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Abstract: Dimethoxycurcumin (DMC) is an analog of curcumin with superior efficacy in various 

disease models. Currently, drug delivery system research on DMC is very limited, and it has 

become a huge challenge to realize further developments and clinical applications. In the present 

study, a kind of amphiphilic block copolymer, N-t-butoxycarbonyl-phenylalanine terminated 

monomethoxyl poly (ethylene glycol)-b-poly (ε-caprolactone), or mPEG-PCL-Phe(Boc), was pre-

pared from monomethoxyl poly (ethylene glycol)-b-poly (ε-caprolactone) (mPEG-PCL) with its 

hydroxyl terminal chemically converted into N-t-butoxycarbonyl-phenylalanine (Boc-Phe). This 

copolymer was determined to have a fairly low critical micelle concentration (2.56×10-3 mg/mL) 

and passive targeting potential to tumor tissue, and thus was applied to develop a polymeric 

micellar formulation of DMC for the first time. The DMC-loaded micelles prepared by thin-film 

hydration method had typical shell–core structure, with an average particle size of 17.9±0.4 nm 

and a polydispersity index of 0.045±0.011. The drug loading capacity and entrapment efficiency 

were 9.94%±0.15% and 97.22%±0.18%, respectively, indicating a high-affinity interaction 

between DMC and the copolymer. At a concentration of 2 mg/mL, the reconstituted micelle 

solution could be maintained for at least 10 days at room temperature, and displayed a low initial 

burst release followed by a sustained release in vitro. Pharmacokinetic study in rats revealed 

that in vivo drug exposure of DMC was significantly increased and prolonged by intravenously 

administering DMC-loaded micelles when compared with the same dose of free DMC dissolved 

in dimethyl sulfoxide. Furthermore, in vivo distribution results from tumor-bearing nude mice 

demonstrated that this micellar formulation significantly changed the biodistribution profile of 

DMC and increased drug accumulation in tumors. Therefore, the polymeric micellar formulation 

of DMC, based on the amphiphilic block copolymer, mPEG-PCL-Phe(Boc), could provide a 

desirable method for delivering DMC, especially for applications in cancer therapy.

Keywords: dimethoxycurcumin, polymeric micelles, characterization, pharmacokinetic profile, 

biodistribution, tumor targeting

Introduction
Natural products have played a very important role in drug discovery and development 

throughout history.1 Curcumin is a natural polyphenol derived from turmeric, which 

is a member of the ginger family and has been used as a food coloring, additive, and 

medicine in Asian countries for centuries.2,3 Numerous studies have demonstrated 

that curcumin possesses a broad spectrum of bioactivities, especially the ability to 

prevent the development of various types of cancer cells while sparing normal cells.4–7 

However, the clinical application of curcumin has been severely hindered, mainly 

due to its undesirable physicochemical and pharmacokinetic properties, such as low 

water solubility, metabolic instability, and poor bioavailability.8–11 During the past few 
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decades, great attention has been paid to structure modifica-

tion to overcome these problems, and various novel structural 

analogs of curcumin have been designed for screening.12–14

Dimethoxycurcumin (DMC; Figure 1) is a kind of lipo-

philic analog of curcumin with all the phenolic hydroxyl 

groups methylated, and can be easily obtained by synthetic 

or semi-synthetic methods.15,16 A variety of experimental 

studies based on cells and animals have showed that such 

structural modifications brought about great improvement 

of DMC in chemical and metabolic stability, as well as 

anti-inflammatory and anti-tumor activities. Recently, this 

compound has been identified as a novel androgen-receptor 

antagonist, and therefore has aroused tremendous research 

interest.16,17 However, drug delivery system research on DMC 

is very limited, and it has become a huge challenge for to 

realize further developments and clinical applications. Some 

recent studies have been carried out to overcome the poor 

water solubility of DMC, such as liposomal formulations 

incorporating DMC into charged liposomes, and covalent 

conjugates with water soluble poly (amidoamine) (PAMAM) 

dendrimers (generations 3.5 and 4).18,19 Nevertheless defects 

in all these methods are obvious, and mainly include compli-

cated preparation processes, thermodynamic instability, low 

drug loading capacity, and low entrapment efficiency.

