
Journal of Pharmaceutical Investigation

Vol. 41, No. 6, 323-329 (2011)

323

Succinylated Pullulan Acetate Microspheres for Protein Delivery

Youngrong Woo, Seogjin Seo and Kun Na†

Department of Biotechnology, The Catholic University of Korea, 43-1 Yeokgok 2-dong, 

Wonmi-gu, Bucheon-si, Gyeonggi-do 420-743, Korea

(Received December 1, 2011·Accepted December 13, 2011)

ABSTRACT − In order to develop new protein carrier replacing poly(DL-lactic acid-co-glycolic acid) (PLGA) micro-

spheres, succinylated pullulan acetate (SPA) was investigated to fabricate a long term protein delivery carrier. SPA micro-

spheres loaded with lysozyme (Lys) as a model protein drug were prepared by a water/oil/water (W/O/W) double emulsion

method. An acidity test of SPA copolymers after hydrolysis was performed to estimate the change of protein stability during

releasing proteins from the microspheres. There was no pH change of SPA copolymers, but pH of PLGA polymers after

hydrolysis was significantly decreased to around pH 2, indicating that the long-term stability of proteins released from SPA

microspheres can be guaranteed. Loading efficiency of proteins into SPA microspheres was three times higher than those

into conventional PLGA microspheres, indication of inducing stronger charge interaction between proteins and succinyl

groups in SPA microspheres. Although initial burst behaviors were monitored in Lys-loaded SPA microspheres due to rel-

atively strong hydrophilic succinyl segments in SPA microspheres, initial burst issues would be circumvented if the ratio

of charge density of succinyl moieties and hydrophobic acetate groups is harmonically controlled. Therefore, in this study,

a new attempt of protein delivery system was made and functional SPA was successfully confirmed as a new protein carrier.
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Peptides or Protein drugs have become the drugs of choice

for the treatment of various diseases because they cause fewer

side effects and have great potential to cure diseases, rather

than rarely treat their symptoms. However, some protein drugs

have very short in vivo half-lives and multiple injections are

required in order to achieve desirable therapy. One approach to

improve the therapeutic efficiency of these protein drugs is

encapsulating them in a sustained-dosage form that is able to

release the macromolecule continuously over a period of

weeks or months (Anderson et al., 1997; Cohen et al., 1991;

Sinha et al., 2003).

For the preparation of microspheres, biocompatible and bio-

degradable polymers from synthetic or natural sources, such as

poly (e-caprolactone) (PCL), poly(lactide) (PLA), poly(gly-

colide) (PGA), poly(lactide-co-glycolide) (PLGA), and natural

or synthetic polysaccharides including dextran, starch,

crosslinked collagen, gelatin, chitosan, and hyaluronic acid,

have been used. Of these, PLGA is widely used for the prep-

aration of microspheres. It has been used for many years as

biomaterials in the basic research or clinical fields (Lewis,

1990; Vert et al., 1994). The physical properties of PLGA

include strength, hydrophobicity, and pliability. It is easy to

formulate into drug carrying devices for various applications

(Heller, 1980; Jalil et al., 1990; Kitchell et al., 1985; Tice et al.,

1991).

In preparing PLGA microspheres, however, recently their

problems have been reported in that they ultimately result in

the loss of protein drug activity over long-term delivery. These

problems include the induction of acidic environments in

PLGA microspheres and acylation between proteins and

PLGA. It has been reported that an acidic environments

induced by protons generated from the hydrolysis of ester link-

ages in PLGA facilitates the denaturation, aggregation, and

deamidation of proteins in PLGA microspheres. Moreover,

acylation induced by the nucleophilic attack of amine groups

in proteins to a carbonyl group in PLGA may damage incor-

porated protein drugs, and effect an alteration of receptor spec-

ificity (Fu et al., 2003; Houchin et al., 2008; Means et al.,

1995; Shao et al., 2000; van de Weert et al., 2000). Thus, for

the improvement of the protein delivery system, the PLGA

depot system is clearly required.

