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The amphiphilic biodegradable polymer surfactant, poly(ethyleneoxide monooleate)-block- 

poly(D,L-lactide) (MOPEO-PLA), was shown to form microemulsions in chloroform solution and to 

extract water and protein into their microemulsions from the aqueous phase. The water content in the 

chloroform phase significantly increased with the MOPEO-PLA concentration, indicating that a 

MOPEO-PLA microemulsion was formed with a large amount of water molecules. The largest amount of 

cytochrome c in the MOPEO-PLA microemulsion phase was extracted when the pH of the aqueous phase 

was close to the pI value for cytochrome c, and the degree of extraction increased at higher temperatures. 

From these results, the main factor for the extraction of cytochrome c was found to be the hydrophobic 

interaction between MOPEO-PLA and cytochrome c. The MOPEO-PLA microemulsion provides a benign 

extraction process for proteins. A MOPEO-PLA microemulsion system would provide a new encapsulation 

system in a biodegradable polymer matrix for delivery of proteins and peptides. 

 

 

1. Introduction 

Recently, microencapsulation techniques for water-soluble bioactive agents such as proteins, 

peptides, nucleic acids, and human growth hormones, which have short half-lives in vivo and are unstable 

in biological fluids, have been developed for the purpose of long-term sustained-release formulations [1-3]. 

Biodegradable polymer microcapsules enclosing bioactive agents had mostly been produced by a solvent 

evaporation method via a double emulsion system, which efficiently traps hydrophilic agents in 

microcapsules by trapping an inner aqueous phase with the agents in the oil phase compartments [4, 5].
 

However, double emulsions are thermodynamically unstable due to coalescence and the large size 

distribution of the inner aqueous phase; therefore protein-loaded microcapsules release protein 

uncontrollably [6]. Furthermore, it has been demonstrated that sensitive proteins lost their activity at the 

W/O interface [7, 8],
 
and produced a denatured protein through shear-induced stress with homogenization 

when an inner aqueous phase was dispersed in the oil phase [9]. 

W/O microemulsions, which are self-assemblages of amphiphilic molecules in a nonpolar organic 
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solvent, can solubilize hydrophilic macromolecules and bioactive agents in their micro water pool [10-14]. 

Therefore, W/O microemulsions solubilizing hydrophilic bioactive agents are uniform and 

thermodynamically stable. A bioactive agent can be uniformly distributed in a microcapsule by adapting 

bioactive agents solubilized in a uniform W/O microemulsion to the O/W emulsion system. Furthermore, it 

is considered that this microencapsulation system is benign for bioactive agents because the microemulsion 

solubilized bioactive agents form spontaneously without intensive agitation. Hayashi et al. reported on 

microencapsulation of bioactive agents using a W/O microemulsion system using di-2-ethylhexyl sodium 

sulfosuccinate (AOT) and a sucrose ester of fatty acids [15]. However, these surfactants were not suitable 

because of their immiscibility with the polymer matrix of the microcapsules such as poly(lactide); (PLA) 

and poly(lactide-co-glycolide). 

We designed a hydrophobic biodegradable polymer surfactant, poly(ethyleneoxide 

monooleate)-block-poly(D,L-lactide); (MOPEO-PLA), whose chemical structure is shown in Figure 1, for 

the use with accurate-release polymer microcapsules [16]. MOPEO-PLA can form a W/O microemulsion in 

the organic phase, which solubilizes hydrophilic bioactive agents, and which has good miscibility with the 

matrix of the PLA microcapsules. In the present study, we investigated the formation of MOPEO-PLA 

microemulsions and the extraction of cytochrome c, as a model protein, by the microemulsion. As far as we 

know, this is the first report of protein 

extraction with a PLA-based polymeric 

surfactant system. To investigate the extraction 

behavior of cytochrome c, the liquid-liquid 

extraction was performed under varying 

operating conditions such as pH, buffer 

concentration, and temperature. 

