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Abstract 

The objective of the present study was to prepare nanoparticles composed of poly (γ-glutamic acid) 

(γ-PGA) and L-phenylalanine ethylester (L-PAE) in order to evaluate the possibility of using these 

nanoparticles as protein carriers. Novel amphiphilic graft copolymers composed of γ-PGA as the 

hydrophilic backbone and L-PAE as the hydrophobic segment were successfully synthesized by grafting 

L-PAE to γ-PGA using water-soluble carbodiimide (WSC). Due to their amphiphilic properties, the 

γ-PGA-graft-L-PAE copolymers were able to form nanoparticles. The size of the γ-PGA nanoparticles 

was measured by photon correlation spectroscopy (PCS), and showed a narrow monodispersed size 

distribution with a mean diameter ranging from 150 to 200 nm. The solvents selected to prepare the 

γ-PGA nanoparticles by a precipitation and dialysis method affected the particle size distribution. To 

evaluate the feasibility of vehicles for these proteins, we prepared protein-loaded γ-PGA nanoparticles 

by surface immobilization and encapsulation methods. Ovalbumin (OVA) was used as a model protein, 

and was immobilized onto the γ-PGA nanoparticles or encapsulated into the inner core of these 

nanoparticles. Moreover, these OVA-encapsulated γ-PGA nanoparticles could be preserved by 

freeze-drying process. The results of cytotoxicity tests showed that the γ-PGA and γ-PGA nanoparticles 

did not cause any relevant cell damage. It is expected that biodegradable γ-PGA nanoparticles can 

immobilize proteins, peptides, plasmid DNA and drugs onto their surfaces and/or into the nanoparticles. 

These nanoparticles are potentially useful in pharmaceutical and biomedical applications. 

Keywords: Poly (γ-glutamic acid); Biodegradation; Nanoparticles; Amphiphilic; Encapsulation 
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1. Introduction 

Nanoparticles or colloidal particles have been widely used for targeted drug delivery and other 

biomedical applications [1,2]. Numerous investigators have shown that the biological distribution of 

drugs, proteins or DNA can be modified, both at the cellular and organ levels, using micro/nanoparticles 

delivery systems [3]. The nanometer size-ranges of these delivery systems offer distinct advantages for 

drug delivery. To achieve this objective, several micro/nano-sized biodegradable particles such as poly 

(lactide-co-glycolide) (PLGA), poly (lactic acid) (PLA) and poly (ε-caprolactone) (PCL) particles have 

been developed [4]. The degradation rate and therefore the drug release rate can be controlled by 

varying the composition ratio and the molecular mass of the graft or block copolymers [5,6]. The 

capture of water-soluble drugs such as proteins in the nanoparticle carrier system can be carried out 

through various approaches. Double-emulsion solvent evaporation/extraction is a common and 

convenient method for the encapsulation of proteins into a polymer matrix [7]. However, the possible 

denaturation of the proteins at the oil-water interface limits the usage of this method. It has been 

reported that this interface causes conformational changes in bovine serum albumin (BSA) [8,9]. 

Moreover, it has a disadvantage in that the entrapment efficiency is very low. The prevention of protein 

denaturation and degradation, as well as a high entrapment efficiency, would be of particular importance 

in the preparation of nanoparticles containing water-soluble drugs such as a proteins. Therefore, this 

novel type of nanoparticle needs to be developed. 

Recently, self-assembling block copolymers or hydrophobically modified polymers have been 

extensively investigated in the field of biotechnology and pharmaceuticals. Amphiphilic block or graft 

copolymers have been found to form self-assembled, nano-sized micelle-like aggregates of various 

morphologies in aqueous solution [10,11]. In general, self-assembled nanoparticles are composed of an 

inner hydrophobic core and an outer shell of hydrophilic groups. Hydrophobic blocks form the inner 

core of the structure, which act as a drug incorporation site, especially for hydrophobic drugs. 

Hydrophobic drugs can thus be easily entrapped within the inner core by hydrophobic interactions. 

