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Abstract 

Nano carriers of mitoxantrone using natural 

biopolymer derivatives 

Kim, Dong Kyu 

Department of Pharmacy, Major in Physical Pharmacy 

The Graduate School 

Seoul National University 
 

 

Drug delivery systems (DDS) have been developed to improve efficacy and reduce 

toxicities of conventional drugs. Often, low selectivity of anticancer chemotherapeutics 

cause toxicities against normal tissues, and leads to low therapeutic index. Also, tumor 

vessels are composed of ‘leaky’ vessels, and tumor tissues show poor lymphatic recovery. 

On the other hand, nano carriers could extravasate through the gaps and accumulate in 

the tumor for longer time period. This phenomenon is called as ‘enhanced permeation 

and retention effect’ (EPR effect). Based on EPR effect, we thought our nano carriers 

could deliver drugs to tumor tissues selectively. Amphiphilic γ-PGA nanoparticles 

(APGANP) were prepared by introducing phenylalanine ethylester to γ-PGA with 

varying amounts of water soluble carbodiimide (2 mmol and 4 mmol). Mitoxantrone 

(MTO) was loaded on APGANP (M-APGANP) at various weight ratios of APGA: MTO 

(w/w) as 10:1, 5:1, and 1:1. Physical properties of nanoparticles were characterized by 

dynamic light scattering method for particle size measurement. UV-spectroscopy was 
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used to measure loading efficiency (LE) and loading content (LC). The complexation of 

M-APGANP increased the particle size from APGANP (121.1±3.4 nm) to around 200 

nm. Among various M-APGANP groups, 5:1 M-APGANP showed the highest LE and 

proper LC and used for further experiments. In the in vitro studies, cell viability of KB 

cells was decreased with increasing M-APGANP, while APGANP showed no 

cytotoxicity. The increasing cellular uptake of MTO by KB cells was observed with 

increasing concentrations of MTO in APGANP. The release of MTO from M-APGANP 

in endolysosome and diffusing out to cytoplasm were confirmed by confocal microscopy. 

After intravenous administration to tumor-bearing mice, M-APGANP distributed to 

tumor sites and retained for prolonged period than free MTO. These results suggest the 

potential of APGANP for delivery of anticancer drugs. 

 Keywords: DDS, cancer therapy, nano carrier, EPR effect, amphiphilic γ-PGA 

Student Number: 2012-21565 
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1. Introduction 

 

Various drug delivery systems (DDS) have been developed to improve efficacy and have 

reduced toxicities of conventional drugs [1, 2]. Extended release systems lessened the side 

effects such as rapid release property of conventional drugs and maintain drug concentration 

in plasma within the therapeutic range with desired durations. Also, these led to decrease 

administration frequency which improved patient convenience. For example, in anti-

hypertension therapy, clonidine, half-lives of 12-33 hours, was applied with transdermal 

therapeutic systems with rate-controlling membrane. This formulation achieved delivering 

clonidine for up to 168 hours and marketed as Catapres® CR [3]. The therapeutic effects of 

clonidine maintained for about a week, and the decreasing frequency offered improvement in 

patient medication compliance [4]. DDS offer better therapeutic effects and more convenient 

therapy to patients who are suffering from diseases. 

Mitoxantrone is synthetic anthracenediones derivative which is developed for low-

molecular anticancer drugs. The formation of interstrand cross-link in DNA by metabolic 

activated mitoxantrone and the inhibiting DNA topoisomerase II contribute to anti-tumor 

effects of mitoxantrone [5]. In other hand, side effects such as nausea/vomiting, alopecia, an 

increased risk of urinary and respiratory infections etc. are frequent adverse effects. 

Especially, cardiotoxicity and leukemia are the most serious adverse effects to be considered 

by clinicians [6]. Usually, anticancer chemotherapeutics distributes randomly in the body and, 

this low selectivity leads to toxicities against not only tumor cells but also normal tissues, 

especially rapid growing tissues such as bone marrows, gastrointestinal tract, and hair follicle. 

Low selectively led to low therapeutic index [7, 8]. 