Nanotechnology is becoming more and more attractive 

in drug delivery and target therapy. Synthetic polymeric 

nanocarriers (generally amphiphilic block copolymers) are a 

promising tool for nanomedicine therapeutics because of their 

chemical versatility and good biocompatibility.20 The three 

most widely studied block copolymer classes are character-

ized by their hydrophobic blocks, and are poly (propylene 

oxide), poly (L-amino acid)s, and poly (ester)s. Through the 

balance between entropy and enthalpy, polymeric micelles 

(PMs) in aqueous solution are auto-assembly formed into 

nanoscopic core/shell structures with the hydrophilic “head” 

regions in contact with surrounding solvent, while seques-

tering the hydrophobic single-tail regions in the micelle 

center.21,22 Reasonable design of the hydrophilic shell could 

also reduce drug uptake by the reticuloendothelial system 

(RES) and mononuclear macrophage system (MPS), thus 

prolonging the blood circulation time.23 With the advantages 

of solubilization of poorly soluble molecules, sustained 

release, and size advantages, and protection of encapsulated 

substances from degradation and metabolism, PMs used for 

drug delivery have shown the abilities to attenuate toxici-

ties, to enhance delivery to desired biological sites, and to 

improve the therapeutic efficacy of active pharmaceutical 

ingredients.24–28 Moreover, the process of preparing stable 

drug-loaded micelles is usually simple and controllable, 

and easy to industrialize. So far, formulation techniques 

with polymeric copolymers have be successfully applied 

to some of the most challenging molecules in the pharma-

ceutical industry, such as monomethoxyl poly (ethylene 

glycol)–polylactide copolymer (mPEG-PDLLA) for pacli-

taxel (Nanoxel), poly (ethylene glycol)–poly (acrylic acid) 

(PEG-PAA) for doxorubicin (NK-911), and PEGylated 

glutaminase (PEG-PGA) for SN-38 (NK-012).21,25 To the 

best of our knowledge, there have been no reports about PM 

formulation of DMC up to now.

In the present study, PMs were developed for drug 

delivery of DMC for the first time. In order to improve 

affinity to drugs and thus acquire high drug loading capacity 

and entrapment efficiency, monomethoxyl poly (ethylene 

glycol)-b-poly (ε-caprolactone) (mPEG-PCL) was used as a 

carrier after its hydroxyl terminal was chemically converted 

into N-t-butoxycarbonyl-phenylalanine (Boc-Phe). Then, 

the copolymer mPEG-PCL-Phe(Boc) was obtained, and 

DMC was incorporated to form drug-loaded micelles by 

conventional thin-film hydration method. Both the copolymer 

and drug-loaded PMs were characterized. Pharmacokinetic 

and biodistribution properties of this polymeric micellar 

formulation of DMC were further investigated in rats and 

tumor-bearing nude mice using the same dose of free DMC 

dissolved in dimethyl sulfoxide (DMSO) as reference. 

The findings demonstrated that DMC-loaded mPEG-PCL-

Phe(Boc) micelles could significantly improve the pharma-

cokinetic profile, biodistribution, and tumor accumulation of 

DMC, and therefore could be a desirable drug delivery system 

of DMC, especially for applications in cancer therapy.

Materials and methods
Chemicals
Both DMC and bis-demethoxycurcumin, used as an 

internal standard (IS) for bioanalysis, were prepared by our 

laboratory and were tested for purity, which was .98.0%, 

using high-performance liquid chromatography (HPLC). 

Stannous octoate (Sn(Oct)
2
); ε-caprolactone (ε-CL); and 

monomethoxyl poly (ethylene glycol) (mPEG) with a num-

ber-average molecular weight (MN) of 2,000 were obtained Figure 1 The structure of dimethoxycurcumin (DMC).
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from Sigma-Aldrich  Co (St Louis, MO, USA). Pivaloyl 

chloride and 4-pyrrolidinopyridine were purchased from 

Wako Co (Osaka, Japan). N-t-butoxycarbonyl-phenylalanine 

(Boc-Phe) was provided by GL Biochem Co, Ltd (Shanghai, 

People’s Republic of China), and 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindotricarbocyanine iodide (DiR) was supplied 

by AAT Bioquest, Inc (Sunnyvale, CA, USA), respectively. 

Acetonitrile and methanol were both of HPLC grade and were 

purchased from Oceanpak Alexative Chemical (Gothenburg, 

Sweden). All other chemicals were reagent grade and were 

used as received. Purified water used throughout the study 

was provided by Wahaha Group Co, Ltd, (Hangzhou, 

People’s Republic of China).