 

2. Experimental 

2.1 Synthesis of MOPEO-PLA 

D,L-lactide was purified by recrystallization from toluene and then dried for over 24 hr in vacuo at 

room temperature. Poly(ethyleneoxide monooleate) (Mw: 1,112) was purchased from Aldrich and used 

without further purification. Cytochrome c from horse heart was purchased from Sigma. Other reagents 

were purchased from Wako Pure Chemical Industries, Ltd. MOPEO-PLA was synthesized by bulk 

ring-opening polymerization of D,L-lactide initiated with MOPEO in the presence of a stannous 

2-ethylhexanoate catalyst according to the procedure given in our previous report [16]. The polymerization 

was carried out in a sealed glass ampoule at 403 K for 24 hours. After this time, the product was dissolved 

in chloroform and precipitated these from by addition of an excess amount of hexane. Finally, 

MOPEO-PLA was isolated and dried at 323 K under vacuum. The obtained polymer showed a single peak 

in the GPC trace and a polydispersity of less than 1.4 [16]. The molecular weight of MOPEO-PLA used in 

this study was about 2.0x10
3
-7.0x10

3
. 

2.2 Extraction of water and cytochrome c 

The extraction of water in the organic phase was carried out by mixing a NaCl aqueous solution or 

distilled water with an equal volume of the MOPEO-PLA organic phase. In the water extraction 

Figure 1. Molecular structure of MOPEO-PLA 
block copolymers.  
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experiments, the pH of the aqueous phase was not controlled. The concentration of cytochrome c in the 

initial aqueous phase was fixed at 0.2 mg/ml and the buffer solutions were phthalic acid buffer (pH 4.0), 

phosphate buffer (pH 7.2), and boric acid buffer (pH 9.2). The organic phase was a chloroform solution of 

MOPEO-PLA and 20 wt% of methanol as a co-solvent. Methanol is the most effective co-solvent for the 

extraction of cytochrome c among alcohols, such as methanol, ethanol, n-propanol, isopropanol, n-butanol 

and hexanol. The extraction of cytochrome c into the organic phase was carried out by mixing an aqueous 

buffer solution containing cytochrome c with an equal volume of the MOPEO-PLA organic phase. After 

mixing the two phases by shaking for 24 hr at 298 K, the clear organic phase was collected by 

centrifugation at 6,000 rpm for 10 min. The water content in the organic phase was measured with a 

Karl-Fischer titrator (Kyoto Electronics, MKA-3), and the concentrations of cytochrome c in the organic 

and in the aqueous phases were determined by measuring the absorbance at 408 nm using a UV-VIS 

spectrophotometer (Hitachi, U-2000A). The molar ratio of water to surfactant, Wo=[H2O]/[MOPEO-PLA] 

was used to characterize the microemulsions. 

 

3. Results and Discussion 

3.1 Extraction properties of water in an organic phase containing MOPEO-PLA 

The effects of the MOPEO-PLA concentration on the water content in the organic phase are shown 

in Figure 2. The water content significantly increased at MOPEO-PLA concentrations higher than 10 mM. 

It was therefore considered that a MOPEO-PLA microemulsion solubilizing a large amount of water in the 

organic phase was formed. The water content was slightly higher when the MOPEO-PLA molecule had a 

longer hydrophobic PLA segment. This was due to an increase in the number of MOPEO-PLA 

microemulsions, because the MOPEO-PLA with the longer PLA segments formed a MOPEO-PLA 

microemulsion with a smaller number of MOPEO-PLA molecules which cause an increase in the total 

number of the microemulsions. Information of the size of the microemulsions is important in any 

discussion of these results. However, the diameter 

of the MOPEO-PLA microemulsion could not be 

observed by using a dynamic light scattering 

method because of the lack of scatter intensity 

from the polymer colloid solution. To investigate 

the detailed characteristics of the MOPEO-PLA 

microemulsion system, another method such as 

small angle neutron scattering should be used in 

future work.  

The effect of the NaCl concentration on the 

water content in the organic phase for 

MOPEO-PLA concentrations of 10 and 20 mM, at 

which a MOPEO-PLA microemulsion was formed 

as shown in Figure 2, is shown in Figure 3. It is 

clear that the water content was little affected by 

the NaCl concentration, in contrast to the effect of 

Figure 2. Effect of MOPEO-PLA concentration on 

the water content in the chloroform phase. Mw of 

MOPEO-PLA was 1.8x10
3
 (○) and 6.5x10

3
(△). 

