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Introduction 

Curcumin is the yellowish pigmentation of turmeric 

(Curcuma longa L.) which is widely used as a food 

flavoring and coloring agent. Its chemical formula 1,7-

bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-

dione with a chemical structure in the keto–

enoltautomerism. Curcumin is an interesting therapeutic 

agent from a pharmaceutical point of view because of its 

remarkable biological properties, including its antioxidant, 

antimicrobial, anti-inflammatory, and wound healing 

activities.
1-4

 It also exhibits potential use for the medicinal 

treatment of various diseases, especially cancer.
5-7

 

Nevertheless, curcumin suffers from some drawbacks 

including low water solubility under acidic or neutral 

conditions, high decomposition rate in an alkaline media, 

and photodegradation in organic solvents which 

subsequently limit its clinical applications.
8,9

 Because of 

these shortcomings, many attempts to increase the 

solubility and stability of curcumin have been reported, 

e.g. the use of curcumin nanoparticles,
10 

the inclusion of 

curcumin into central cavities of cyclodextrins,
11,12

 the use 

of curcumin-encapsulated microemulsions,
13

 and 

curcumin-loaded O-carboxymethyl chitosan 

nanoparticles
14

 or curcumin-loaded dextran sulphate–

chitosan nanoparticles.
15 

In recent decades, many novel 

chemotherapeutic formulations have been developed. 

These formulations contain chemotherapy inside the 

vehicle, resulting in less toxicity and better drug 

penetration into tumor tissue. Biodegradable polymeric 

nanoparticles are often used to achieve controlled release 

of drugs in advanced anticancer drug delivery systems.
16-19 

Also, some biodegradable polymer-derived drug delivery 

systems, such as nanoparticles delivering anticancer 

agents, are commercially available.
20

 Poly(caprolactone)-

poly(ethylene glycol) (PCL-PEG) copolymers are 
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Abstract 
Purpose: Among the potent anticancer agents, curcumin is known as a very efficacious 

against many different types of cancer cells, but its clinical applications has been limited 

because of hydrophobicity, low gastrointestinal absorption, poor bioavailability and rapid 

metabolism. In this way, a novel micellar delivery system with mPEG–PCL was synthesized 

and the release profile of the curcumin from the drug-loaded micelles was evaluated. 

Methods: In this study, curcumin was encapsulated within monomethoxypoly(ethylene 

glycol)-poly(ε-caprolactone) (mPEG-PCL) micelles through a single-step nano-precipitation 

method, leading to creation of curcumin-loaded mPEG-PCL (Cur/mPEG-PCL) micelles. Di-

block mPEG-PCL copolymers were synthesized and used to prepare micelles. mPEG-PCL 

copolymer was characterized in vitro by HNMR, FTIR, DSC and GPC techniques. Then, 

mPEG–PCL copolymers with curcumin were self-assembled into micelles in aqueous 

solution. The resulting micelles were characterized further by various techniques such as 

dynamic light scattering (DLS) and atomic force microscopy (AFM). 

Results: The findings showed the successful formation of smooth and spherical curcumin-

loaded micelles. The encapsulation efficiency of curcumin was 88 ± 3.32%. The results of 

AFM revealed that the micelles have spherical shapes with size of 73.8 nm. The release 

behavior of curcumin from micelles was compared in different media. In vitro release of 

curcumin from curcumin-entrapped micelles was followed remarkably sustained profile. 

The sustained release of drug was hypothetically due to the entrapment of curcumin in core 

of micelles.  

Conclusion: The results indicate the successful formulation of curcumin loaded m-

PEG/PCL micelles. From the results, iIt can be concluded that curcumin m-PEG-PCL 

micelles may be considered as an effective treatment strategy for cancer in the future.  
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biodegradable, amphiphilic, easy to produce, and have 

potential application in drug delivery systems.
21,22

 In order 

to improve therapeutic efficiency of curcumin, various 

formulations including liposomal curcumin,
23 

PEG-

curcumin conjugate,
24

 and PCL-PEG-PCL nanofibers or 

micelles encapsulating curcumin have been introduced 

recently.
25,26

 In this contribution, we are aimed to 

encapsulate curcumin in mPEG-PCL micelles as a 

promising carrier with sustained release characteristics. In 

this way, a novel micellar delivery system with mPEG–

PCL was synthesized and the release profile of the 

curcumin from the micelles prepared using the drug-

loaded copolymer was evaluated. 