Cells and animals
A549 human lung cells were purchased from the Cell Bank 

of the Chinese Academy of Science (Shanghai, People’s 

Republic of China). The cells were maintained at 37°C in a 

humidified incubator containing 5% CO
2
, were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) cell culture 

medium supplemented with 10% fetal bovine serum (FBS) 

(Sigma-Aldrich Co), and were split every 2 days. All experi-

ments were performed on cells in the logarithmic phase of 

growth. No ethics statement was required from the institu-

tional review board for the use of this cell line.

Male Sprague Dawley rats weighing 200–250 g were pur-

chased from the Laboratory Animal Services Center of Luye 

Pharma Group Ltd (Yantai, People’s Republic of China). 

Female Balb/c nude mice (about 6 weeks of age) were sup-

plied by Beijing Weitong Lihua Laboratory Animal Co, Ltd 

(Beijing, People’s Republic of China). All animals used were 

exposed to a 12-hour light/dark cycle in a specific pathogen-

free environment and received food and water ad libitum 

throughout the studies. Animals were allowed to acclimate 

for at least 1 week in their respective animal facilities before 

experimentation. All procedures involving animals and their 

care gained ethics approval from the appropriate Institutional 

Animal Care and Use Committee before initiation.

Synthesis of mPEG-PCL-Phe(Boc)
Synthesis of the amphiphilic block copolymer mPEG-PCL-

Phe(Boc) involved preparation of mPEG-PCL and following 

modification of terminal hydroxyl groups with Boc-Phe. By 

ring-open polymerization of ε-CL, mPEG-PCL copolymer 

was synthesized as reported previously.29,30 Briefly, anhy-

drous mPEG (10 g), ε-CL (12 g), and Sn(Oct)
2
 (12 mg) 

were added into a dried round-bottomed flask under vacuum 

and stirred at 130°C for 24 hours. Then, the product was 

dissolved in dichloromethane, followed by precipitation in 

chilled ether. We filtered the solvent by vacuum filtration 

through a Buchner funnel containing a qualitative filter paper 

(3 μm pore size; Fushun Civil Filter Paper Factory, Fushun, 

People’s Republic of China), the precipitate mPEG-PCL 

was collected, and the precipitate was then dried in vacuo at 

room temperature for terminal modification.

In a round-bottomed flask, Boc-Phe (6.65 g, 25 mmol) 

and triethylamine (3.5 mL, 25 mmol) were dissolved in  

50 mL ethyl acetate, and were chilled to -10°C. Then, pivaloyl 

chloride (3.05 mL, 25 mmol) was added, and the mixture was 

stirred at room temperature for 2 hours. After evaporating 

the solvent, mPEG-PCL (10 g), triethylamine (3.5 mL,  

25 mmol), and 4-pyrrolidinopyridine (370.5 mg, 2.5 mmol) 

were added successively, and then were dissolved in chilled 

dichloromethane (50 mL). The mixture was stirred at 0°C 

for 2 hours followed by a 24-hour stirring regime at room 

temperature. After evaporating the solvent, the residue was 

re-crystallized from ethanol three times to obtain the title 

copolymer mPEG-PCL-Phe(Boc).

Characterization of mPEG-PCL-Phe(Boc)
Proton nuclear magnetic resonance (1H-NMR) spectroscopy 

was conducted for chemical structure analysis with an 

Avance™ 400 spectrometer (Bruker Optik GmbH, Ettlingen, 

Germany) operating at 400 MHz and 25°C. The copolymer 

was dissolved in deuterated chloroform (CDCl
3
) at a con-

centration of 20 mg/mL. Chemical shifts (δ) were given in 

parts per million (ppm) using tetra-methylsilane (TMS) as 

an internal reference.

Relative molecular weights (MN, MW for number-

average and weight-average, respectively) and molecular 

weight distribution (polydispersity index [PDI], MW/MN) 

were determined by a gel permeation chromatography 

(GPC) system equipped with a Waters 1515 isocratic 

HPLC pump, a Waters 2414 refractive index detector, and 

a set of columns (Waters Styragel® HR3, HR4, and HR5, 

7.8 mm ×300 mm). GPC measurements were carried out 

at 25°C using tetrahydrofuran as an eluent at a flow rate of 

1 mL/min. Monodisperse polystyrene standard samples were 

used for calibration.