Nano carriers have been employed for delivering therapeutics to selectively tumor sties and 
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have reduced side effect [9]. It is reason that tumor tissues are hypervasculature with ‘leaky’ 

vessels and show slow lymphatic recovery, macromolecules can extravasate to tumor tissues 

and accumulated in tumor tissues for longer time period [10]. This phenomenon is called as 

‘enhanced permeation and retention effect’ (EPR effect). ‘Leaky’ tumor vessels have 

endothelial gaps between 200 and 900 nm [11]. One study suggested that permeation of 

liposome was up to 400 nm [12], however, another study observed that diameter within 200 

nm would more extravasated in tumor tissues than larger particles. [9, 11] Thus, nano-scale 

carriers based on either lipids or polymers within this size range have a potential to deliver 

drugs to tumor by EPR effect [13, 14]. For instance, CaelyxTM/Doxil®, polyethylene glycol 

(PEG) attached liposome containing doxorubicin, which has an average diameter of near 100 

nm, selectively accumulated in tumors, were observed prolonged half-time and increased 

AUC (area under the curve) compared to free doxorubicin. Somehow, prolonged half-time 

and increased AUC didn’t lead to much extension of survival rate but showed successfully 

reduction in drug-related toxicity in clinical phase III [15, 16]. Nano carriers and EPR effect 

showed improvements in cancer therapy by allowing randomly-distributed conventional 

drugs to accumulate in tumors. However, we have to note that EPR effect do not always 

appear in any tumors. EPR effect has limitations that it is shown when tumor volume is more 

than 100 mm3, and makes it hard to deliver therapeutics to smaller or vascularized metastases 

[17]. 

Thanks to the biodegradable and biocompatible properties, γ-polyglutamic acid (γ-PGA) is 

biodegradable and biocompatible polymer which is suitable for medical application [18]. It is 

nature-occurring polymer produced from Bacillus strains and, it is composed of glutamic 

acids conjugated by amide linkage between α-amino group and γ-carboxyl group, which are 

responsible for biodegradability. Compared to other polyamino acids, γ-PGA is 
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biocompatible because γ-PGA is less effective in activating fibrinolytic system than other 

poly amino acids [19]. Furthermore, γ-PGA has large number of side chain of carboxyl 

groups for attaching another moiety. γ-PGA- paclitaxel conjugates are an example that 

carboxyl group of γ-PGA are conjugated with paclitaxel via ester linkage. This conjugates 

showed prolonged circulation in the blood and selectively accumulated in tumors based on 

EPR effects in preclinical tumor model [14, 20]. Utilizing advantages of γ-PGA into nano 

carrier system provide safety and, spaces for incorporating functional molecules. 

In this experiment, we prepared amphiphilic γ-PGA nanoparticles (APGA) as carriers of 

mitoxantrone. These APGA samples were synthesized by introducing phenylalanine ethyl- 

ester as hydrophobic moiety to hydrophilic chain of γ-PGA with the aid of water soluble 

carbodiimides and confirmed by 1H-NMR. APGA nanoparticles were obtained by adding 

water to APGA. These APGA nanoparticles could load a various amount of mitoxantrone. 

APGA nanoparticles and mitoxantrone-complexed-APGA nanoparticles (M-APGA) were 

characterized by dynamic light scattering methods and transmission electron microscopy to 

confirm diameter of nanoparticles. In vitro tests were performed to observe cytotoxicity test 

and cellular uptake of the nanoparticles. Free MTO and M-APGA nanoparticles were 

administered to mice intravenously and the biodistribution profile were observed by in vivo 

molecular imaging. The same nanoparticles were prepared by other groups and used as 

protein carriers [21]. 
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2. Materials and methods 

2.1 Materials 

γ-PGA was purchased from BioLeaders Co. (Daejeon, Korea). 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), phenylalanine ethylester, and mitoxantrone 

dihydrochloride were purchased from Sigma Aldrich Co. (St. Louis, USA). Sodium hydrogen 

carbonate was purchased from Junsei (Tokyo, Japan), and dissolved in triple distilled water 

(TDW) to make 0.3M NaHCO3 solution.  