Recent works have been studied to prevent acylation after

PEGylation of protein drugs (Domb et al., 1994; Na et al.,

2005). These works were attributed to high stability of protein

drugs from acylation when degrading PLGA. Another group

reported on using the system with natural polymers to protect

protein drugs in acidic environment of PLGA microsphere(Lee

et al., 2007). 
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Our group previously reported on using chemically modified

natural polymer, succinyled pullulan having negative charges,

as a result of ionic complexes with protein in PLGA micro-

sphere (Kim et al., 2010). Morimoto reported a cationic micro-

spheres based on aminated gelatin with ethylenediamine

(CGMS), in which this system was characterized by a slower

release and suppression of the burst release of acidic proteins

(Morimoto et al., 2008). Additionally, microspheres based on

chitosan have been evaluated for the nasal delivery of insulin. 

Pullulan was selected as a polymer for the preparation of

microspheres, because it is a biocompatible and biodegradable

polymer, which is degraded into non-toxic monomers (Xi et

al., 1996). Thus, it has been studied for use in biomedical and

clinical applications(PARK et al., 2006; Song et al., 2006). 

Pullulan (Figure 1(a)) can be chemically modified through

the addition of hydrophobic moieties to endow the appropriate

properties for microsphere preparation via the double-emulsion

method, because pullulan is soluble in water and even in vol-

atile organic solvents such as dimethyl sulfoxide (DMSO) and

dichloromethane (MC) (Couvreur et al., 1993; Leathers, 2003).

Na et al. reported that pullulan acetate microsphers loading

protein drugs have a capability of sustained release of protein

drugs for 3 weeks (Yang et al., 2009). Also, pullulan can be

modified with charge groups to prolong protein stability. We

previously reported succinylated pullulan (SP; Figure 1(b)) in

PLGA microsphers as a protein delivery depot for a complex

between succinyl groups with negative charges and proteins

with positive charges. As a result, negatively charged suc-

cinylated pullulan formed an ionic complex with cationic pro-

teins via an ionic interaction. This helped ionic complexes

prevent their self-aggregation from acidic environment in

PLGA microsphere.

In this study, we synthesized succinylated pullulan acetate

(SPA; Figure 1(c)) as a protein delivery depot using negatively

charged succinyl anhydride and hydrophobic acetic anhydride,

and confirm the resultants by 1H nuclear magnetic resonance

(NMR). Because the carboxyl groups in SPA have a pKa

around pH 4.4, it forms ionic complexes with various ther-

apeutic proteins with higher isoelectric point (pI) values (> pH

7.4), such as lysozyme (Lys, pI ~9.3), bFGF (basic fibroblast

growth factor, pI ~9.6), and VEGF (vascular endothelial

growth factor, pI ~8) (Kim et al., 2010). Here, Lys as a model

drug was encapsulated into SPA microspheres via a water/

organic/water (W/O/W) double-emulsion method. The protein-

loaded SPA microspheres were expected to reduce initial burst

of protein drugs and to sustain long-term release of proteins.

The microparticles were characterized by their morphological

structure and their size by the field emission scanning electron

microscopy (FE-SEM). The protein encapsulation efficiency

and release profiles of Lys in vitro were examined, and its sta-

bility was also assessed by a pH test compared to those in con-

ventional PLGA microspheres.

Materials and Methods

Materials

Pullulan (number-average Mw of 100,000) was purchased

from Hayashibara Company (Okayama, Japan). Lysozyme

from chicken egg white (50,000 EU/mg), succinic anhydride,

4-dimethylaminopyridine (DMAP), pyridine, acetic anhydride,

formamide , dimethyl sulfoxide (DMSO), poly(vinyl alcohol)

(PVA, Mw 13,000-23,000), dichloromethane (MC) and BCA

protein assay kits were purchased form Sigma (St. Louis, MO,

USA). PLGA (RG 502H, Mw = 8,000 Da) was provided by

Boehringer Ingelheim (Petersburg, USA).

Succinylated pullulan acetate, SPA

To impart negative charge, pullulan was chemically mod-

ified via succinylation. 5 g of pullulan was suspended in

Figure 1. Synthetic scheme of succinylated pullulan acetate co-
polymers. (a) pullulan (b) succinylated pullulan (SP) (c) succi-
nylated pullulan acetate (SPA) 
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50 mL of DMSO, and then pullulan solution was added to

10 mL of DMSO containing 300~600 mg of DMAP and

300~800 mg of succinic anhydride. The solution was vigor-

ously stirred overnight at room temperature. The reactant was

dialyzed using a dialysis membrane (molecular cut off 3,500)

against distilled water for 2 days. The final solution was

freeze-dried and powder was obtained.