These self-aggregating characteristics of amphiphilic polymers have attracted considerable attention as 
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effective targetable drug carriers, for example polyion complex micelles [12] and hydrophobized 

polysaccharides. Among the different carriers for controlled drug delivery, there has been rising interest 

in nano-sized self-aggregates composed of natural polysaccharides such as pullulan [13,14], curdlan 

[15], dextran [16], alginic acid [17] and chitosan [18]. Akiyoshi et al. reported that self-aggregated 

hydrogel nanoparticles could be formed from cholesterol-bearing pullulan by an intra- and/or 

intermolecular association in diluted aqueous solutions [19]. 

For the past two decades, we have studied the synthesis and clinical applications of core-corona 

polymeric nanoparticles composed of hydrophobic polystyrene and hydrophilic macromonomers [20]. 

Core-corona type polymeric nanoparticles have applications in various technological and biomedical 

fields, because their chemical structures can be easily controlled [21–23]. In previous studies, 

lectin-immobilized polystyrene nanoparticles efficiently captured human immunodeficiency virus type 1 

(HIV-1) particles and gp120 antigens onto their surfaces [24,25]. These HIV-1-capturing nanoparticles 

were utilized as vaccine carriers, and were useful as carriers for a prophylactic vaccine against HIV-1 

infection [26–28]. On the other hand, our group recently developed hydrophobically modified poly 

(γ-glutamic acid) (γ-PGA), prepared by the covalent attachments of L-phenylalanine ethylester (L-PAE) 

and L-leucine methylester (L-LM) to γ-PGA via an amide bond [29]. Monodispersed γ-PGA 

nanoparticles were formed by the amphiphilic proprieties of the γ-PGA-graft-L-PAE and 

γ-PGA-graft-L-LM. γ-PGA is a bacterially produced, water-soluble polyamide that is the object of 

current interest because of its natural origin and biodegradability [30–32]. This polymer is different from 

proteins in that peptide linkages are formed between the α-amino and the γ-carboxylic acid groups. It is 

a high molecular weight polypeptide composed of γ-linked glutamic acid units, and its α-carboxylate 

side chains can be chemically modified [33]. We have also developed a modified method to prepare 

γ-PGA as a drug delivery carrier [34], a tissue engineering material [35] and a thermosensitive polymer 

[36].  

In this study, we synthesized γ-PGA-graft-L-PAE, and core-shell type biodegradable nanoparticles 

were prepared by a precipitation and dialysis method. γ-PGA is a hydrophilic segment which has 
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biodegradable components containing carboxyl functional groups at the side chains. L-PAE is a 

hydrophobic segment, and was chosen as a non-toxic amino acid. The aim of this study was to explore 

the feasibility of protein entrapment on/into γ-PGA nanoparticles. To evaluate their potential as a 

protein carrier, ovalbumin (OVA) was used as a model protein for this study. We report here the 

formation of these nanoparticles by characterizing their physicochemical prosperities, such as particle 

size, zeta potential and OVA loading capability to evaluate their use as a novel protein carrier. The 

protein release properties and cytotoxicity of these γ-PGA nanoparticles were also investigated.  

 

2. Materials and methods 

2.1. Materials 

γ-PGA (number-average molecular weight, Mn = 300,000) was kindly donated by Meiji Seika Co, 

Ltd. L-phenylalanine ethylester (L-PAE) and ovalbumin (OVA) were purchased from Sigma (St. Louis 

MO). 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (water-soluble carbodiimide, WSC), dimethyl 

sulfoxide (DMSO), dimethyl formamide (DMF), dimethyl acetamide (DMAc), 

N-methyl-2-pyrrolidinone (NMP)  and D(+)-glucose were purchased from Wako Pure Chemical 

Industries (Osaka, Japan). 

 

2.2. Synthesis of γ-PGA-graft-L-PAE 

γ-PGA-graft-L-PAE copolymers were synthesized as previously described [29]. Briefly, γ-PGA (4.7 

unit mmol) was hydrophobically modified by L-PAE (4.7 mmol) in the presence of WSC. Different 

amounts of WSC (4.7-9.4 mmol) per glutamic acid residue of γ-PGA were added (Fig. 1). The purified 

γ-PGA-graft-L-PAE was characterized by 1H-NMR and FT-IR spectroscopy. The degrees of grafting of 

L-PAE were controlled by altering the amount of WSC. The grafting degrees were in the range from 49 

to 61 per 100 glutamic acid units of γ-PGA. In this experiment, γ-PGA-graft-L-PAE with 53 % grafting 

degree was used. 
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2.3. Preparation of γ-PGA nanoparticles 

Nanoparticles composed of γ-PGA-graft-L-PAE were prepared by a precipitation and dialysis method. 