 

Materials and Methods 

Materials 

mPEG (Mn=5000 Da) (Aldrich, St. Louis, USA, 

CAS.81323), ε-caprolactone (98% purity) (Acros, New 

Jersi, USA, CAS.502443), curcumin (Merck, Darmstadt, 

Germany, Art No. 820354), and stannous 2-ethyl-

hexanoate (Sn(Oct)2) (Aldrich, St. Louis, USA, CAS. 

301100).were all purchased locally. Other chemicals and 

solvent were from chemical lab purity grades, purchased 

locally and used as received. 

 

Synthesis of mPEG–PCL copolymer 

The mPEG–PCLcopolymer was synthesized by a ring 

opening polymerization of ε-caprolactone with mPEG as 

initial molecule and Sn(Oct)2 as catalyst. Briefly, ε-

caprolactone (4 g), mPEG (2 g), and Sn(Oct)2 (0.01 mmol) 

were heated to 120°C to start polymerization. After 11 h, 

the resulting polymer was cooled to room temperature, 

dissolved in chloroform, and precipitated in cold diethyl 

ether. The copolymer was dried under vacuum at room 

temperature for 24 h.  

 

Characterization of mPEG-PCL copolymer  

The chemical structure of copolymer was identified by 

proton nuclear magnetic resonance spectroscopy (1H 

NMR) in CDCl3 at 400 MHz (Bruker, Avance 400) and 

Fourier transform infrared spectroscopy (FT-IR) 

(Bruker, Tensor 27). The average molecular weight and 

distribution of the mPEG–PCL copolymers were 

determined by gel permeation chromatography (GPC) 

(Knaure, Berlin, Germany) equipped with differential 

refractometric detector and an ultrastyragel column 

(4.6×30 mm) (Waters, Milford, USA, model HR 4E). 

The mobile phase was tetrahydrofuran (THF) with a 

flow-rate of 1 ml/min and the injection volume was 100 

µl of stock solutions (0.1-0.5 w/v %). Polymers were 

characterized by relative elution time to polystyrene 

monodisperse standards in the range of 4500- 29500 Da 

(Varian Palo Alto, CA) using the calibration curve 

obtained before measurements. Differential scanning 

calorimetry (DSC) (Mettler Toledo, model Star SW 

9.30) was used for thermal analysis of the synthesized 

copolymers. Samples were heated at a rate of 10 °C 

min
-1

 and the data were recorded from 0 to 200 °C. 

 

Preparation of curcumin-loaded micelles 

Curcumin loaded micelles were prepared by 

nanoprecipitation method using chloroform as the solvent. 

Briefly, mPEG–PCL copolymer (20 mg), and curcumin (8 

mg) were dissolved in 2 ml of chloroform. The solution 

was, then, injected drop-wise through a syringe (G=22) 

into 25 ml of distillated water under certain mixing rates 

and stirred magnetically at room temperature until 

complete evaporation of the organic solvent which caused 

the amphiphilic copolymers to self-associate to form the 

micelles. The resulting micelles were separated by 

centrifuging at 20000 g for 20min and freeze-dried under a 

pressure of 14 Pa at -78 °C in order to remove all the 

residual solvents and to produce the final dried form. 

 

Characterization of the micelles 
Particle morphology 

The morphology of micelles was determined using atomic 

force microscopy (AFM) (JPK, Berlin, Germany, model 

Nano Wizard 2). For AFM sample preparation, micelles 

were diluted with water and a droplet of 2 μL was placed 

onto a freshly cleaved mica substrate (1 cm
2
) and air-

dried. AFM measurements were performed in intermittent 

contact mode. 

 

Determination of particle size  

The particle size distribution of the prepared micelles were 

determined by dynamic light scattering (DLS) using a 

nano/zetasizer (Malvern Instruments, Worcestershire, UK, 

model Nano ZS).  