 

2.2 Synthesis of phenylalanine-conjugated-γ-PGA 

To conjugate phenylalanine ethylester to γ-PGA, EDC were used as linker. First, γ-PGA 

(1033.04 mg, 0.00517 mmol monomer unit) were dissolved in 40 ml of 0.3 M NaHCO3 

solution in 250 ml round bottom flask (RBF) and placed in ice. EDC (1533.6 mg, 2 mmol or 

3067.2 mg, 4 mmol) were dissolved in 10 ml of 0.3 M NaHCO3 solution in a 50-ml conical 

tube, and added to γ-PGA solution in 250-ml RBF. This solution was stirred in ice for 30 min, 

and added with phenylalanine ethylester (1837.6 mg, 2 mmol) dissolved in 10 ml of 0.3 

NaHCO3 solution. The solution was stirred at 30°C in oil bath for overnight, and purified by 

dialysis against TDW for 1 day, and methanol for 1 day each. The dialysate was freeze dried, 

and amphiphilic phenylalanine-conjugated-γ-PGA (APGA) was obtained as powder form. To 

enhance the purity of the product, this powder were dissolved in ethylacetate (EA) solution 

and filtered with filter papers (Whatman®, Kent, UK). 1H-NMR analysis was performed to 

confirm the conjugation between phenylalanine ethylester and γ-PGA. 
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2.3 Preparation of APGA nanoparticle (APGANP) 

Powder form of APGA (12.5 mg) was dissolved in 0.5 ml of TDW. The APGA solution was 

then vortexed for 30 sec and sonicated for 10 min to prepare APGA nanoparticle (APGANP). 

 

2.4 Preparation of MTO loaded APGANP (M-APGANP) 

First, mitoxantrone dihydrochloride (MTO) were dissolved in TDW to make 5.0 mg/ml 

MTO solution. MTO solution was mixed with APGA at various weight ratios of APGA: 

MTO (w/w) as 10:1, 5:1, and 1:1, and 1:0. For various groups, the concentrations of APGA 

was fixed as 1.25 mg/ml, and mixed with 0.125 mg, 0.25 mg, and 1.25 mg of MTO for 10:1, 

5:1, and 1:1, respectively. APGA solution alone contained 1.25 mg of 2.5 mg/ml APGA 

solution only. The mixture of APGA with or without MTO was votexed for 30 sec, and 

sonicated for 10 min. To collect MTO-complexed-APGANP (M-APGANP), size exclusion 

chromatography was performed on each tube by PD10 desalting column (GE Healthcare, 

Massachusetts, USA). 

 

2.5 Measurement of size and zeta potential of APGANP and M-APGANP 

Dynamic light scattering method was performed to determine the diameter of the 

nanoparticles. APGANP and M-APGANP were diluted to TDW and measured by ELS-8000 

dynamic light scattering instrument (Otsuka, Osaka, Japan). 

 

2.6 Measurement of loading efficiency and loading content of M-APGANP 

UV/VIS spectrophotometer (U-3210, Hitachi, Tokyo, Japan) were used for measuring the 

absorbance of MTO attached to APGANP at wavelength of 662.50 nm. The various ratios of 

M-APGA solution were diluted in MeOH solvent. Loading efficiency (LE) was calculated as 
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“the amount of MTO attached to APGANP/ the amount of MTO loaded”. The loading 

content (LC) of M-APGANP was calculated as “the amount of MTO attached to 

APGANP/the amount of APGANP”. 

 

2.7 TEM image of APGANP and M-APGANP 

Morphology of APGANP and M-APGANP were observed by transmission electron 

microscope (TEM) (JEM1010, JEOL Ltd., Tokyo, Japan). APGANP or M-APGANP solution 

was dropped to the copper grid on the filter paper, and the copper grids were vacuumed for 1 

day. For APGANP, uranyl acetate was stained to enhance the electric conductivity, and 

APAGANP mounted copper grid were dried in the air for 10 min. 

 

2.8 MTT assay 

To test the viability of cells treated with APGANP or M-APGANP, MTT assay was used. 

KB cells were incubated in RPMI 1640 medium (Welgene, Daegu, Korea) with 10% fetal 

bovine serum, and 1% (v/v) of penicillin and streptomycin at the density of 5x104 cells/well 

in 48 well plate. These cells were incubated for 24 hrs under a 5% CO2 atmosphere at 37 °C. 

After 24 hrs, various concentrations of APGANP and M-APGANP were treated and 

incubated for 24 hrs and 48 hrs. After incubation, 20 μl of 2.5 mg/ml MTT solution (filtered 

with 0.2 μm filter membrane) were treated in each well and incubated for 2 hrs. MTT or 3-[4, 

5-dimethylthiazol-2-yl]-2, 5-diphenyl terazolium bromide solution are yellowish solution, but 

when viable cell’s mitochondrial dehydrogenase cleaves the ring structure of MTT, purple 

insoluble formazan crystals are produced. After 2 hrs, the medium were removed and, DMSO 

(Sigma Aldrich, USA) were added to cells to destroy cell components. This purple color was 

measured at wavelength of 570 nm using an enzyme-linked immunosorbent assay reader 
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(Sunrise-Basic Tecan, Mӓnnedorf, Switzerland). The cell viability of each group was 

expressed as a percentage of that in control group. 