γ-PGA-graft-L-PAE (10 mg) was dissolved in 1 ml of DMSO, DMF, DMAc and NMP, followed by 

addition of water at the same volume as the solvent to yield a translucent solution. The solutions were 

then dialyzed against distilled water using cellulose membrane tubing (50,000 molecular weight cut off) 

to form the nanoparticles and to remove the organic solvents for 72 hours at room temperature. The 

distilled water was exchanged at intervals of 12 hours. The dialyzed solutions obtained were then 

freeze-dried. 

 

2.4. Immobilization of OVA onto γ-PGA nanoparticles 

A carboxyl group of the γ-PGA nanoparticles (10 mg/ml) was first activated by WSC (0-1000 µg/ml 

in phosphate buffer, pH 5.8) for 20 min. The nanoparticles (5 mg) that were obtained by centrifugation 

(14,000 × g for 15 min) were mixed with 1 ml of OVA (2 mg/ml) in phosphate-buffered saline (PBS, 

pH 7.4), and the mixture was incubated at 4 °C for 24 hours. After the reaction, the centrifuged 

nanoparticles were washed twice with PBS or water, and resuspended at 10 mg/ml in PBS. The amount 

of immobilized OVA was evaluated by the Lowry method [37]. OVA-immobilized nanoparticles were 

added to the same volume of 4 % sodium dodecyl sulfate (SDS) to dissolve the nanoparticles, and the 

OVA loading content was then determined. The entrapment efficiency of OVA onto the nanoparticles 

was calculated as: (immobilized OVA amount onto the nanoparticles / initial feeding amount of OVA) 

×100. 

 

2.5. Preparation of OVA-encapsulated γ-PGA nanoparticles 

To prepare the OVA-encapsulated γ-PGA nanoparticles, 0.25-4 mg of OVA was dissolved in 1 ml of 

PBS, and 1 ml of the γ-PGA-graft-L-PAE (10 mg/ml in DMSO) was added to the OVA solution. The 

resulting solution was centrifuged at 14,000 × g for 15 min, and repeatedly rinsed. The OVA loading 

content was measured by the Lowry method, as described above. 
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2.6. Photon correlation spectroscopy (PCS) and zeta potential measurements 

The particle size distribution of the γ-PGA nanoparticles and the OVA-encapsulated nanoparticles in 

aqueous solutions was measured by photon correlation spectroscopy (PCS; Zetasizer 3000, Malvern 

Instruments, UK) with a He-Ne laser beam at a wavelength of 633 nm (scattering angle of 90°). The 

surface charge of the γ-PGA nanoparticles was determined by zeta potential measurement using a 

Zetasizer 3000. The nanoparticles suspension diluted with PBS (0.1 mg/ml) was used for particle size 

and zeta potential measurement without filtering. 

 

2.7. Transmission electron microscopy (TEM) measurements 

The morphologies of the γ-PGA nanoparticles and OVA-encapsulated nanoparticles were observed 

by TEM (JEOL) at 100 kV. A drop of the nanoparticle suspension was placed on a copper grid coated 

with collodion, and was negatively stained by 1 % ammonium molybdate. 

 

2.8. In vitro release study to OVA-encapsulated γ-PGA nanoparticles 

The release experiment was carried out in vitro as follows: OVA-encapsulated γ-PGA nanoparticles 

(10mg) were suspended in 1ml of PBS, and were placed in a microtube. The concentration of OVA was 

1.2 mg/ml of nanoparticle suspension. The tubes were incubated at 37 °C under moderate stirring. At 

different time intervals, 100 µl samples were withdrawn, and centrifuged at 14,000 × g for 15 min. The 

amount of OVA released into the supernatant was determined by the Lowry method. 