 

Stability of micelles 

The physical stability of micelles was evaluated by 

monitoring the particle size distribution of the micelles 

while suspended in phosphate-bufferred solution (PBS, 

pH=7.4) and kept in ambient temperature at times 0, 15, 

and 30 days after preparation using the method described 

in 2.5.2. 

 

Determination of loading efficiency 

To determine the loading efficiency of the drugs in the 

micelles, two parameters were determined including the 

drug loading ratio and efficiency of entrapment. Drug 

loading ratio was determined as: 

    
     

         
      (1) 

Where DL% is the drug loading ratio (percent), and Wdrug 

and Wmicelles represent the weight of the entrapped drug, 

and the total weight of the corresponding drug-entrapped 

micelles, respectively. 

For determination of the drug loading ratio, 1 mg of the 

final freeze-dried nanodispersion was dissolved in 1 mL of 

chloroform, and the drug content was measured 

spectrophotometrically (Thermo Fisher Scientific, USA, 

Madison, model GENESYS
™

 10S) at wavelengths of 

425nm.  
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Efficiency of entrapment was determined in reference to 

loading ratio and total dried nanodispersion weight 

obtained using the following equation: 

    
                

          
      (2) 

Where EE% is the efficiency of entrapment (percent), 

and             and            stand for the total mass of 

powders obtained after freeze-drying and the drug fed 

initially in the micelles preparation step, respectively. 

 

FTIR analysis 

Using FTIR analysis, it is possible to obtain some 

information about the occurrence of possible interaction(s) 

between substances involved in a nanocarrier system. 

Generally, the interaction between drug and polymer is 

investigated through the band shifts exerted by the 

functional groups as well as through broadening in IR 

spectra compared to their individual spectra. To confirm 

the presence of any interactions between drug and 

polymer, the FTIR spectra of solid micelles were 

compared with pure drug and individual polymers. Freeze-

dried samples were pressed to form the standard disks and 

the FTIR spectra of the KBr disks were recorded using the 

aforementioned instrument from 600 to 4000 cm
-1

.  

 

DSC analysis 

Any possible drug-polymer interaction(s) as well as the 

physical changes occurred on the drug or polymer can be 

studied using the thermal analysis.DSC analysis was 

carried out on pure drug and drug-loaded micelles. 

Samples were heated at a rate of 10 °C min
-1

 and the data 

were recorded from 0 to 200 °C. 

 

Drug release study 

This test was carried out to evaluate the release behavior 

of curcumin from micellized copolymer. Briefly, 5 mg of 

freeze-dried drug-loaded carriers were dispersed in 2 ml 

phosphate-buffered saline (PBS) containing 5% (v/v) 

Tween 80 and the resulting suspension was placed within 

a dialysis sac (Mw 12 kDa) and incubated at 37 °C while 

immersed in 15 ml of PBS. Then, at predetermined time 

intervals, 2 ml of the dialysate was taken out and replaced 

by 2 ml fresh PBS. The concentration of curcumin in the 

dialysate was determined by high performance liquid 

chromatography (HPLC). The mobile phase consisted of 

methanol and 5% (w/v) acetic acid at the volume ratio of 

70:30, and was delivered at a flow rate of 1.0 ml/min 

using a double-reciprocating pump and the analysis 

wavelength was at 420 nm (Waters, MA, USA, model 

Breeze). The sample was injected through a 50 μL sample 

loop. A C18 analytical column (250mm×4.6mm, particle 

size 5µm; Perfectsill, MZ-Analysentechnik, Germany) 

equipped by a guard column of the same packing was 

used. The calibration curve for curcumin was linear over 

the concentration range of 0.0016-0.125 mg/ml. All the 

release studies were carried out in triplicate. In order to 

study the pH-dependency of the drug release, the 

experiments were also carried out, as specified earlier, 

using PBS at a pH of 5.5. To investigate the drug release 

behavior of carriers while incubated in real human plasma, 

the release experiments were repeated in plasma of a 

healthy male volunteer in the same condition except that 

the samples were incubated in plasma instead of PBS. 