For controlling negative charge density in pullulan, two dif-

ferent degrees of succinylated pullulan (SP) were obtained.

Also, to impart the hydrophobicity to SP, one gram of SP was

dissolved in 30 mL formamide. Seven ml of pyridine was

added and dissolved via one hour of vigorous stirring. Then, 9

ml of acetic anhydride was added and dissolved via vigorous

stirring for 24 h at room temperature. The reaction mixture was

poured in to distilled water to remove impurities. The pre-

cipitates were dialyzed using a dialysis membrane (molecular

cut off 10,000) against distilled water for 2 days. The final

solution was freeze-dried and powder was obtained. The syn-

thesis of SPA was analyzed by FT-IR and 1H NMR, and the

degrees of succinylation for SP were calculated by 1H NMR

analysis.

Preparation of microspheres

SPA microspheres were prepared via a double-emulsion-sol-

vent evaporation technique (W/O/W, water-in-oil-in-water).

Five mg of Lys dissolved in 0.1 mL of distilled water and

added to 1 mL of MC with 100 mg of SPA. The solution was

mixed by stirring for 1 min to prepare an O/W emulsion. The

O/W emulsion was slowly injected (with a glass syringe and a

needle with the 22 G) into 100 ml of 2% PVA solution and

stirred for 5min at 4,000 rpm with a homogenizer (silverson

Machines Ltd, Waterside, UK). As a control, PLGA micro-

spheres (RG 502H (Mw 8,000 Da)) was also prepared by the

same method for SPA microspheres and compared to SPA

microsphers.

Encapsulation efficiency of Lys

Ten mg of SPA microspheres was added to 1 mL of ace-

tonitrile to extract the Lys. The solution was centrifuged for

10 min at 14,000 rpm adjusting the temperature to 4oC. The

supernatant of each sample was removed, and 0.5 mL of

NaOH (0.1 N) was added to the pellet and mixed. After mix-

ing, the solution was analyzed with a BCA protein assay kit.

A 20 µL aliquot of the samples was allowed to react with

100 µL of BCA solution (solution A: solution B = 50:1). At

15 min after reaction at 60oC, the absorbance of each sample

was determined on a microplate reader at a test wavelength of

562 nm. Encapsulation efficiency (%) was calculated using the

following equation;

% Encapsulation Efficiency = La/Lt × 100

[in which La represents the quantity of protein embedded in

the microspheres and Lt is the theoretical amount of protein

incorporated into the microspheres.]

Morphology and particle size distribution of micro-

spheres

The surface morphology of SPA microspheres was observed

by field emission-scanning electron microscope (FE-SEM,

Hitachi S-3000 N) and particle size distribution was also

assessed using FE-SEM.

pH test after degradation of polymers

One mg/mL of Lys-loaded microspheres in distilled water

were incubated for a month at 37oC with mild stirring. Then,

one drop taken from each microtube sample was tested on pH

paper.

In vitro release of Lys from SPA microspheres.

Ten mg of Lys-loaded SPA microspheres in phosphate-buff-

ered saline (PBS, 10 mM, pH 7.4) was incubated under mild

stirring at 37oC for indicated time. Lys released into PBS was

assessed via a BCA assay.

 

Results and Discussion

Pullulan, a water-soluble, neutral, linear polysaccharide, has

been investigated in the field of biomaterials and drug delivery

systems due to its biocompatibility and biodegradability qual-

ities. However, its hydrophilic properties are difficult to encap-

sulate hydrophobic and charged protein drugs. For these

reasons, several trials for introduction of hydrophobic or

charged segments into pullulan have been made. Among these,

hydrophobic acetic anhydride and negatively charged succinyl

anhydride are appropriate to prepare functionalized pullulan

for the protein delivery system. In this study, therefore, func-

tionalized pullulan copolymers composed of negatively

charged succinyl groups and hydrophobic acetic groups con-

jugated with pullulan were obtained via a W/O/W double

emulsion method as reported in our previous study (Kim et al.,

2010).