 

2.9. Freeze-drying 

The γ-PGA nanoparticles (NP) and OVA-encapsulated nanoparticles (OVA loading; 90 µg/1 mg of 

NP) dispersed in PBS, with or without 1, 2.5 and 5 % glucose as a cryoprotectant, were frozen in liquid 

nitrogen for 10 min and freeze-dried for 24 hours. The particle size of the freeze-dried nanoparticles 

redispersed into water (10 mg/ml) was compared with the initial particle size measured just before 
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freeze-drying. To evaluate the effects of freeze-drying on OVA released from the OVA-encapsulated 

nanoparticles, the amount of OVA released from the redispersed nanoparticles was measured. 

2.10. Evaluation of the cytotoxicity of γ-PGA nanoparticles 

The cell viability test was chosen as a cytotoxicity index, and was determined using the dye exclusion 

test with trypan blue. HL-60 cells were incubated in RPMI-1640 medium (Nikken Biomedical 

Laboratory, Kyoto, Japan) supplemented with 10 % heat-inactivated fetal bovine serum, 100 U/ml 

penicillin and 100 µg/ml streptomycin (all from Gibco-BRL, Rockville, MD). The cells (1 × 105 cells) 

were then cultured with varying concentrations of γ-PGA (unmodified liner polymer) or nanoparticles in 

a 96-well microplate for 1, 2 and 3 days under a 5 % CO2 atmosphere at 37 °C. After the incubation 

period, the cells were counted with the dye exclusion test, and the viability of the HL-60 cells was 

calculated. Different concentrations (0, 62.5, 125, 250, 500 and 1000 µg/ml) of γ-PGA or nanoparticles 

were tested in triplicate. 

 

3. Results and discussion 

3.1. Synthesis of γ-PGA-graft-L-PAE 

Amphiphilic γ-PGA was synthesized by the conjugation of L-PAE as the hydrophobic groups (Fig. 1). 

The γ-PGA-graft-L-PAE could form nanoparticles due to its amphiphilic characteristics. Graft 

copolymers with different degrees of L-PAE grafting were prepared by changing the molar ratio of the 

glutamic acid units of γ-PGA to WSC [29]. WSC reacts with the carboxyl groups of γ-PGA to form an 

active ester intermediate, which reacts with a primary amine group from the L-PAE to form an amide 

bond. The degree of grafting of L-PAE was determined by 1H-NMR using the integrals of the 

methylene peaks of γ-PGA, and the phenyl group peaks of phenylalanine. The degree of L-PAE grafting 

ranged from 49 to 61 per 100 glutamic acid units of γ-PGA. In this experiment, γ-PGA-graft-L-PAE 

with 53 L-PAE per 100 glutamic acid units of γ-PGA was used. 
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3.2. Characterization of γ-PGA nanoparticles 

The γ-PGA-graft-L-PAE is readily soluble in DMSO, DMF, DMAc, NMP and chloroform. Various 

water miscible solvents were used to prepare nanoparticles of γ-PGA-graft-L-PAE using a precipitation 

and dialysis method. It has been reported that the solvent selected to dissolve the amphiphilic polymer 

can influence the particle size, drug loading and physicochemical properties of the nanoparticles [14,38]. 

In this study, four water miscible solvents, DMSO, DMF, DMAc and NMP, were used. The size 

distribution of the γ-PGA nanoparticles was measured by PCS, and the results are shown in Fig. 2. 

Table 1 summarizes the particle size, zeta potential and entrapment efficiency of OVA into the 

nanoparticles for the various solvents. Although the mean diameter of the γ-PGA nanoparticles did not 

differ significantly based on the initial solvent used, NMP induced a broader size distribution than the 

other initial solvents. In the case of DMSO, the size distribution was relatively smaller than that of the 

other solvents. TEM observation of the nanoparticles prepared from DMSO and NMP are shown in Fig. 

