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Abstract: The ability to control the micelle size of poly(lactic acid) and poly(ethylene 

glycol) (PLA–PEG) block copolymers is important for controlling their circulation in 

blood cell recognition, drug release and therapeutic effects. We successfully controlled the 

micelle size by changing the block number of copolymers (multiblock index). PLA–PEG 

multiblock copolymers with multiblock indexes ranging from 1.35 to 2.78 were synthesized 

by direct polycondensation with tin chloride/p-toluenesulfonic acid binary catalysts, using 

PEG with a molecular weight (Mw) of 3200 Da. The Mw of PLA–PEG copolymers 

increased with an increase in the multiblock index, while micelle size, measured by 

dynamic light scattering, decreased greatly from 349 to 28 nm. In addition, the X-ray 

diffraction peak of the PLA crystal disappeared when the multiblock index was increased. 

These results indicate that a multiblock structure is useful for controlling micelle size 

without changing the PLA/PEG composition or PEG molecular weight, which strongly 

influences other micelle features. 
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1. Introduction 

Diblock and triblock copolymers of poly(lactic acid) and poly(ethylene glycol) (PLA–PEG copolymers) 

possess excellent biocompatibility and biodegradability. It is well known that these block copolymers 

form micelle structures in water, with a PLA core and PEG shell, owing to the amphiphilicity of 

hydrophilic PEG and hydrophobic PLA. These structures have been investigated for use as drug 

carriers [1], along with other amphiphilic block copolymers [2]. We previously reported a novel function 

of the micelle aqueous suspension. When heated, the mixed suspension of poly(L-lactic acid)–PEG 

micelles and poly(D-lactic acid)–PEG micelles forms a hydrogel based on the rearrangement of the 

micelle structure to form a network structure with stereocomplex crosslinking points, which can be 

used as an injectable hydrogel-type biomaterial [3,4]. 

The topologies of the PLA–PEG copolymer micelles have been extensively studied. PLA–PEG–PLA 

triblock copolymers form flower-like micelles with the PEG blocks [3–5], while PLA–PEG diblock 

copolymers tend to form star-like micelles [4,5]. These micelles can enclose hydrophobic drugs in the 

core and are highly stable in the blood for a long period of time. Since micelle size affects various 

functions and efficacies, methods for size control are very important and have been studied extensively. 

In general, the micelle size of PLA/PEG block copolymers is controlled by the PLA/PEG composition 

and total molecular weight. Yue et al. reported in vivo behavior of PEG–b–PLA micelles with a size of 

30 to 150 nm. They also controlled the micelle size by changing the PLA block length. The amount of 

micelles that accumulated in each organ depended on the micelle size, and the smaller micelles were 

more effective in tumor-growth inhibition [6]. 

However, it is not easy to change PLA–PEG copolymer characteristics in a wide range. Generally, 

the molecular weight of PEG used for block copolymers is less than 50,000 Da, because higher 

molecular weight PEGs are not excreted from the kidney and may accumulate in the body [7].  

If the molecular weight of PEG in PLA–PEG diblock or PLA–PEG–PLA triblock copolymers is fixed, 

the PLA/PEG composition determines not only the amphiphilicity, but also the total molecular weight 

of the copolymers.   

To solve these problems, the development of a multiblock structure is one of the most promising 

strategies. In 1999, we developed multiblock copolymers composed of PEG and water-soluble polyether 

segments [8]. We confirmed that tissue encapsulation of these multiblock copolymers was reduced, 

along with inflammatory cytokine production [9]. The multiblock structure enabled independent 

control of the segment length, total molecular weight and compositions of block copolymers. 

Multiblock copolymers with high molecular weight can even be processed to form films and fibers, 

while copolymers with high and low PLA content are effective as sutures or adhesion prevention 

membranes [10,11]. The multiblock copolymers also form nanoparticles in the water. In 2000, Bae et al. 

and Na et al. reported nanoparticles of PLA–PEG and poly(ε-caprolactone)–PEG (PCL–PEG) 

multiblock copolymers [12,13]. 