Distilled water was used as the aqueous phase. 
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the NaCl concentration with a conventional 

microemulsion system using an ionic surfactant 

such as AOT, because MOPEO-PLA is a nonionic 

polymer surfactant. The decreased amount of water 

caused by an increase in the NaCl concentration at 

10 mM MOPEO-PLA was larger than that at 20 

mM. As a result, the values of Wo, which is 

commonly used to characterize microemulsions, 

were affected by the concentration of 

MOPEO-PLA. In a conventional microemulsion 

system using AOT, the Wo values are unaffected by 

the AOT concentration. These tendencies were 

quite different from the result of the previous 

experiment with AOT [17]. It was thus inferred 

that the MOPEO-PLA microemulsion was 

self-organized in a state of ambiguous aggregation 

with polymeric PEO segments and a quite large 

hydrophobic PLA chain unlike the AOT microemulsion, which would form tight spherical aggregates. 

Further investigation on the structure of the MOPEO-PLA microemulsion is required. 

3.3 Extraction properties of cytochrome c with the MOPEO-PLA microemulsion system 

The extraction of cytochrome c was carried out using the organic phase containing MOPEO-PLA. 

The effect of the MOPEO-PLA concentration on the extraction percentage of cytochrome c is shown in 

Figure 4. The extraction percentage increased above a MOPEO-PLA concentration of 10 mM. This 

concentration corresponded to the water content 

result shown in Figure 2, indicating that 

cytochrome c in the aqueous phase was 

solubilized in the organic phase by forming a 

complex with the MOPEO-PLA microemulsion.  

The visible adsorption spectra of 

cytochrome c extracted into the MOPEO-PLA 

microemulsion solution and native cytochrome c 

dissolved in the buffer solution are illustrated in 

Figure 5. An adsorption peak at 408 nm was 

observed in both spectra, and indicated that 

cytochrome c was extracted in the MOPEO-PLA 

microemulsion. In addition, the adsorption at 

near 530 nm, assigned to the heme of cytochrome 

c was also similar to that for unextracted 

cytochrome c, suggesting that the conformation 

of heme of cytochrome c extracted in the 

Figure 4. Effect of the MOPEO-PLA concentration 

on the extraction percentage of cytochrome c. The 

Mw of MOPEO-PLA was 4.4x10
3
 and the pH was 

7.2. 
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Figure 3. Effect of NaCl concentration on the water 

content of the organic phase. The MOPEO-PLA 

concentration was (○) 10 mM and (△) 20 mM. Mw 

of MOPEO-PLA was 4.0x10
3
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MOPEO-PLA microemulsion was not appreciably 

altered. 

The effect of pH on the extraction percentage 

of cytochrome c is shown in Figure 6. The maximum 

extraction percentage was at pH 10.1, which 

corresponds to the pI value for cytochrome c. It was, 

therefore, considered that there was no electrostatic 

interaction between the protein and the surfactant 

because the net charge of the protein is almost zero 

when the pH of the aqueous phase is equal to pI. 

Furthermore, the pH of the aqueous phase strongly 

influenced the extraction behavior of cytochrome c. 

This tendency was due to the cytochrome c being 

more stable in the MOPEO-PLA microemulsion than 

in the aqueous phase because the solubility of the 

protein was the lowest at the pI value of the protein. 

Figure 7 shows the effect of the boric buffer 

concentration on the extraction behavior of 

cytochrome c when the pH of the aqueous phase was adjusted to the pI value. The protein extraction 

gradually decreased with an increase in the buffer concentration. However, the decrease, which was 

generally caused by the shielding of the electrostatic interaction between the protein and the microemulsion, 

is not so large as compared with that of other microemulsion systems [20]. This result also confirmed the 

pH dependency shown in Figure 6 whereby the electrostatic interaction between the protein and the 

MOPEO-PLA microemulsion was not the dominant driving force for the extraction of cytochrome.  

Figure 5. Absorption spectra of cytochrome c 

extracted into the MOPEO-PLA microemulsion 

(broken line) and native cytochrome c in the 
aqueous phase (solid line). 
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Figure 6. Effect of pH on the extraction percentage 

of cytochrome c. The Mw of MOPEO-PLA was 

4.4x10
3
 and the concentration of MOPEO-PLA 

was 33.9 mM. 
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extraction percentage of cytochrome c. The Mw of 

MOPEO-PLA was 4,1x10
3
. the pH was 10.1, and 

the concentration of MOPEO-PLA was 36.1mM. 
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The effect of pH and ionic strength in the aqueous media in an ionic AOT reveres micelle system 

shows that the driving force for the formation of a protein-surfactant complex in the organic phase is 

mainly governed by the electrostatic interaction between the charge group of the surfactant and the protein 

[18, 19]. It was also reported that the protein was extracted by electrostatic interaction with the nonionic 

surfactant [20].
 