3. In the case of DMSO, the morphologies of the nanoparticles were spherical, with diameters ranged 

from about 100 to 200 nm. When NMP was used as the initial solvent, various sized nanoparticles were 

observed. This result was in accordance with the particle size from the PCS measurements. These 

results indicated that the solvent used significantly affected the distribution of the particle size. These 

differences are possibly related to the solubility of γ-PGA-graft-L-PAE in the solvent, and the diffusion 

rate of the organic solvent into the water. Therefore, in subsequent experiments, DMSO was used as the 

initial solvent.  

The zeta potential did not differ significantly according to the initial solvent used. The γ-PGA 

nanoparticles had a strongly negative zeta potential (–20 mV), which can be attributed to the presence of 

carboxyl groups located near the surface. The structure of the nanoparticles consists of a L-PAE core 

with an outer γ-PGA shell. The zeta potential value is an important particle characteristic, because it can 

influence particle stability. Electrostatic repulsion between particles with the same electric charge 

prevents the aggregation of these particles [39]. 
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3.3. Entrapment of OVA on/into γ-PGA nanoparticles 

OVA-surface immobilized and inner encapsulated γ-PGA nanoparticles were prepared in order to 

study their potential application as protein carriers. The entrapment of OVA on/into the nanoparticles 

was successfully achieved. The amount of OVA immobilized onto the nanoparticle surface increased 

upon increasing the concentration of WSC (Fig. 4). OVA was immobilized onto the nanoparticles by an 

amide bond between the carboxyl group on surface of the γ-PGA nanoparticles and the amide group of 

OVA. As compared to untreated nanoparticles, the OVA-immobilized nanoparticles did not change their 

particle size, and showed a monomodal and narrow size distribution (date not shown). 

Similarly, the amount of OVA encapsulated into the nanoparticles was increased upon increasing the 

initial feeding amount of OVA (Fig. 5). In the case of the encapsulation method, the OVA entrapment 

efficiency reached about 50 wt.% at maximum. The encapsulation efficiency was obviously increased 

with an increase in the initial OVA concentration. In addition, this result was confirmed by sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The OVA-encapsulated 

nanoparticles exhibited one band corresponding to a molecular weight of 45 kDa (data not shown). We 

hypothesized that this efficient OVA encapsulation was due to the hydrophobic interaction between the 

hydrophobic regions of OVA and the hydrophobic L-PAE groups. On the other hand, the entrapment 

efficiency of immobilization onto the surface of the nanoparticles using WSC was only about 5 %. 

These results demonstrated that the entrapment efficiency of OVA was significantly dependent on the 

conjugation method. The degree of grafting of L-PAE did not markedly influence the entrapment 

efficiency of OVA into the nanoparticles (data not shown). 

From the PCS measurements, the mean diameter of the unloaded γ-PGA nanoparticles was 149 ± 35 

nm, with a narrow size distribution. The particle size of the nanoparticles was greatly increased when 

the OVA was encapsulated. Fig. 6 shows that the size of the γ-PGA nanoparticles increased depending 

on the amount of OVA loaded into the nanoparticles. The size of the OVA-encapsulated nanoparticles 

increased with increasing OVA content, likely due to an increase in swelling capacity due to the 

hydrophilic properties of OVA. Na et al. have reported that the introduction of vitamin H into 
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hydrophobically modified pullulan, pullulan acetate, enhanced the formation of swelling hydrogel 

nanoparticles due to the hydrophilicity of vitamin H [40]. Furthermore, the TEM observations 

demonstrated that the OVA-encapsulated nanoparticles were spherical in shape (Fig. 7). 

OVA-encapsulated nanoparticles with high OVA loading (OVA content over 150 µg/1 mg of NP) 

formed aggregates. 

 

3.4. Release behavior of OVA-encapsulated γ-PGA nanoparticles 

To study the protein release behavior, OVA-encapsulated γ-PGA nanoparticles were simply 

suspended in PBS, and OVA release was determined in vitro. The release of OVA from nanoparticles 

with an OVA content of 120 µg/1 mg of NP was carried out at 37 °C in PBS (pH 7.4). The OVA 

encapsulated into the nanoparticles was not released (less than 5 %), even after 10 days. The degree of 

grafting of L-PAE did not influence this release behavior (data not shown). This result indicated that the 

surface of the γ-PGA nanoparticle created a tight bond, and the protein was not released from the 

interior of the nanoparticles. In addition, the absence or slow release of OVA from the nanoparticles 

could be understood as a consequence of the interaction between the protein and the 

γ-PGA-graft-L-PAE. Moreover, this result suggested that the γ-PGA backbone composed of γ-linked 

glutamic acid and the amide bond between the α-carboxylate side chains of the γ-PGA and L-PAE were 

not degraded under these experimental conditions. In fact, several studies have shown that the γ-PGA 

was not degraded in neutral buffer [41].    