In the present study, the effect of the multiblock index (expressed as “n” in (PLA–PEG)n) of  

PLA–PEG multiblock copolymers on their micelle size was investigated. PLA–PEG multiblock 

copolymers with different multiblock indexes were synthesized by changing the reaction temperature 

and reaction time in direct polycondensation, using tin (II) chloride dihydrate (SnCl2) and  

p-toluenesulfonic acid monohydrate (TSA) as a binary catalyst system. This binary catalyst system 
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does not require a chain extender and was developed in our group to synthesize higher molecular 

weight PLLA (poly(L-lactide)) with low racemization and less coloring [14–16]. 

2. Experimental Section 

2.1. Materials 

The D-lactic acid (LA) aqueous solution (90%) was purchased from Musashino Chemical 

Laboratory, Ltd. (Tokyo, Japan). PEG with a weight average molecular weight (Mw) of 3200 Da, 

succinic acid (SA) and TSA were purchased from Nacalai Tesque Inc. (Kyoto, Japan). SnCl2 was 

purchased from Sigma Aldrich (St. Louis, MO, USA). 

2.2. Polycondensation 

LA (0.25 mol), PEG (7.0 mmol) and SA (6.8 mmol) were charged into a three-necked flask 

equipped with a mechanical stirrer and a reflux condenser. The temperature of the reflux condenser 

was maintained at 100 °C using a ribbon heater. At first, the air in the flask was replaced with argon 

gas. The flask was immersed in an oil bath at 150 °C, and the pressure was reduced to 66.7 kPa, with 

the conditions maintained for 5 h. Since SA might be removed from the system at high temperature 

and reduced pressure, SA was allowed to react with LA and PEG at 150 °C and 66.7 kPa. Then, SnCl2 

(1 wt% relative to the total amount of LA and PEG) and TSA (an equimolar amount to SnCl2) were 

added into the flask, and the flask was heated to 150 or 180 °C. The pressure was reduced gradually to 

reach 0.67 kPa and maintained for 15, 30 and 60 h at 150 °C or 10, 20, 30 and 60 h at 180 °C.  

The products were dissolved in dichloromethane, and the resulting solutions were poured into an 

excess amount of cold diethyl ether. The precipitated products were filtered and dried under vacuum 

for 24 h. 

2.3. Preparation of Micelle Suspension 

Ten milligrams of copolymer were dissolved in 100 µL of tetrahydrofuran (THF), and the solution 

was dropped into 1 mL of distilled water. THF was removed from the solution by stirring at room 

temperature overnight. The final concentration of the micelle suspension was adjusted to 1 and 7 wt% 

by changing the volume of distilled water. 

2.4. Measurement 

1H NMR spectra were recorded on a Bruker ARX-600 spectrometer (Bruker Co., Karlsruhe, 

Germany) at 600 MHz with deuterated chloroform (CDCl3) containing 0.03 vol% tetramethylsilane 

(TMS) used as an internal standard. The number average molecular weight (Mn), Mw and molecular 

weight distribution (Mw/Mn) were determined by gel permeation chromatography (GPC). The analyzer 

was composed of a Shimadzu LC-10AD pump and a RID-10A refractive-index detector (Shimadzu 

Co., Kyoto, Japan). A set of Tosoh TSK gel-GMHHR-H columns (particle size (mean): 5 µm. 7.8 mm 

I.D. × 30 cm) was used with CHCl3 as the eluent at a flow rate of 0.3 mL/min at 35 °C. The molecular 

weights were calibrated with polystyrene standards. We termed the number of repeating units (n) of 
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(PLA–PEG)n as the multiblock index. Copolymers with n = 1 and 1.5 represent diblock and triblock 

copolymers, respectively. The multiblock index of PLA–PEG copolymers was calculated from the 

PLA/PEG block ratio (NMR) and Mw (GPC). 

The light transmittance of a micelle suspension of 1 wt% was measured using a spectrometer on a 

Shimadzu UV-1800 at a wavelength of 500 nm at room temperature. The micelle size was determined 

by dynamic light scattering (DLS) on a nano ZS Zetasizer at 20 °C (Malvern Instruments Ltd., 

Worcestershire, UK). 