 

Results  

Synthesis and characterization of mPEG–PCL copolymer 

mPEG– PCL di-block copolymer was synthesized using 

the ring-opening polymerization of caprolactone in 

presence of mPEG, whose hydroxyl end group initiated 

the ring opening (Figure 1). The structure and 

composition of the synthesized mPEG–PCL di-block 

copolymer was determined by HNMR spectroscopy in 

CDCl3, as shown in Figure 2. The presence of 

methylenes (CH2) in PCL was observed around 1.3 

ppm, 1.6 ppm , 2.2 ppm and 4.06 ppm, the methoxy and 

methylene protons in methoxy(OCH3) and methylene 

(CH2) groups of PEG were around 3.38 and3.64 ppm, 

respectively. Table 1 shows the characteristics of 

synthesized copolymer. FT-IR spectrum of mPEG–PCL 

copolymer is shown in Figure 3. In the spectrum 

shown, the sharp and intense bands at 1722 cm
-1

 and 

1106 cm
-1

 were awardable to the presence of carboxylic 

ester (C=O) and ether (C–O) groups, thereby indicating 

that the formation of mPEG–PCL copolymer has 

occurred successfully. GPC results showed that the 

weight- and number-based average molecular weights 

of copolymer were 22.7 and 25.6 KDa, respectively 

(Figure 4).
27,28

 

 
Figure 1. Schematic synthesis route of mPEG–PCL copolymer. 
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Figure 2. H NMR spectrum of mPEG–PCL di-block copolymer in CDCl3. 

 

Table 1. Molecular characterics of the synthesized copolymer 

Copolymer 
CL/EG 
feed 

Mn(KDa)
a
 Mw (KDa)

a
 PdI

b
 Tm (°C)

c
 DP

PEG
 DP

d
PCL 

mPEG–PCL 0.5 22.7 25.6 1.13 58.68 136.36 157 

a: Determined by GPC analysis using narrow molecular weight polystyrene standards 
b: Mw/Mn = Polydispersity index of the polymers (PdI) determined by GPC analysis 
c: Calculated from the first run of DSC as half of the extrapolated tangents 
d: DP: degree of polymerization 

 

Preparation and characterization of copolymeric 

micelles 

The formation of micellar nanostructures was confirmed 

by AFM Apparently, mPEG–PCL micelles showed a 

homogeneous spherical morphology, as expected (Figure 

5). The size of nanoparticles was measured by dynamic 

light scattering technique. As shown in Figure 6, the z-

average and zeta potential of curcumin loaded mPEG–

PCL micelles were found to be about 128 nm and -12 

mv, with their corresponding PDI being 0.166. The 

micelle size observed by AFM was about 73.8 nm, a 

little smaller than that determined by DLS. It can be 

explained by the fact that the micelle diameter 

determined by DLS represents the hydrodynamics 

diameter while that obtained by AFM is related to the 

collapsed micelles after water evaporation. The loading 

ratio and encapsulation efficiencies of curcumin loaded 

to mPEG–PCL micelles were determined to be 23% ± 

1.25% and 88%23% ± 3.32%, respectively. 

 

FTIR analysis 

Figure 7 illustrates the FTIR spectra of mPEG–PCL 

copolymer, curcumin, and curcumin-loaded mPEG–PCL 

micelles.The FTIR spectrum of curcumin shows 

characteristic bands appeared at 3515.77 cm
-1

 (O-H, 

stretching) for phenolic hydroxyl group, 1630.97 cm
-1

 

(C=C, stretching), 1512.94 cm
-1

 (C=C band of benzene), 

and 856.38 cm
-1

 (C-H, stretching of aromatic ring) 

(Figure 7). Comparing these data with the drug-loaded 

micelles spectrum exhibits the presence of curcumin 

characteristic peaks in the spectrum of micelles which 

could demonstrate the successful loading of curcumin in 

the nanoparticles. The most striking feature of the FTIR 

spectra of micelleswas the blue shift of the C=O 

vibration, from 1728.68 to 1730.56 cm
-1

 for drug-loaded 

mPEG–PCL micelles compared to the copolymer 

spectrum. The shift in the micellesspectrum indicates 

that there exist some form(s) of association between 

curcumin and C=O functional group of copolymer.
29 

 



 

|   505 

m-PEG/PCL copolymeric micelles for delivery of curcumin

Advanced Pharmaceutical Bulletin, 2014, 4(Suppl 2), 501-510 

 

 
Figure 3. FT-IR spectrum of mPEG–PCL di-block copolymer in 

 

 
Figure 4. GPC spectrum of mPEG–PCL copolymer. 