2.9 Cellular uptake test 

 2.9.1 Flow cytometry 

Flow cytometry were performed. KB cells were incubated in 24 well plate at the density of 

4x104 cells/well for 24 hrs. After 24 hrs, various concentrations of APGANP and M-

APGANP were treated to cells, and incubated for 2 hrs. The media were then removed from 

the well, and the cells were treated with Tris-EDTA (TE) buffer for 3 min., and detached from 

well plate. The detached cells were added with 2% FBS containing PBS buffer to inactivate 

TE buffer, and centrifuged three times at 1000 rpm for 1 min. 30 sec. The collected cells were 

analyzed by BD FACS Calibur (BD Science, San Jose, USA) 

 

2.9.2 Confocal imaging 

Confocal imaging was performed to obtain image of the KB cells associated with M-

APGANP. KB cells were seeded on the cover slips in 24 well plate at the density of 5x104 

cells/ well, and incubated for 24 hrs. Cells were treated with various concentrations of M-

APGANP for 2 hrs. The medium were then removed, and paraformaldehyde (PFA) solution 

were added to the cells, and incubated for 15 min to fix the cells on cover slips. After removal 

of PFA solution, 4’-6-diamidino-2-phenylindole (DAPI) were added to the cells for 5 min for 

fluorescence staining of cell nucleus. KB cells mounted cover slips were taken and put on the 

slide glass, and the photostabilizer are dropped on slide glass. The images of these samples 

were obtained by confocal laser scanning microscope (LSM 710, Carl Zeiss, Oberkochen, 

Germany).  
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2.10 In vivo molecular imaging  

All animal experiments were conducted according to standard operating procedures of the 

Committee of Ethics in Animal Experimentation of Seoul National University. Balb/c nude 

mice were subcutaneously injected in the right leg with 4x106 KB cells. After solid tumor had 

grown to 150-180 mm3, 25 mg/kg of MTO or M-APGANP were injected by intravenous 

route, and observed their distribution at the time point of 2 hrs and 24 hrs. The mice were 

anesthetized using Zoletil 50 (Virbac, Carros, France) and positioned on the plate of eXplore 

Optix system (Advanced Research Technologies Inc., Montreal, Canada). The mice’s right 

leg was scanned by a laser power of 25mW and a count time 0.3 sec/point. The distribution of 

MTO was located as MTO molecules were excited by 670 nm pulsed laser diode. MTO 

molecules are fluorophore which is excited at wavelength of 607 nm and emitted at 

wavelength of 684 nm. Long-wavelength fluorescence emission (600-700 nm) was detected 

using a fast photomultiplier tube (Hamamatsu Photonics, Hamamatsu, Japan) and a time-

correlated single-photon counting system (Becker and Hickl GmbH, Berlin, Germany). 
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3. Results 

3.1 Synthesis of phenylalanine-conjugated-γ-PGA 

Amphiphilic γ-PGA (APGA) was synthesized by grafting phenylalanine ethylester to γ-PGA 

using EDC as a cross linker. The amphiphilicity of APGA comes from the hydrophobic 

phenyl rings of phenylalanine ethylester and the hydrophilic carboxyl groups of γ-PGA. EDC 

can form amide bond between phenylalanine ethylester and γ-PGA without any additional 

atoms [22]. Firstly, EDC reacted with the carboxyl group of γ-PGA to form active 

intermediates. This active intermediate then can react with nucleophile, primary amine of 

phenylalanine ethylester, to form the amide bond. 

In this experiment, we investigated the degree of grafting phenylalanine ethylester to γ-PGA 

with increasing the EDC amounts. The amount of EDC increased from 2 mmol to 4 mmol. 

APGA was synthesized at the same reaction condition three times. The graft ratios were 

compared for each amount of EDC. The graft ratios were calculated by the integrals of 

methylene peaks of γ-PGA and the integrals of phenyl ring group peaks of phenylalanine 

ethylester, which were measured by 1H-NMR. First, the NMR sheet of APGA is shown in Fig. 