 

3.5. Suitability of γ-PGA nanoparticles for freeze-drying 

Since freeze-drying is a convenient technique for nanoparticle storage, the effects of freeze-drying on 

the size of the γ-PGA nanoparticles and the OVA-encapsulated nanoparticles were studied. After 

freeze-drying, these nanoparticles were redispersed in water, and their particle size was compared to the 

corresponding untreated nanoparticles. The lyophilized γ-PGA nanoparticles were easily redispersed, 

and the size of the nanoparticles showed no change in initial particle size as compared to before 
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freeze-drying. On the other hand, lyophilized OVA-encapsulated (90 µg/1 mg of NP) nanoparticles 

underwent irreversible aggregation (more than 1 µm) after redispersion in water. However, the addition 

of glucose as a cryoprotectant tended to decrease this aggregation (Fig. 8). Although in 1 % glucose 

aggregation above 1 µm still remained, in the presence of 2.5 % glucose, no large aggregation was 

observed, and the size of the nanoparticles was preserved. 

Fig. 9 shows the effects of freeze-drying on the OVA release from the OVA-encapsulated 

nanoparticles. The untreated and lyophilized OVA-encapsulated nanoparticles exhibited a similar 

release behavior. The total amount of OVA leaked from lyophilized nanoparticles with or without 

glucose was 3.1 and 6.8 %, respectively. Over a 1-week storage period, both untreated and lyophilized 

nanoparticles released less than 5 % of the OVA loaded. These results indicated that the γ-PGA 

nanoparticles and OVA-encapsulated nanoparticles had high stability for the freeze-drying process.  

 

3.6. In vitro cytotoxicity test 

The biocompatibility of the γ-PGA and unloaded γ-PGA nanoparticles was evaluated in vitro by a 

cytotoxicity test using HL-60 cells. The surviving cells after incubation was evaluated by the trypan 

blue exclusion assay. Fig. 10 shows the HL-60 cell proliferation and viability as a function of the 

concentration of γ-PGA and empty nanoparticles after 1-3 days of incubation. Cell proliferation was not 

affected by the γ-PGA and nanoparticles (Figure 10a, b), and cellular viability was maintained at levels 

higher than 90 % for both γ-PGA and nanoparticles, even at high concentrations (1 mg/ml) (Figure 10c, 

d). This implied that these γ-PGA nanoparticles could be useful as protein carriers without any 

significant cytotoxic effects. 

 

4. Conclusion 

Novel γ-PGA-graft-LPAE copolymers formed nanoparticles with a mean diameter around 200 nm 

and a narrow size distribution when prepared by a precipitation and dialysis method. Zeta potential 

measurements suggested that the γ-PGA nanoparticles had a core-shell type structure, with γ-PGA 
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chains placed preferentially on the outer surface and a L-PAE core. OVA as a model protein was 

successfully entrapped on/into these nanoparticles. In vitro cytotoxicity testing showed that the present 

nanoparticles did not induce any cytotoxicity against HL-60 cells. Therefore, these γ-PGA nanoparticles 

may be considered promising biodegradable and biocompatible protein carriers for modulated 

biodistribution, and site and/or cell-specific drug delivery systems. With further studies, these 

nanoparticles could be useful as vaccine carriers for systemic and mucosal administration. 
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Figure caption 

Table 1 Particle size, zeta potential and OVA loading content of γ-PGA nanoparticles according to the 

initial solvent used 

Fig. 1. Chemical structure of γ-PGA and synthesis scheme for γ-PGA-graft-L-PAE. 