 

 
Figure 5. AFMimage of micelles 

Figure 6. Particle size distribution and zeta potential of mPEG-
PCL-DOX micelles(a) particle size distribution (b) zeta potential 
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Figure 7. FT-IR spectra of (a) curcumin, (b) mPEG-PCLand, (c) CUR-mPEG-PCL micelles. 

 

DSC analysis 

Figure 8 shows the DSC thermograms corresponding to 

mPEG–PCL copolymer, curcumin and micelles loaded 

by curcumin. The thermogram of mPEG–PCL 

copolymer displayed an endothermic peak at 58.68 °C 

which is indicative for the melting of the crystalline 

PCL segment of copolymer, the thermogram of 

curcumin displayed an endothermic peak at 176.71 °C 

and micelles displayed two endothermic peaks at 49.09 

°C and 175.55 °C which stand for the melting of 

copolymer and curcumin association in the form of 

micelles. This endothermic peak of micelles 

presumably confirms a physical interaction between 

copolymer and curcumin upon loading of the drug in 

micelles, since the melting point of PCL micelles was 

lower than melting point of both copolymer (58.68 °C) 

and pure curcumin(176.71 °C). 

 

In vitro release of curcumin 

The impact of different release media on drug release 

from micelles 

In order to examine the influence of the chemical and 

biochemical factors on the release of curcumin from 

micelles, the release study was carried out on drug-

loaded micelles in neutral and acidified PBS solution 

(pH=5.5) as well as the freshly prepared human plasma 

withdrawn from a volunteer. Figure 9 shows the release 

profiles of curcumin from the drug-loaded micelles, at 

pH 7.4, 5.5, and plasma. As expected, no considerable 

initial burst curcumin release was observed from the 

micelles. As shown in Figure 9, the percentage of 

curcumin released from the micelles slightly increased 

as the pH value decreased from 7.4 to 5.5. For example, 

after 96 h incubation, the amounts of curcumin released 

in the media with pH values of 7.4, 5.5 and human 

plasma were about 66, 78, and 67 %, respectively. This 

fact may be due to the physical loading of curcumin to 

the micelles. The results revealed the maximum drug 

release percent attainable after a period of 120 h in PBS 

pH=7.4, 5.5 and plasma were 73.13%, 84.68%, and 

79.78%, respectively. The sustained release of 

curcumin can be attributed to the entrapment of 

curcumin in core of micelles. Therefore, our 

copolymeric micelles can be regarded as highly 

attractive nanocarriers for both time-controlled drug 

delivery for hydrophobic drugs for the achievement of 

different therapeutic objectives.  

 

Physical stability of micelles 

In the clinical administration of nanoparticle 

dispersions, the stability of the sizes of the 

nanocarriers is of great importance both as a measure 

of the particle structure integrity and as an indicator of 

the possible inter-particular associations 

(aggregation). For this purpose, the particle size 

stability was monitored in this study over a 30-days 

course. The variation of the sizes of micelles as a 

function of incubation time is shown in Table 2. As it 

can be seen, the size of all micelles was increased 

slightly throughout the measurement period. This 

observation cannot be a sign of aggregation, which 

usually leads to several fold increases. Probably some 

kind of copolymer swelling and/or hydration as a 

result of presence of the hydrophilic PEG portions in 

micelles surfaces can be responsible for this event.  
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Figure 8. DSC spectra of (a) mPEG-PCL,(b) Curcumin and (c)CUR-mPEG-PCL micelles. 

 

Table 2. Stability of nanoparticles suspension 

micelles 
Mean size of micelles immediately after 

preparation (nm) 
Mean size of micelles after 

15 day (nm) 
Mean size of micelles after 

30 days (nm) 

CUR-mPEG-PCL-DOX 
micelles 

128 145 180 

 

 
Figure 9. The release profiles of curcumin from CUR-mPEG-
PCL micelles in different release media (a) PH= 7.4, (b) plasma, 
(c) pH=5.5. 