The critical micelle concentration (CMC) value was 

determined by fluorescence spectroscopy (RF-5301; 

Shimadzu Co, Kyoto, Japan) using pyrene as a fluorescence 

probe, as described previously.31,32 In brief, 100 μL of pyrene 

solution (0.1 mg/mL in benzene) was aliquoted into a series 

of 10 mL test tubes, and the solvent benzene was evaporated 

under nitrogen stream at room temperature for 5 hours.  
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A series of aqueous polymeric solutions (concentrations 

ranging from 10 ng/mL to 1 mg/mL) were added separately 

to obtain the final concentration of pyrene of 1 μg/mL, and 

then were sonicated for 20 minutes at room temperature, and 

finally were incubated at 45°C for 4 hours. After keeping all 

the samples at 25°C overnight, they were subjected to the 

assay of fluorescence intensity at an excitation wavelength 

of 343 nm, using a scanning speed of 250 nm/min, and an 

excitation and emission slit of 5.0 nm and 2.5 nm, respec-

tively. The curve of fluorescence intensity ratio (I
384

/I
373

) 

versus logarithmic concentration (logC) (C in mg/mL) was 

plotted to calculate the CMC.

In vivo optical imaging was performed to investigate the 

tissue-targeting potential of mPEG-PCL-Phe(Boc) using 

A549 tumor-bearing nude mice as the model animal. DiR 

was used as a probe after encapsulating into PMs according 

to methods reported previously.33,34 Briefly, female Balb/c 

nude mice were implanted with 1×107 A549 human lung 

cancer cells by subcutaneous injection in the right breast 

fat pad. When tumors were about 200 mm3 in size, mice 

were administered a single intravenous dose (0.25 mg/kg) 

of DiR solution in ethanol or its micellar solution diluted 

in 0.9% sterile saline, respectively. At various time points 

after dosing (0.167, 1, 2, 4, 6, and 8 hours), the mice were 

anesthetized (5% chloral hydrate), and fluorescence imaging 

pictures were individually recorded using an in vivo imaging 

system (Fx Pro; Onex Corporation, Toronto, ON, Canada) at 

an excitation wavelength of 720 nm and an emission wave-

length of 790 nm. At 8 hours post-injection, all the mice were 

sacrificed by cervical dislocation; tumors and some major 

organs (heart, liver, spleen, lung, kidney, ovary, and uterus) 

were harvested immediately, twice washed with ice-cold 

phosphate-buffered saline (PBS), and were then subjected 

to fluorescence imaging analysis under the same conditions 

as described in this section.

Preparation of PMs
A DMC-loaded PM (DMC-PM) system was prepared using 

a thin-film hydration method.35,36 Briefly, DMC (30 mg) and 

mPEG-PCL-Phe(Boc) (270 mg) were dissolved in 5.0 mL of 

absolute ethanol. After 5 minutes of stirring, the organic sol-

vent was completely evaporated on a rotary evaporator under 

reduced pressure at 40°C to obtain a transparent, thin film. 

Then, the resulting film was dissolved by the addition of puri-

fied water at 50°C to obtain a transparent DMC-incorporated 

micellar solution. The solution was filtered through a 0.22 μm 

filter, followed by lyophilization in ampoule bottles. Blank 

micelles were also prepared in the same way, but without the 

addition of DMC. All the freeze-dried micelles were stored 

at 4°C until use.

Characterization of PMs
Morphological characterization and particle sizing
The morphology of the DMC-PM system was examined 

by transmission electron microscopy (TEM). The prepared 

micellar solution was sonicated for 0.5 hours to allow micelles 

to distribute uniformly. One drop of the micellar solution  

(1 mg/mL) was deposited on a carbon-coated copper grid 

and was stained with 1.0% (w/w) phosphotungstic acid 

(PTA), was air-dried, and was then observed at 100 kV 

accelerating voltage using a JEM-1400 TEM (JEOL, Tokyo, 

Japan). The mean diameter and particle size distribution 

were measured by dynamic light scattering (DLS) method 

(Delsa™ Nano C particle analyzer; Beckman Coulter Inc, 

Brea, CA, USA) at 25°C with a scattering angle of 90°. 