The micelle morphology was observed by atomic force microscopy (AFM) on multimode 

equipment (Veeco Co, Ltd., Plainview, NY, USA). Five microliters of micelle suspension (1 wt%) 

were dropped on the mica plate, dried at room temperature and observed in tapping mode using a 

silicon cantilever with a force constant of 40 N/m and a typical resonant frequency of 325 kHz. 

Wide angle X-ray diffraction (WAXD) of micelles was measured on an RINT 2100 FSL 

refractometer (Rigaku Co., Tokyo, Japan). The PLA–PEG multiblock micelle suspension (7 wt%) was 

freeze-dried and measured. The scattering intensities were scanned in the 2θ range of 5 to 40° at a scan 

rate of 2°/min at room temperature. The relative PLA crystal peak intensity was calculated by 

evaluating the area under the WAXD diffraction peaks (PLA crystal/(total crystal + total amorphous)). 

3. Results 

3.1. Synthesis of Multiblock Copolymers 

Multiblock copolymers consisting of PLA, PEG and SA were synthesized by direct polycondensation 

using binary catalysts of SnCl2 and TSA (Scheme 1). The reaction was confirmed by 1H-NMR.  

As shown in Figure 1, methine and methyl protons in PLA appeared at around 5.2 ppm and 1.5 ppm, 

respectively, and the signals of main chain methylene units in the PEG blocks appeared at 3.7 ppm. 

The α-methylene protons of the ethylene glycol units connected to PLA appeared at 4.3 ppm, together 

with the methine protons of the hydroxylated lactyl end units. The proton peaks of SA (δ = 2.7 ppm) 

were observed from the resultant polymer by 1H-NMR. This result coincides with several earlier 

studies of PLA–PEG multiblock copolymers [17–19]. 

 

Scheme 1. Synthesis of the poly(lactic acid) (PLA)–PEG multiblock copolymer. 
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Figure 1. 1H-NMR spectra of the PLA–PEG multiblock copolymer in CDCl3. 

The characteristics of the copolymers are summarized in Table 1. The LE(m)-x indicates a PLA–PEG 

(LE) multiblock copolymer (m) with the multiblock index of x. Figure 2 shows the changes in the Mw 

of PLA–PEG copolymers as a function of reaction time at 150 and 180 °C. Before the catalysts were 

added, the Mw and Mn of the polymer were 3700 and 3400 Da, respectively. At 150 °C, the Mw 

gradually increased with increasing reaction time to reach 9200 Da after 65 h. On the other hand, at 

180 °C, the Mw sharply increased to 14,000 Da after 25 h, but gradually decreased afterwards. There 

was an obvious decrease in Mw at 65 h. Long-term heating and high reaction temperatures might 

induce the decomposition of the PLA segments in the PLA–PEG copolymer. 

Table 1. Characteristics of the PLA–PEG copolymers. 

Sample 

name 

Temperature 

(°C) 

Reaction 

time (h) 

Mn a  

(Da) 

Mw a  

(Da) 

Mw/Mn a PLA/PEG b 

(w/w) 

Multiblock 

index c 

LE(m)-1.35 150 20 3,600 6,100 1.67 29.1:70.9 1.35 

LE(m)-1.53 150 35 4,200 6,900 1.66 29.1:70.9 1.53 

LE(m)-2.27 150 65 6,900 9,200 1.34 21.2:78.8 2.27 

LE(m)-1.38 180 15 4,300 7,000 1.62 37.1:62.9 1.38 

LE(m)-2.78 180 25 9,600 14,000 1.46 36.4:63.6 2.78 

LE(m)-2.75 180 35 8,300 13,400 1.63 34.3:65.7 2.75 

LE(m)-2.93 180 65 9,100 12,700 1.40 26.2:73.8 2.93 
a Determined by GPC (flow rate: 0.3 mL/min; eluent: CDCl3; molecular weight standard: polystyrene);  
b calculated from 1H-NMR; c calculated from 1H-NMR and GPC. 
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Figure 2. Changes in the molecular weight of the PLA–PEG copolymers as a function of 

the reaction time at 150 (○) and 180 °C (●). 