1. The methylene peaks were located between 1.5 -2.5 ppm and phenyl ring peaks were 

between 6.8-7.4 ppm. The graft ratios for EDC amounts are shown in Table. 1. The graft 

ratios of EDC using 2 mmol groups were similar to those of 4 mmol EDC groups. The EDC 

amount of 2 mmol was found to be sufficient to synthesize the APGA conjugates. Thus, the 

amount of EDC for APGA synthesis was fixed as 2 mmol in further experiments. 
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Figure 1. 1H-NMR spectrum: 2 mmol and 4 mmol 

A. EDC: 2 mmol 

B. EDC: 4 mmol 
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Table 1. Graft ratios of APGA: 2 mmol vs. 4 mmol 
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3.2 Physical properties of APGANP and M-APGANP 

APGANP were formed by self-assembly of APGA in TDW after vortexing and sonicating. 

The various amounts of MTO were added to the APGANP solutions to form M-APGANP. 

Unloaded free MTO was removed from M-APGANP by size exclusion chromatography. For 

size exclusion chromatography, PD 10 desalting column was used. PD 10 column separates 

higher molecular weight (MW) materials from lower MW materials because lower MW 

materials moved at lower rates in the resin of PD 10 desalting column than higher MW 

materials [23]. The size exclusion chromatography showed two major eluents with time, first 

the bluish solution of M-APGANP, followed by free MTO. Table 2 summarizes the mean 

diameter, loading efficiency (LE), and loading contents (LC) MTO in APGANP. The 

complexation of MTO onto APGANP increased the sizes of APGA. 

The size distribution results were shown in Fig. 2. The size distribution of M-APGANP was 

narrower than that of APGANP. The morphology of the nanoparticles, taken by TEM, 

showed spherical shapes of APGANP and M-APGANP with the diameters ranged within 

around 100-250 nm. Fig. 3 shows TEM images of the nanoparticles. 

Furthermore, the LE and LC of the weight ratios APGA: MTO= 10:1, 5:1, and 1:1 were 

measured. M-APGANP showed similar loading efficiencies between 10:1 and 5:1. However, 

at 1:1 ratio, the loading efficiency was lower than others.  

The highest LC among the various ratios of M-APGANP was 1:1. The difference of LC 

between 1:1 M-APGANP and 5:1 M-APGANP were negligible. Considering the LE and LC 

together, therefore, M-APGANP prepared at 5:1 ratio was chosen for further in vitro and in 

vivo experiments. 
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Table 2.  Physical property of APGA and M-APGA 
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Figure 2. Size distribution of APGANP and M-APGANP 

Figure 3. TEM images of APGANP and M-APGANP 
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3.3 Cell viability 

MTO entrapped in M-APGANP could be released from the nanoparticles, and exerted 

anticancer effects. APGANP or M-APGANP of various MTO concentrations (1, 2, and, 5 μM) 

were treated to KB cells and, KB cells were incubated for 24 or 48 hrs. The cell viability of 

KB cells was evaluated by MTT assay. Fig. 4 shows the cell viability of APGANP and M-

APGANP at various concentrations. APGANP alone did not show cytotoxicity even though 

the concentration of APGANP was increased. On the other hand, M-APGANP groups 

significantly decreased the cell viability. The groups treated with 1 or 2 μM of M-APGANP 

showed similar cell viability for both time points. As the concentrations of M-APGANP 

increased to 5 μM, the cell viability decreased. This result implies that MTO molecules of M-

APGANP were disassociated from the nanoparticles and killed the cells. 
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Figure 4. Cell viability of KB cells 
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3.4 Cellular uptake of MTO via APGANP 

3.4.1 Cellular uptake of M-APGANP 

The cellular uptake of MTO increased with the concentrations of MTO in APGANP. 

APGANP alone or M-APGANP with various concentrations of MTO (1, 2, and 5 μM) were 

treated to the KB cells and incubated for 2 hrs. Then, the cells were detached from the well, 

and the fluorescent intensity values of MTO associated with the cells were measured by a 

FACS Calibur instrument. Fig. 5 shows that as the concentrations of M-APGANP increased, 

the cellular uptake by KB cells was also increased. This outcome indicates that M-APGANP 

with could be taken up by the cells. Moreover, the proportional increase of the intensity 

values of MTO rather than saturation suggests that the endocytosis mechanisms of M-

APGNP would be phagocytosis. 

 

3.4.2 Cellular release and distribution of MTO 

 The intracellular release and distribution of MTO were observed by confocal microscopy. 