For this analysis, DMC-PM solution (1 mg/mL) was also 

sonicated for 0.5 hours to distribute PMs uniformly. The 

PDI was calculated to evaluate the size distribution. All 

measurements were performed in triplicate, and the results 

were expressed as means ± standard deviations (SD).

Drug loading and entrapment efficiency
Drug loading (DL) and entrapment efficiency (EE) of the 

DMC-PM system were determined by the HPLC-ultraviolet 

(HPLC-UV) method. Briefly, accurately measured 1 mL 

aqueous micellar solution containing about 1 mg DMC/mL 

was centrifuged at 8,000 rpm for 10 minutes to distinguish 

between encapsulated and free DMC. Free DMC was 

separated from the micelles under high speed centrifugal 

force and formed into precipitates due to its poor water 

solubility. Then, the supernatant (encapsulated DMC) was 

diluted to 100-fold with methanol to disrupt the micelles. 

All of the samples were injected into an Agilent 1100 

HPLC system (Agilent Technologies, Santa Clara, CA, 

USA) equipped with a G1312A binary pump, G1322A 

online degasser, G1313A autosampler, a G1314A variable 

wavelength detector (VWD), and a G1316A thermostatted 

column compartment. Measurements were carried out on 

a Luna column (4.6×250 mm, C18; Torrance Technology, 

Torrance, CA, USA) at 30°C, and the detection wavelength 

was set at 420 nm. The mobile phase was composed of 

acetonitrile and 0.2% aqueous acetic acid (55/45, v/v), and 

it was delivered at a flow rate of 1 mL/min. The injection 

volume was 20 μL, and the run time was 15 minutes. The 

linear range for the concentration of DMC was found to be 

1–50 μg/mL (y=0.6755x, R2=0.99). The DL and EE were 
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calculated according to Equations 1 and 2, all of the results 

were the mean of three test runs, and results were expressed 

as the mean ± SD:

	 DL%
Amount of DMC in micelles

Amount of micelles
= ×100% � (1)

	 EE%
Amount of DMC in micelles

Initial amount of DMC
= ×100% � (2)

where the amount of DMC in micelles refers to the quantity 

of DMC that was encapsulated into the micelles; the amount 

of micelles refers to the total amount of DMC and copolymer, 

and the initial amount of DMC means the theoretical amount 

of DMC used for the preparation of micelles.

Differential scanning calorimetry
The thermodynamic characteristics of free DMC, blank 

mPEG-PCL-Phe(Boc) PMs, and the DMC-PM system were 

detected by differential scanning calorimetry (DSC) (DMA 

Q800; TA Instruments, New Castle, DE, USA). Samples were 

loaded into aluminum pans with a perforated lid for scan-

ning. The temperature was raised from 20°C–200°C under a 

dynamic nitrogen atmosphere at a heating rate of 10°C/min 

and with a temperature modulation of 1°C/30 seconds. The 

DSC curves were recorded.

In vitro stability
Lyophilized DMC-PMs in ampoule bottles was dissolved 

in purified water (2 mg DMC/mL), and the particle size 

and concentration of DMC in the solutions were immedi-

ately detected by DLS and HPLC, respectively. Then, the 

micelle solutions were stored at room temperature and in 

4°C conditions. When DMC was released from the micelles, 

precipitation occurred, and turbidity was observed due to low 

solubility, and the content of DMC in micelles decreased. 

In addition, particle size of micelles also changed when the 

solutions were instable. Solutions were monitored periodi-

cally for any changes in appearance, particle size, and drug 

content by visual observation, DLS, and HPLC, respec-

tively. Chemical stability was evaluated by measuring the 

degradation of DMC. All of the samples were centrifuged 

(8,000 rpm ×10 minutes) to remove the precipitate, and the 

particle size and concentration of DMC in the solutions were 

determined. The concentration and stability of DMC in the 

supernatant were determined by HPLC methods, as described 

in the Drug loading and entrapment efficiency section. All 

measurements were conducted in triplicate, and the results 

were expressed as the mean ± SD.

In vitro drug release
Using PBS solution (pH 7.4) containing 0.5% Tween-80 as 

a release medium, the in vitro drug release assay of DMC-

PMs was carried out by using dialysis tubing, as previously 

reported.37,38 In brief, 2 mL of PBS solution containing DMC-

PMs with a DMC concentration of 2 mg/mL was sealed 

in a dialysis bag (Spectra/Por® molecular weight cut-off 

[MWCO]=6,000–8,000 Da), was immersed into 40 mL of 

release medium, and then was shaken gently at 70 rpm using 

a digital water bath oscillator (model HZS-HA; Harbin Dong-

ming Co, Harbin, Heilongjiang, People’s Republic of China).  