Figure 3 shows typical GPC curves of the reprecipitated PLA–PEG multiblock copolymers.  

A bimodal peak was observed at 35 h when the reaction temperature was 180 °C. The small peak was 

probably due to a small amount of LA oligomers. The PLA of the PLA–PEG multiblock copolymer 

end units might have decomposed by transesterification. On the other hand, the bimodal peak was not 

observed at 5, 15, 25 or 65 h. The LA oligomers might have decomposed by 65 h and probably 

disappeared during reprecipitation. The PLA/PEG ratio measured by 1H-NMR spectroscopy supports 

this result. The PLA content of the multiblock copolymer decreased with an increase in reaction time 

at 180 °C. 

 

Figure 3. GPC curve of multiblock copolymers at (a) 150 and (b) 180 °C for each reaction time. 

The PLA content of all of the PLA–PEG copolymers was similar to the feed ratio, but changed 

slightly according to the reaction conditions. The PLA content of the PLA–PEG multiblock copolymer 

was 29.1% when it was synthesized at 150 °C for 20 and 35 h. At 150 °C for 65 h, it was 21.2%. When 

the polymerization was conducted at 180 °C for 15, 25 and 35 h, it was about 36%. There was an 
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obvious decrease in the PLA content (26.2%) when the reaction time was 65 h. The PLA content of the 

product synthesized at the high reaction temperature was higher than that of the product synthesized at 

the low reaction temperature. The multiblock index, which was calculated by the unit ratio of PLA/PEG 

(NMR) and Mw (GPC), increased with an increase in reaction temperature and time. At 150 °C,  

the multiblock index increased with time and reached 2.27 at 65 h. At 180 °C, the multiblock index 

was 2.78 at 25 h and reached 2.93 after 65 h. Figure 4 shows the methyl protons decoupled from the 

methine protons of the PLA–PEG multiblock copolymers. The spectral signals were assigned 

according to previous studies [20–23]. The subscripts i and s indicate isotactic and syndiotactic, 

respectively. It was difficult to quantify the racemization from the NMR spectrum, but we tried to 

calculate the racemization ratio ((isi + sss + iis/ssi + sis)/(iii + ssi/iss + isi + sss + iis/ssi + sis)) and 

show the result in Figure S1. At 150 °C, the racemization ratio slowly increased with time, while at 

180 °C, it rapidly increased after 35 h and reached over 30% at 65 h. In addition, the LE(m)-2.93 

changed color to dark brown at 65 h of polymerization at 180 °C. Since these results indicate the 

possibility of racemization, we omitted the results of LE(m)-2.93 from the entire analysis. 

 

Figure 4. Methine proton signals from the homonuclear-decouple 1H-NMR spectra of  

(a) LE(m)-1.35, (b) LE(m)-1.53, (c) LE(m)-2.27, (d) LE(m)-1.38, (e) LE(m)-2.78,  

(f) LE(m)-2.75 and (g) LE(m)-2.93 (i, isotactic; s, syndiotactic). 
  



Polymers 2015, 7 1184 

 

 

3.2. Micelles 

Figure 5a shows the effect of the multiblock index on the light transmittance of the PLA–PEG 

multiblock copolymer micelle suspensions (1 wt%) at room temperature. Light transmittance of 

LE(m)-1.35, LE(m)-1.38 and LE(m)-1.53 was less than 35%, while that of LE(m)-2.27, LE(m)-2.75 

and LE(m)-2.78 was higher than 80%. The correlation coefficient (r) between the multiblock index 

and the light transmittance was r = 0.96 (p = 0.002). In contrast, no correlation was observed between 

light transmittance and the PLA content of copolymers at room temperature (Figure 5b). The correlation 

coefficient was r = −0.13 (p = ns). Figure 6a shows the dependence of the particle size of the  

PLA–PEG multiblock copolymer micelle, in 1 wt% suspension at 20 °C, on the multiblock index. 