M-APGANP with 5 μM MTO were treated to the KB cells and incubated for 2 hrs. The 

nucleus of the KB cells was stained with DAPI solution and observed by confocal laser 

scanning microscope. Fig. 6 displays the diffused distribution of MTO in cytoplasm. The 

images indicate that MTO was released from M-APGANP in endolysosomes and diffused out 

to the cytoplasm. The images also support that the electrostatic complexation of MTO and 

APGANP was weakened at acidic endolysosomal compartment, and liberated MTO. 

 

 

 

 



18 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Cellular uptake by KB cells 
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Figure 6. Confocal image of KB cells 
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3.5 In vivo distribution of M-APGANP in mice 

The biodistribution of free MTO and M-APGANP were significantly different in tumor-

bearing mice. The distribution of MTO in free form or APGANP loaded form was compared 

using Balb/c nude mice bearing KB cells by Optix molecular imaging. KB cells were 

subcutaneously inoculated at the right leg of mice. After intravenous administration of MTO 

in free form or M-APGANP, the biodistribution of MTO was observed at 2 and 24 hrs. Fig. 7 

indicates the biodistribution patterns of free MTO and M-APGANP. At 2 hrs, the distribution 

of MTO to tumor tissues was not observed in free MTIO-treated mice, but in M-APGANP-

treated mice.  

At 24 hrs, the distribution of MTO was observed both in free MTOIO-treated mice and M-

APGANP-treated mice but the M-APGANP-treated mice showed stronger MTO signals at 

the tumor site than free MTOIO-treated mice. These results indicate that larger amount of M-

APGANP sustained in tumor site compared to free form of MTO. 
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Figure 7. In vivo molecular imaging 
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4. Discussion 

 

In this study, APGANP was synthesized to deliver MTO into tumors and accumulate in 

tumors tissues for prolonged time. The diameter of M-APGANP had suitable sizes for nano 

carriers to be accumulated in tumor tissues. Also, M-APGANP could be taken to the cells by 

endocytosis in in vitro tests. In animal study, the M-APGANP showed better accumulation 

and retention in tumor tissues than free MTO. 

The graft ratios of APGA were similar in both 2 mmol and 4 mmol groups of EDC. This 

result showed that 2 mmol of EDC was sufficient amount to synthesize APGA. However, we 

couldn’t observe the graft ratios changes by varying the amount of both EDC and 

phenylalanine ethylester in this experiment. This is important because the graft ratios of 

APGA might influence the surface charge (COO-, carboxyl group) of APGA, and it 

ultimately impacts the physicochemical properties. Hsiang-Fa Liang et al. reported that when 

galactosamine was conjugated to COO- groups of γ-PGA, the surface charge of this 

nanoparticle was decreased than the charges of nanoparticle without conjugation of 

galactosamine [24]. The increasing graft ratios of APGA might lead to reducing the surface 

charges (COO-) of APGANP. Generally, surface charges of nanoparticles affect the 

localization of nanoparticles to specific organs [17]. Not only the surface charges but also 

other physical properties such as particle sizes, molecular weight, morphology, 

hydrophobicity etc. can also influence the biodistribution (Explained in detail in ref. 17). 

Thus, we suggest additional experiments to observe the correlation between the graft ratios 

and physicochemical properties. Specifically, how the varying degree of graft ratios can 

influence the particle size, zeta potential, and how much amount of MTO can mount to 

APGA (loading efficiency and loading content). 
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The physical properties of APGA were characterized in TDW in this study. However, in 

general, physical properties were characterized in physiological conditions because the 

nanoparticles were assumed to administer to the animal. In addition, γ-PGA is amphiphilic 

polymer that the charges of γ-PGA can change dependent on outer solution pH. To optimize 

the physical properties to administer in animals, additional experiments are needed to fix pH 

conditions from pH of TDW to physiological pH [24]. Specific physical properties of 

APGANP including particle size, zeta potential, hydrolytic degradation rate, and enzymatic 

degradation rate were reviewed in detail [25]. 

