Chitosan HCl 150 ~ 400 95

Table 1. Specifications of the chitosans used in this study.

Fig. 2. Gel retardation assays of siRNA with different chitosans; (A) chitosan acetate (MW: 100
kDa), (B) chitosan acetate (MW: 300 kDa), (C) chitosan HCl (MW: 50~150 kDa), and (D)
chitosan HCl (MW: 150~400 kDa). Complex formation according to the weight ratios between
chitosan and siRNA was investigated by gel electrophoresis in 2.5% agarose gel.
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Fig. 3. In vitro gene transfection efficiency of different chitosans; (A) chitosan acetate (MW: 100 kDa), (B)
chitosan acetate (MW: 300 kDa), (C) chitosan HCl (MW: 50~150 kDa), and (D) chitosan HCl (MW: 150~400
kDa). SVN expression rate (%) was shown after incubating for 48 h with various weight ratios between
chitosan and SVN siRNA in PC-3 cells. Each value was presented as the mean ± S.D. (n = 3).
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components G-C G-CT GP GP-CT GP-L GP-L-CT

SVN siRNA 1 1 1 1 1 1

Protamine - - 0.6 0.6 0.6 0.6

Lecithin - - - - 8 8

Chitosan 6.8 6.8 - 6.8 - 6.8

TPP - 1.2 - 1.2 - 1.2

Table 2. Compositions of SVN siRNA-loaded chitosan-based nanocomplexes.

All values were presented as weight ratios.

Preparation of Hybrid Nanocomplex
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Fig. 4. Characterization of SVN siRNA-loaded hybrid nanocomplex. (A) Particle size and zeta potential values of
nanocomplex formulations in DW. (B) Mean diameters of nanocomplexes in cell culture media and FBS. Each value
represents the mean ± S.D. (n = 3).
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(A)

(B)

(C)

Fig. 5. Morphology of nanocomplex formulations observed by cryo-transmission electron microscopy (cryo-
TEM). Images of (A) siRNA/protamine (GP), (B) siRNA/protamine/lecithin complex (GP-L), (C)
siRNA/protamine/lecithin/chitosan/TPP complex (GP-L-CT). The length of scale bar is 20 nm.

Cryo-Transmission Electron Microscopy

GP

GP-L

GP-L-CT

(A) (B)

(C) (D)

(E) (F)

(G) (H)

Fig. 6. In vitro cellular uptake efficiency of the
nanocomplexes in PC-3 cells. Fluorescent siRNA
was loaded into various nanocomplex formulations
and fluorescence intensity was measured by flow
cytometry after incubating for 24 h. Plots, between
cell count and fluorescence intensity, of (A) naked
siRNA, (B) siRNA/Lipofectamine 2000 (L2K), (C)
siRNA/chitosan (G-C), (D) siRNA/chitosan/TPP (G-
CT), (E) siRNA/protamine (GP), (F)
siRNA/protamine/chitosan/TPP (GP-CT), (G)
siRNA/protamine/lecithin (GP-L), and (H)
siRNA/protamine/lecithin/chitosan/TPP (GP-L-CT)
are presented.

in vitro Cellular Uptake
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Fig. 7. In vitro transfection efficiency of SVN siRNA-loaded nanocomplex
formulations in PC-3 cells. SVN expression levels (%) of naked siRNA
(naked), siRNA/Lipofectamine 2000 (L2K), siRNA/chitosan (G-C),
siRNA/chitosan/TPP (G-CT), siRNA/protamine (GP),
siRNA/protamine/chitosan/TPP (GP-CT), siRNA/protamine/lecithin (GP-L),
and siRNA/protamine/lecithin/chitosan/TPP (GP-L-CT)-incubated groups
(for 48 h) are presented. Each value represents the mean ± S.D. (n = 3).

in vitro Transfection Study
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in vivo Near-infrared Fluorescence (NIRF) Imaging
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Cy5.5

Optical

Fig. 8. In vivo NIRF images of siRNA-loaded nanocomplex formulations in PC-3 tumor-xenografted mouse
model. Cy5.5-filtered and optical images of tumor in (A) control, (B) naked cy5.5-siRNA, (C) cy5.5-
siRNA/Lipofectamine 2000 (Cy5.5-siRNA/L2K), (D) cy5.5-siRNA/protamine/lecithin/chitosan/TPP complex
(Cy5.5-siRNA/GP-L-CT) groups 2 h post-injection via intravenous route.

in vivo Near-infrared Fluorescence (NIRF) Imaging

 Anti-tumor Efficacy of Survivin-siRNA Nanocomplex

 Animal : BALB/c nu/nu mouse, male (6 weeks)

 Cell : PC-3 cell, human prostate cancer cell line

Inoculation= 2 × 106 cell/mouse

 Formula : Scrambled siRNA/GP-L-CT, SVN siRNA/GP-L-CT

 Treatment : 40 ug / mouse, 6 times for 2 weeks

 Tumor Volume = 0.5 × longest diameter × shortest diameter2. 

Inoculation

-2w 0w 2w 3w

Tail vein injection

in vivo Anti-tumor Efficacy
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Fig. 9. In vivo anti-tumor efficacy test of siRNA-loaded nanocomplex in PC-3 tumor-xenografted mouse
model. Tumor volume profiles of control, luciferase-siRNA/protamine/lecithin/chitosan/TPP (scrambled
siRNA/GP-L-CT), survivin-siRNA/protamine/lecithin/chitosan/TPP complex (SVN siRNA/GP-L-CT).
Nanocomplexes were injected 6 times for 2 weeks via intravenous route. *P < 0.05 and **P < 0.01 are
established between scrambled siRNA/GP-L-CT and SVN siRNA/GP-L-CT. Data represents the mean ± S.D.
(n ≥ 3).

in vivo Anti-tumor Efficacy

1. A pre-complex based on siRNA and protamine was formed and lecithin, chitosan,

and TPP were added to develop a more stable and efficient hybrid nanocomplex (GP-

L-CT) in this study.

2. GP-L-CT provided suitable physicochemical properties (< 200 nm mean diameter in

serum and positive zeta potential) for intravenous injection of siRNA as well as

superior in vitro cellular uptake and gene silencing efficiencies.

3. in vivo tumor targetability and anti-tumor efficacy in tumor xenografted mouse

model have been proven. The newly developed theranostic hybrid nanocomplex can

therefore be used efficiently for the systemic siRNA delivery in cancer therapy.

4. A chitosan-based hybrid nanocomplex could serve as an alternative to the cationic

polymeric nanoparticles that are unstable in serum.

Conclusions
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Fig. 1. Schematic illustration about leuprolide acetate-loaded LCFS for the subcutaneous injection.
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