Interestingly, micelle size clearly decreases with the increased multiblock index, although the Mw of 

the copolymer increases with the increased multiblock index, as shown in Table 1. Figure S2 clearly 

shows that the particle size decreased with the increasing Mw of the block copolymers, which does not 

generally occur. The particle size of LE(m)-1.35, LE(m)-1.38, LE(m)-1.53, LE(m)-2.27, LE(m)-2.75 

and LE(m)-2.78 was 349, 209, 218, 74, 28 and 38 nm, respectively. Their correlation coefficient was  

r = −0.94 (p = 0.006). The smaller size at the higher multiblock index is in good agreement with the 

higher light transmittance (Figure 5a). It is clear that the PLA contents is not a determinant of the 

particle size (Figure 6b, r = −0.10 (p = ns)). 

The AFM image revealed that all of the PLA–PEG multiblock copolymers micelles were spherical 

(Figure 7). The majority of micelles of LE(m)-2.27, LE(m)-2.75 and LE(m)-2.78 were small at a 

diameter of 30 to 100 nm, while all of the micelles of LE(m)-1.35, LE(m)-1.38 and LE(m)-1.53 were 

much larger. These results agree with the DLS measurement. 

 

Figure 5. Light transmittance change of the PLA–PEG copolymers suspension (1 wt%)  

(a) multiblock indexes and (b) PLA content at room temperature (** p < 0.005,  

*** p < 0.0001). 
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Figure 6. Change in the micelle suspension (1 wt%) of PLA–PEG copolymers as a 

function of (a) multiblock indexes and (b) PLA contents at 20 °C (* p < 0.05, ** p < 0.005, 

*** p < 0.001). 

 

Figure 7. AFM images of the (a) LE(m)-1.35, (b) LE(m)-1.38, (c) LE(m)-1.53, (d) LE(m)-2.27, 

(e) LE(m)-2.75 and (f) LE(m)-2.78 micelles. The AFM image size and height are 2 µm × 2 µm 

and 50 nm, respectively (scale bar = 500 nm). The image size and height of the enlargement 

images are 1 µm × 1 µm and 10 nm, respectively (scale bar = 250 nm). 
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Figure 8 shows the WAXD profiles of the micelles. The PEG crystal peaks are located at 2θ = 23.5°. 

The peaks at 2θ = 19° are the overlapping peaks of PLA and PEG. LE(m)-1.35, LE(m)-1.38 and 

LE(m)-1.53 micelles show PLA crystal peaks at 2θ = 17°, while LE(m)-2.27, LE(m)-2.75 and  

LE(m)-2.78 micelles do not. The relative PLA crystal peak intensity was calculated by  

PLA crystal (diffraction peaks of 17°)/(total crystal + total amorphous). Figure 9 indicates a clear 

decrease in the relative PLA crystal peak intensity with an increase in the multiblock index. 

 

Figure 8. WAXD profile of the (a) LE(m)-1.35, (b) LE(m)-1.38, (c) LE(m)-1.53,  

(d) LE(m)-2.27, (e) LE(m)-2.75 and (f) LE(m)-2.78 micelles. 

 

Figure 9. Relative PLA crystal peak intensity in the micelle of PLA–PEG multiblock 

copolymers as a function of multiblock indexes. 
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4. Discussions 

4.1. Racemization 

Our group reported that high molecular weight PLLA (about 100,000 Da) can be synthesized 

directly from LA without discoloring or racemization, through the use of binary catalysts [14–16]. 

Baick et al. reported the reversible oligomerization of L-lactic acid in this binary catalyst system [24]. 

Miao et al. applied this binary catalyst method to the synthesis of PLA–PEG–PLA triblock  

copolymers [25]. The reaction time, temperature, pressure and ratio of binary catalysts were studied to 

determine their effect on polymer decomposition, discoloring and racemization [14–16,24,25].  

We previously reported that a reaction time longer than 20 h in melt polycondensation of PLLA was 

ineffective for further polymerization, but rather induced discoloration and racemization of PLLA [14]. 

In the present study, we succeeded in preparing PLA–PEG multiblock copolymers using binary 

catalysts without chain extenders for the first time. However, we observed obvious racemization and 

decomposition during polymerization at 180 °C for 65 h (Figure 4). We then excluded this data point 

from the main analysis. 