Prior to the preparation of Lys-loaded SPA microspheres,

succinyl groups with different degrees were conjugated with

pullulan to control charge density of succinyl moieties (SP1

and SP2), and then each SP copolymer was conjugated with



326 Youngrong Woo, Seogjin Seo and Kun Na

J. Pharm. Invest., Vol. 41, No. 6 (2011)

the same ratio of hydrophobic acetic anhydride to endow SP

copolymers with hydrophobic segments These synthetic SPA

copolymers were confirmed by FT-IR and 1H NMR. First, syn-

thesized copolymers were analyzed by results of FT-IR spec-

tra. FT-IR data identified peaks of acetate groups as C-O in

ethers at 1156 cm-1, C=O group in carboxyl acid at 1752 cm-1,

and CH2 residues in succnyl groups at 1456 cm-1. The absorp-

tion peak at 3390 cm-1 related to stretching vibration of

hydroxyl groups in pullulan decreased owing to the creation

of succinyl groups and acetate groups (Figure 2). The data

demonstrated that the hydroxyl groups of pullulan were well

substituted for succinyl groups. The FT-IR results were con-

firmed by 1H NMR spectra of SPA and SP in CDCl3, and

D2O, respectively (Figure 3). The peaks of -OH in pullulan,

-CH2CH2 in succinyl groups and -CH3 in acetyl groups

appeared at between 3-5.5, around 2.5, and around 2 ppm,

respectively. The degrees of succinylation of SP1 and 2 were

1 and 3.5 per 10 glucose units in pullulan, respectively, as

determined by the carboxyl group titration method (Table I)

(Liu et al., 2007; Noga et al., 2008).

For the test of protein stability, pH of synthesized SPA

copolymers were measured at one month after their hydro-

lyzed degradation in distilled water. There were no pH changes

of SPA1 (Figure 4b) and SPA2 (Figure 4c) copolymers

between before and after hydrolysis, but pH of PLGA poly-

mers (Figure 4a) after hydrolysis was significantly decreased

to around pH 2 as shown in Figure 4. These results indicated

that proteins encapsulated in SPA microspheres are stable, and

it is possible to perform long-term release of therapeutic pro-

tein drugs in SPA microspheres. 

Using functionalized SPA copolymers synthesized by a W/

O/W double emulsion method, we prepared Lys-loaded SPA

microspheres. Table II shows loading efficiencies and contents

of Lys in PLGA and SPA microspheres and size distribution of

Lys-loaded PLGA and SPA microspheres. Feeding ratio of Lys

loaded into all SPA microspheres was the same (5 wt%). In

PLGA microspheres, loading efficiency and contents were

26.6 and 1.3%, respectively, whereas those in SPA micro-

sphers were about three times higher than those in PLGA

microspheres. These results indicated that SPA copolymers can

induce not only hydrophobic forces between Lys and acetyl

groups but also charge interaction between protein drugs and

succinyl groups in SPA microspheres. In contrast, PLGA

microspheres have only hydrophobic forces between proteins

Figure 2. FT-IR spectra of SPA ((a), blue line), SP ((b), red line)
and pullulan ((c), black line).

Figure 3. 1H NMR spectra of SPA ((a), blue line), SP ((b), red line)
and pullulan ((c), black line).

Table I. Properties of SPA1 and 2 microspheres with two
different degrees of succinylations

Code name Pullulan(g)
Succinic 

anhydride(g)a
Succinylation (mole) 

per glucose ringa

SPA1 0.1 0.3 0.1

SPA2 0.1 0.8 0.35

aAs determined by 1H-NMR

Figure 4. The pH test of the samples (1 mg/ml of polymers in dis-
tilled water) at a month after incubation. (a) PLGA microspheres (b)
SPA1 microspheres (0.1 carboxyl group/glucose ring) (c) SPA2 mi-
crospheres (0.35 carboxyl group/glucose ring).
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and PLGA when proteins were loaded into the microspheres.

The size distribution of Lys-loaded SPA microspheres in

aqueous solution was verified via measurement of particle size

by FE-SEM (Table II). Measured mean sizes of PLGA, SPA1

and 2 microspheres were 12.8, 20.6, and 17.1 mm, respec-

tively. For morphological observation of PLGA, SPA1 and 2

microspheres, FE-SEM analysis was conducted (Figure 5).