Fig. 2. Particle size distribution of γ-PGA nanoparticles as measured by PCS according to the initial 

solvent used: (●) DMSO, (〇) DMF, (△) DMAc and (□) NMP. The nanoparticles were prepared by a 

precipitation and dialysis method.  

Fig. 3. TEM images of γ-PGA nanoparticles prepared with (a) DMSO and  (b) NMP as the initial 

solvent. The nanoparticles were counterstained with 1 % ammonium molybdate. 

Fig. 4. Effect of the WSC concentration on the amount of OVA immobilized onto γ-PGA nanoparticles. 

The γ-PGA nanoparticles were treated with various amounts of WSC, and OVA was mixed to a final 

concentration of 2 mg/ml. The amount of OVA entrapped was calculated by the immobilized OVA 

weight (µg) / nanoparticles weight (1 mg). The results are presented as mean ± SD values (n = 3).  

Fig. 5. Effect of the OVA concentration on the amount of OVA encapsulated (●) into the γ-PGA 

nanoparticles and the entrapment efficiency (〇). γ-PGA-graft-L-PAE (in DMSO) and OVA were 

mixed to a final copolymer concentration of 5 mg/ml. The amount of OVA entrapped was calculated by 

the encapsulated OVA weight (µg) / nanoparticle weight (1 mg). The entrapment efficiency was 

measured as the total encapsulated OVA weight / initial OVA weight × 100. The results are presented as 

means ± SD values (n = 3). 

Fig. 6. Changes in the size of the γ-PGA nanoparticles with increasing encapsulated OVA content. The 

size of the OVA-encapsulated nanoparticles was measured in PBS by PCS using a Zetasizer 3000. 

19
 



Fig. 7. TEM images of OVA-encapsulated γ-PGA nanoparticles. The OVA-encapsulated (90 µg/1 mg 

of NP) nanoparticles were counterstained with 1 % ammonium molybdate. 

Fig. 8. Effect of freeze-drying in the presence of glucose as a cryoprotectant on the size of 

OVA-encapsulated (90 µg/1 mg of NP) γ-PGA nanoparticles. The size before freeze-drying (●), after 

freeze-drying (〇) and during freeze-drying with 2.5 % glucose (△) was measured in PBS by dynamic 

light scattering (DLS). 

Fig. 9. Effect of freeze-drying in the presence of glucose as a cryoprotectant on the release of OVA from 

OVA-encapsulated (90 µg/1 mg of NP) γ-PGA nanoparticles. 

Fig. 10. Evaluation of the cytotoxicity against HL-60 cells of γ-PGA (a, c) and γ-PGA nanoparticles (b, 

d) at various concentrations: (●) untreated, (〇) 62.5, (△) 125, (□) 250, (◇) 500 and (＊) 1000 µg/ml. 

Cell proliferation (left) was determined by cell counting after 1, 2 and 3 days of incubation. The cell 

viability (right) expressed in % was calculated as [(Ns - Nd) / (Ns + Nd)] × 100, where Ns and Nd are the 

number of surviving cells and dead cells, respectively. 

 

 

 

 

 

 

 

 

 

 

 

20
 



Table 1 
 

 

 

 

 

 

Table 1
Particle size, zeta potential and OVA loading content of γ-PGA nanoparticles according to 
the various initial solvent used

Solvent

Mean diameter ± SD
(nm)a C.V. (%)b Zeta potential

(mV)c
Entrapment efficiency

(wt. %)d

        DMSO 149 ± 35 23.6 –23.1 46.6

        DMF 152 ± 44 28.9 –23.9 43.5

        DMAc 159 ± 50 31.6 –22.9 47.1

        NMP   194 ± 115 59.3 –23.3 45.1
a Particle size distribution of γ-PGA nanoparticles was measured in PBS by photon correlation spectroscopy (PCS).
b C.V. (coefficient of variation) = S.D. (standerd diviation) / mean diameter.
c Zeta potential of γ-PGA nanoparticles was measured in PBS by a Zetasizer 3000.
d γ-PGA-graft-L-PAE copolymers and OVA were mixed with the final concentration of 5 mg/ml and 1mg/ml.
   The entrapment efficiency was measured as total encapsurated OVA weight / initial OVA weight × 100.
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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