4.2. Micelle Size 

It is generally known that the micelle size of PLA–PEG block copolymers depends on the balance 

of hydrophobic and hydrophilic components (PLA and PEG ratio), as well as the PLA and PEG block 

lengths [4,5,13,26–28]. However, in our results, PLA contents ranging from 21.2% to 37.1%,  

which affect the hydrophilic-hydrophobic balance, were not a determinant of the micelle size. The 

micelle size depended rather on the multiblock index with an inverse correlation. A large multiblock 

index resulted in a small micelle diameter, although an increasing multiblock index increases the 

copolymer molecular weight (Table 1). It is hard to conclude that the multiblock index is the dominant 

parameter, but we could show that it must be one of the effective parameters for determining the 

micelle diameter. 

Recently, Hadjiantoniouet et al. prepared and evaluated non-biodegradable multiblock copolymers 

from hydrophobic 2-(dimethylamino) ethyl methacrylate and hydrophilic methyl methacrylate, bearing 

from two to six blocks. Variations in the number of blocks led to differences in micelle size, micelle 

structure and aggregation number [29]. We also tried to evaluate the micelle structures. 

4.3. Crystallinity 

It is known that the crystallinity of both the PEG and the PLA segments decreases in the copolymer, 

and the crystallinity of multiblock copolymers is lower than that of triblock copolymers. The crystallinity 

also changes with block length and molecular weight. Lee et al. suggested that the presence of  

succinic acid might have inhibited PLA crystallization. Moreover, the crystallinity of PLLA and  

PEG in PLLA–PEG multiblock copolymers was influenced by both the molecular weight and the 

PLLA/PEG ratio [30].  

In this study, we assessed the crystallinity of the PLA segment in the micelle structures. The multiblock 

copolymer with low PLA content (LE(m)-1.35) clearly showed the PLA crystal peak, but the multiblock 
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copolymer with large PLA content (LE(m)-2.78) did not. The multiblock index affected PLA crystal 

formation of PLA–PEG copolymers to a greater extent than PLA content did (Figure 9). 

Glavas et al. reported that the crystallinity of the micelle core influenced micelle size and critical 

micelle concentration [31]. Micelles with a semicrystalline core (PEG–PCL) and those with an amorphous 

core (PEG–PεDL) showed different trends in size as a function of the hydrophobic/hydrophobic ratio. 

Semicrystalline micelles were smaller than amorphous micelles when the hydrophobic ratio was high 

(the hydrophobic/hydrophilic ratio was 2.0). On the other hand, semicrystalline micelles were larger 

than amorphous micelles when the hydrophobic ratio was low (the hydrophobic/hydrophilic ratio was 

0.5). The micelle core crystallinity might be an important factor that influences micelle size. 

Agrawal et al. reported that the crystallinity of the PLA core greatly affects the release of 

incorporated drugs [32]. They compared the micelles of poly(DL-lactic acid)–DLLA–PEG–poly(DL-

lactic acid) (amorphous core) with the micelles of PLLA–PEG–PLLA (crystal core). The crystalline 

PLA core released drugs from the micelle at a relatively fast rate, whereas the amorphous PLA core 

showed a slower release. They suggested that the reason for the difference was the packing of PLA 

chains in the core. Moreover, the report suggested that the aggregation number of crystal core micelles 

was larger than that of amorphous core micelles [33]. The core crystallinity, which can be altered by 

the multiblock index, may also be an important factor in determining the micelle size and drug 

releasing behavior. 

5. Conclusions 

In this study, we synthesized PLA–PEG multiblock copolymers by a simple direct polycondensation, 

using SnCl2 dihydrate and TSA as binary catalysts. The 1H-NMR and GPC analysis showed that the 

multiblock index can be controlled by controlling the reaction time and temperature. It was found that 

the multiblock index of the biodegradable PLA–PEG copolymer is one of the major factors influencing 

the micelle size in aqueous solutions, as well as the crystallinity of the PLA core. The effect of these 

features on drug incorporation properties, drug releasing behavior and thermoresponsive gelation 

capacity will be investigated in the future. 
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