The particle size of APGANP was increased from near 120 nm to around 200 nm when 

MTO were loaded onto APGANP to form M-APGANP. The result suggests that APGANP 

successfully carry MTO molecules. Also, loading efficiency and loading content of M-

APGANP were characterized by UV-spectroscopy. When the MTO: APGANP (w/w) ratios 

were increased from 5:1 to 1:1, the loading efficiency was dropped significantly. This result 

indicated that the interaction force between MTO and APGANP was weaker than 

hydrophobic interaction between MTO molecules in the 1:1 M-APGANP. Experimentally, 

the observation from experiment support the result: MTO molecules in 1:1 M-APGANP were 

much remained in the pores in the PD 10 column compared to other weight ratios of M-

APGANP groups. However, we failed to set the pH conditions to observe the surface charges 

of nanoparticles and the affinity between MTO and APGANP. Therefore, we couldn’t 

confirm the degree of how much MTO molecules were entrapped in the nanoparticles by 

hydrophobic interaction or attached to the surface of nanoparticles by charge-charge 

interaction. Usually, zeta potential is measured to observe the surface charge of nanoparticles 

by dynamic laser light scattering, and heparin assay is performed to confirm the strength of 

electrostatic interaction between MTO and APGANP [26]. 
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Since MTO molecules and APGANP interacts via non-covalent force, release profile should 

be performed in future experiments. Generally, the bonds of polymer-drug conjugates were 

degraded when they meet enzymes or acidic conditions [14]. Thus, usually, polymer-drug 

conjugates don’t have to see physical characteristic of release profile. In other hand, our 

nanoparticles are self-assemble nanoparticles like micelles, and other micelles research 

papers performed release profile study [21, 24]. Specifically, the micelle nanoparticles were 

suspended in PBS solution at 37°C. At certain time periods, the nanoparticles were 

centrifuged and supernatant were poured out, and release amount were analyzed by certain 

instrument such as HPLC [24]. 

In MTT assay, APGANP showed no cytotoxicity against tumor cells. In other hands, M-

APGANP showed increased cytotoxicity with increasing concentrations. In cellular uptake 

tests, increasing of MTO uptake by KB cells was confirmed with increasing M-APGANP 

amounts by FACS analysis. Furthermore, the release of MTO molecules from M-APGANP 

was observed in the cytoplasm by confocal imaging. The release in the cytoplasm indicated 

that MTO were endocytosed by APGANP and showed cytotoxic effect after endocytosis. 

Usually, polymer-anticancer drugs conjugates migrate into tumor cells by EPR effect and are 

hydrolyzed the bond between anticancer drugs and polymer in endolysosome by its enzymes 

or its acidic conditions. The polymer conjugates can thus release therapeutics in the cell [14]. 

In future experiments in MTT assay, FACS analysis, and confocal imaging study, to be sure 

that whether our nanoparticles actually enter the cells by endocytosis or not, we will need to 

compare our nanoparticles with polymer-anticancer-drug-conjugates as a control group (for 

example, PGA-MTO) to observe the phenomena. 

In in vivo molecular imaging study, larger amounts of MTO molecules of M-APGANP were 

sustained in tumor tissues than free MTO. Usually, solid tumors have ‘leaky’ blood vessels 
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and show poor lymphatic recovery [10]. Often, these ‘leaky’ blood vessels have gaps with 

200- 900 nm [11]. Through these gaps, macromolecules can accumulate in tumor tissue and, 

due to poor lymphatic drainage, can retain in tumor tissues. It is called as EPR effect [10]. In 

addition, particle size of nanoparticles within 200 nm can extravasate and retain in tumor via 

EPR effect [9, 11].Via EPR effect, M-APGANP with mean diameter of around 200 nm could 

thus deliver MTO to tumor tissues selectively. 

Combined the results from confocal image and in vivo molecular image, our nanoparticles 

were accumulated and retained in the tumor tissues by EPR effects and released MTO into 

tumor tissues by endocytosis of M-APGANP. However, EPR effect has limitations: EPR 

effect showed tumor volume of > 100 mm3 [17]. This makes it hard to detect early stage of 

tumors and nanoparticles cannot benefit these effects for early cancers. To overcome these 

obstacles, the Avi Schroeder et al. suggest that development of DDS for cancer therapy 

should consider carefully with physical properties of nanoparticles and know physiology of 

targeted tissues. Furthermore, combining nanoparticle-base strategy and diagnostics imaging 

tools, we may improve the cancer therapy in the future [17]. 