Discussion 

Curcumin, a biologically active component of turmeric, 

has been used as an herbal medicine for the treatment 

of inflammatory disorders, cancer, acquired immune 

deficiency syndrome, and other diseases for a long 

time.
30-33

 It has been found to have preventive and 

therapeutic effects in various cancers, and has been 

confirmed to be a potent chemosensitizer.
34

 The 

problem with using curcumin is that it is poorly soluble 

in water and is easily degraded by the body. Thus, 

curcumin cannot be used via the intravenous route, 

where it could possibly exert a maximal 

pharmacological effect. mPEG–PCL was employed in 

this study to prepare micelles, as described. To 

overcome the poor water-solubility of curcumin, 

curcumin was encapsulated into MPEG-PCL micelles 

by a self-assembly method, producing curcumin 

/MPEG-PCL micelles. Amphiphilic nature of mPEG–
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PCL with hydrophilic PEG and hydrophobic PCL 

blocks provides an opportunity to form micelles in 

water. This behavior can be explained as a consequence 

of copolymer self-assembly into micellar structure 

because of its amphiphilic nature which, subsequently 

forces the hydrophilic PEG segments to serve as 

hydrophilic shell and the hydrophobic PCL segments to 

become the micellar core. 

The size of curcumin /mPEG-PCL micelles were about 

74 nm in diameter. Also, curcumin /mPEG-PCL 

micelles showed drug loading of 23% ± 1.25% and a 

high encapsulation efficiency of 88 ± 3.32%, making 

this an aqueous formulation of curcumin. In addition, 

the curcumin /mPEG-PCL micelles had a negative 

surface charge of -12 mV, which increased the 

circulation time ofthe drug. Surface charge is important 

in determining whether the nanoparticles will cluster in 

blood flow or will adhere to or interact with oppositely 

charged cell membrane.
35

 The plasma and blood cells 

always had a negative charge; nanoparticles with slight 

negative surface charge may minimize nonspecific 

interaction with these components through electrostatic 

interactions.
36-38

 The curcumin /MPEG-PCL micelles 

were able to slowly release curcumin (Figure 9). The 

sustained release of curcumin from MPEG-PCL 

micelles might be due to the diffusion of curcumin from 

micelles and the degradation or hydrolysis of micelles. 

In this work, we used mPEG-PCL micelles to 

encapsulate curcumin. In the preparation process, 

curcumin and mPEG-PCL diblock copolymer mixture 

was first dissolved in chloroform solution, followed by 

evaporating the organic solvent. Then, the amphiphilic 

MPEG-PCL copolymers self-assembled into 

supramolecular arrangements possessing a hydrophobic 

inner core and a hydrophilic shell in water, and 

curcumin self-assembled into the hydrophobic core of 

the micelles because of its hydrophobicity. The 

preparation procedure was simple and easy to scale up. 

These mPEG-PCL micelles are biodegradable, 

biocompatible, amphiphilic, stable in blood, nontoxic, 

nonimmunogenic, non-inflammatory, and small in size; 

these make mPEG-PCL micelles an excellent candidate 

for drug-delivery systems.
35

 Thus, mPEG-PCL micelle-

encapsulated curcumin might be an interesting 

formulation to improve drug efficacy. In summary, 

mPEG-PCL micelles were used to encapsulate 

curcumin, creating curcumin /mPEG-PCL micelles. The 

curcumin /mPEG-PCL micelles improved the water 

solubility of curcumin. and may have potential 

application in cancer treatment. 

 

Conclusion 

Methoxypoly(ethylene glycol)-poly caprolactone- 

(mPEG-PCL) copolymer was synthesized and 

characterized by HNMR, FTIR, DSC and GPC 

techniques. Then, the mPEG–PCL copolymer were self-

assembled into micelles in aqueous solution in presence 

of curcumin. The resulting micelles were characterized 

by various techniques such as DLS and AFM. The 

encapsulation efficiency of curcumin was 88±3.32%. 

The results revealed that the micelles formed had 

spherical structure with size of 73.8 nm.In vitro release 

of curcumin from curcumin-entrapped micelles was 

clearly sustained in all the media tested for this purpose, 

with the apparent release plateau reached late at about 

130 h. 
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