In this study, the protein was considered to be extracted in a MOPEO-PLA microemulsion 

through different interactions than the electrostatic interaction. It is supposed that the intermolecular force 

between the protein and the MOPEO-PLA microemulsion is hydrophobic or a hydrogen bond. The strength 

of these interactions is strongly dependent on temperature. Pires and Cabral reported that cytochrome b5 

was effectively extracted with an ionic 

surfactant through a hydrophobic 

interaction at a pH value close to the pI 

value, and that the extraction performance 

strongly depended on the temperature at 

the cytochrome b5 pI value[21].  

The temperature dependency was 

investigated to clarify the extraction 

mechanism of cytochrome c with 

MOPEO-PLA microemulsions in the 

organic phase. The effect of temperature 

on the extraction percentage of 

cytochrome c is shown in Figure 8. The 

extraction percentage increased with 

temperature. The water molecules in the 

MOPEO-PLA microemulsion were held 

by a hydrogen bond with the ether bond of 

poly(ethylene oxide). The hydrophobicity 

in the MOPEO-PLA microemulsion 

increased with increasing temperature 

because of the exclusion of the hydrated 

water molecule in the MOPEO-PLA 

microemulsion by high molecular 

mobility at the higher temperature. The 

temperature dependency indicates that 

hydrophobic interaction governed the 

MOPEO-PLA microemulsion system’s 

ability to extract cytochrome c. 

The effect of the molecular weight 

of MOPEO-PLA on the extraction 

behavior of cytochrome c and water in the 

organic solution is shown in Figure 9. 
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Figure 9. Effect of the MOPEO-PLA molecular weight on 

the extraction percentage of cytochrome c (○) and the 

water content in the organic phase (△). The pH was 10.1, 

and the concentration of MOPEO-PLA was 10 wt%. 
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When the molecular weight of MOPEO-PLA was less than 4x10
3
, the extraction percentage of cytochrome 

c significantly increased with increasing molecular weight of MOPEO-PLA despite the fact that the water 

content in the organic phase decreased. The increase in the molecular weight of MOPEO-PLA was caused 

by the increase in the hydrophobic PLA chain. So, the complex between cytochrome c and the 

MOPEO-PLA microemulsion would become more hydrophobic by the increase in the PLA chain and 

extraction of cytochrome c increased. In contrast, a higher molecular weight of the MOPEO-PLA caused 

the extraction percentage of cytochrome c to decrease. This may be because a bulky MOPEO-PLA 

microemulsion with longer PLA segments has difficulty in entrapping cytochrome c into the water pool of 

the microemulsion because of steric hindrance. In this way, the MOPEO-PLA microemulsion with suitable 

properties efficiently extracted cytochrome c through the hydrophobic interaction. It is considered that this 

extraction process is benign for proteins because the hydrophobic force between the cytochrome c and the 

MOPEO-PLA is weak compared with electrostatic interaction. In other research in which we analyzed the 

initial reduction rate coefficient of cytochrome c reduced with ascorbic acid, cytochrome c was 

microencapsulated with PLA using a MOPEO-PLA microemulsion system and the activity of cytochrome c 

released from the microcapsules was kept at almost 100 % [16].  

 

4. Conclusion 

The formation of a polymer microemulsion and protein extraction in organic media was investigated 

using MOPEO-PLA as a biodegradable polymer surfactant. It was found that a MOPEO-PLA 

microemulsion was formed by water solubilization in a MOPEO-PLA organic solution. An analysis of the 

visible spectra of the organic clear solution reveals that cytochrome c was extracted into the MOPEO-PLA 

microemulsion system with methanol as a co-solvent. The maximum percentage of cytochrome c extraction 

was obtained at pH 10.1 equal to the pI value for cytochrome c. The effect of pH, buffer concentration, 

operation temperature, and the Mw of MOPEO-PLA, depending on the hydrophobic PLA chain, on 

extraction ability indicated that the main factor for complex formation between cytochrome c and 

MOPEO-PLA was the hydrophobic interaction. Therefore, this system can provide a benign environment 

for protein separation and purification processes. 
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