In summary, APGANP could carry MTO molecules into tumor tissues by EPR effect and 

APGANP could release MTO molecules into the cytoplasm by endocytosis. Additional 

comparison experiments are needed in in vitro tests to compare the cellular uptake 

mechanism of our nanoparticles and polymer-drug conjugates as a control group. In the 

characterization process of physical properties of APGA, the correlation between graft ratios 

of APGA and physical properties should be specifically investigated since graft ratios can 

influence the physical properties and, ultimately, biodistribution of APGANP. Especially, the 

surface charges of APGANP and affinity between MTO and APGANP should be revealed to 

confirm how much extent of MTO were attached on the nanoparticles or entrapped inside the 
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nanoparticles. The results obtained from in vivo molecular imaging data suggest the potential 

of APGANP to deliver low-molecular-weight-anticancer drugs to tumor tissues. 
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국문초록 

 

생체친화성 고분자 유도체를 이용한  

항암제 나노입자 제조연구 

김동규, 약학과 물리약학전공, 약학대학, 서울대학교 

 

약물송달시스템은 기존에 처방된 약의 약효를 높이고 부작용을 줄여왔다. 

항암치료에서 약물요법은 암이 진행된 환자에 처방되어왔다. 그러나 

약물요법으로 처방된 항암제는 암세포뿐만 아니라 정상세포에도 독성을 나타내기 

때문에 충분한 치료효과를 얻지 못하였다. 나노운반체를 이용하여 약물을 전달한 

경우, 암조직에 약물이 축적되고, 더 오래동안 머무르는 현상이 관찰되었다. 이 

현상을 ‘enhanced permeation and retention effect’ (EPR effect) 라고 부르며, 

나노운반체를 이용하여 약물을 암조직에 전달하면, 기존의 약물요법에 비해 더 

많은 약물이 암조직에 전달될 수 있다. 이번 실험에서는 이러한 형상을 이용하여 

약물을 전달하고자 한다.  

본 연구에서는 양쪽 친매성 γ-PGA 나노입자 (APGANP)를 합성하여 실험을 

진행하였다. 페닐아라닌 에틸이스터와 γ-PGA를 2 mmol 또는 4 mmol의 EDC (1-

Ethyl-3-(3-dimethylaminopropyl) carbodiimide) 를 촉매로 아마이드 결합을 

형성하여 APGA를 합성하였다. EDC양에 따라 페닐아라닌 에틸이스터가 γ-PGA에 

결합되는 정도의 차이가 있는지 확인한 결과, EDC 2 mmol 또는 4 mmol 사이에 

뚜렷한 변화는 없었다. 나노운반체인 APGANP의 성능을 조사하기 위해 항암제인 
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mitoxantrone (MTO) 를 다음과 같이 로딩하여 실험시료를 만들었다. APGANP 

양을 고정시키고 MTO 양을 변화시켜 가면서, MTO: APGANP (w/w)=10:1, 5:1, 1:1 

비율로 합체된 여러 M-APGANP를 만들었다. 나노입자의 물리적 성질을 

조사하였는데, 입자크기는 DLS (dynamic light scattering) 장비로, 로딩효율(LE)과 

로딩콘텐트(LC)는 UV-spectroscopy로 측정하였다. APGANP에 MTO를 처리했을 때, 

그 입자크기는 APGANP에 비해 커지는 것으로 확인되었다. 제조된 M-APGANP 

시료중 5:1 M-APGANP가 가장 높은 로딩효율를 나타냈으며, 로딩콘텐트도 

적절하였다. 이 나노입자를 이용하여 세포실험과 동물실험을 진행하였다. KB 

세포의 세포생존률은 M-APGANP양이 증가할수록 낮아지는 것을 확인이 되었고, 

또한 APGANP은 세포독성이 없는 것으로 나타났다. KB 세포에 들어간 M-

APGANP 양은 APGANP 용액 중의 MTO 농도가 증가할수록 많아지는 경향을 볼 

수 있었다. KB 세포안에 들어간 M-APGANP이 endolysosome에서 cytoplasm에 

방출되는 것은 공초점레이저현미경으로 관찰할 수 있었다. 동물실험에서는 M-

APGANP이 MTO 단독에 비해 더 많은 양이 암조직에 축적되고 더 오래 머무른 

현상을 관찰할 수 있었다. 이러한 결과를 종합하면, APGANP은 항암제를 

암조직에 전달하는 나노 운반체로서 기능할 수 있다고 생각된다. 

주요어: 약물송달시스템, 항암치료, 나노운반체, EPR effect, 양쪽 친매성 γ-

PGA 
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