Shapes of PLGA, SPA1 and 2 microspheres were similarly

regular and spherical as visualized by FE-SEM photography

and they were not affected by the succinyl group contents. Lys-

loaded SPA2 microspheres were expected to be slightly

smaller and more compact than Lys-loaded PLGA and SPA1

microspheres, but the significant results concerning size dis-

tribution among them were not analyzed in this study. 

Thus, we investigated in vitro release of Lys from SPA

microspheres to further understand their properties. As men-

tioned above, initial burst and uncompleted release are very

crucial issues in the protein delivery system. Generally, initial

burst behavior of PLGA microspheres is induced by channels

and pores prepared from solvent evaporation during freeze-

drying and the uncompleted release is attributable to protein

denaturation (Kim et al., 2010). To overcome these issues,

many attempts have been made to show a dramatic effect in

reducing both initial burst and uncompleted release (Park et al.,

2009). In order to demonstrate the potential of SPA micro-

spheres as an alternative for PLGA microspheres, release

behaviors of Lys from SPA1 and 2 microspheres were mon-

itored by BCA protein assay (Figure 6).

Table II. Characterization of Lys-loaded PLGA, SPA 1 and 2 microspheres

Code
Amount of

polymer(mg)
Amount of
protein(mg)

%Encapsulation 
efficiency ± S.D.

%Drug
Contents ± S.D.

Size
Distribution (µm)

PLGA 100 5 26.6±1.12 1.33±0.06 12.8±6.89

SPA1 100 5 76.9±2.26 3.84±0.11 20.6±10.7

SPA2 100 5 66±4.39 3.3±0.22 17.1±3.40

Figure 5. Field emission Scanning Electron Microscopy (FE SEM)
photographs of (a) PLGA microsphere (b) SPA1 microsphere (c)
SPA2 microsphere. The scale bar indicated 100 µm.

Figure 6. In vitro Lys released from microspheres of (a) SPA1 (▼)
and SPA2 (▽). (b) Early stage of release behaviors. The values are
mean±S.D., n=3.
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In PLGA microspheres, initial burst behaviors were mon-

itored as expected (data not shown). Initial release of Lys from

SPA1 microspheres slower than those from SPA2 micro-

spheres (Figure 6b) and 60% of Lys from SPA1 microspheres

was released for 1 month (Figure 6a), indicating that ionic

interaction of SPA1 with Lys may be weaker than those of

SPA2 because SPA1 has lower contents of succinyl moieties

than SPA2. On the contrary, stronger ionic interaction of SPA2

having higher succinyl moieties may hinder release of Lys

from SPA2 microspheres after one week. Initial burst behav-

iors were monitored in SPA1 and 2 microspheres. Interestingly,

initial burst from SPA2 microspheres was higher than those

from SPA1 microspheres, suggesting that relatively hydro-

phobic interaction between Lys and acetyl moiety of SPA2

microspheres might be slightly stronger than those of SPA1

microspheres. Although SPA microspheres were endowed

with charge functions for stably ionic interaction between Lys

and the microspheres, initial burst behaviors of Lys from SPA

microspheres could not be avoided by thereby higher hydro-

philicity. These results suggested that relatively hydrophobic

forces were weaker, the more highly hydrophilic succinyl seg-

ments despite higher loading efficiencies of proteins into the

microspheres by stronger charge interaction, thus resulting in

releasing out of almost all the proteins from the microspheres.

Therefore, if the ratio of charge density and hydrophobic

forces are harmonically controlled, the initial burst problems of

the microspheres can be solved.

Conclusion

In conclusion, we successfully synthesized SPA copolymers

composed of negatively charged succinyl groups and hydro-

phobic acetyl groups grafted to pullulan in effort to fabricate

microspheres for the future development of new protein drug

carriers. SPA microspheres evidenced that the long-term sta-

bility of proteins in the microspheres were maintained as a

result of unchanged pH unlike PLGA microspheres. Strong

ionic interaction between proteins and succinyl groups in SPA

microspheres improved loading efficiency of protein drugs, but

thereby hydrophilicity of succinyl segments induced initial

burst by the loosely hydrophobic forces between proteins and

SPA microspheres. Therefore, we can speculate that if the ratio

of charge density and hydrophobic forces are controlled, the

initial burst issues of the microspheres can be circumvented.
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