An aliquot (1 mL) of the medium out of the dialysis mem-

brane was withdrawn at various time intervals, and the same 

volume of fresh release medium was added to maintain a 

sink condition.39 The amount of released DMC in the incuba-

tion medium was quantified by HPLC as described in Drug 

loading and entrapment efficiency section. The release of 

DMC from micelles was calculated according to methods 

described by Zheng et al.40 The results were the average of 

triplicate measurements and were expressed as mean ± SD.

Pharmacokinetic study in rats
After fasting overnight with water ad libitum, 12 male 

Sprague Dawley rats were randomly divided into two groups 

(n=6/group) and were administered a single intravenous dose 

(10 mg DMC/kg of body weight) of DMC-PMs diluted, as 

appropriate, in 0.9% saline or free DMC dissolved in DMSO 

(sb-DMC), respectively. At various time points after dosing, 

serial bleeds were collected from the jugular vein cannulas and 

were separated by centrifuging (8,000 rpm ×10 minutes) to 

obtain plasma for analysis of DMC plasma concentration.

Biodistribution study in tumor-bearing 
nude mice
Female Balb/c nude mice were inoculated subcutaneously 

with A549 human lung cancer cells to obtain a tumor-bearing 

model animal, according to the method described in the 

Characterization of mPEG-PCL-Phe(Boc) section. When 

tumors were about 200 mm3 in size, the mice were random-

ized (n=4/group) such that the mean and median tumor sizes 

were similar between groups. Mice were then administered 

a single intravenous dose (50 mg DMC/kg of body weight) 

of DMC-PMs diluted, as appropriate, in 0.9% saline or sb-

DMC in DMSO. At 0.25, 0.5, 1, 2, 4, and 8 hours after drug 

administration, four mice were sacrificed. Samples of tumor, 

heart, liver, spleen, lung, kidneys, and brain were harvested 

immediately, thoroughly washed with ice-cold 0.9% saline, 

and were then stored at -20°C until analyzed for DMC.
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Analysis of DMC in plasma and tissue
Plasma and tissue concentrations of DMC were determined by 

reverse-phase HPLC-UV. Briefly, 100 μL of plasma sample 

was mixed with 10 μL of bis-demethoxycurcumin (IS, 100 

μg/mL), 50 μL of hydrochloric acid (HCl, 1 mol/L), and 3 

mL of ethyl acetate. The mixtures were vortexed, ultrasonic 

extracted, and were then centrifuged at 8,000 rpm for 10 min-

utes. After that, the organic layer was transferred to a clean 

Eppendorf tube and was evaporated to dryness under pres-

sure by using a gas-blowing concentrator (model HGC-24A; 

Tianjin Hengao Science and Technology Development Co., 

Ltd., Tianjin, People’s Republic of China) at 40°C. The extrac-

tion residue was reconstituted in 100 μL of mobile phase, and 

20 μL aliquots were injected into the HPLC system. All tissues 

were homogenized with 5% glucose solution in appropriate 

concentration (heart, spleen, lung and brain 1:25; kidney 1:6; 

liver and tumor 1:2) using a homogenizer (model F8; Fluko, 

Shanghai, People’s Republic of China); then, 1 mL aliquots 

of tissue homogenate were extracted for HPLC analysis.

The HPLC analysis using an Agilent 1100 system was 

carried out on a Luna column (4.6×250 mm, C18; Torrance 

Technology) under the same conditions as described in the 

Drug loading and entrapment efficiency section. According 

to the US Food and Drug Administration (FDA) guidelines 

for the validation of bioanalytical methods, the method was 

fully validated in terms of selectivity, linearity, accuracy, pre-

cision, stability, and recovery.41 The results are summarized 

in Table 1, indicating that this assay could be applied to the 

quantification of DMC in plasma and tissues.

Statistical analyses
The plasma/tissue concentration–time data were analyzed 

with a non-compartmental model by DAS 2.1 software 

(Mathematical Pharmacology Professional Committee of 

China, Shanghai, People’s Republic of China) to obtain the 

pharmacokinetic parameters. The area under the curve (AUC) 

was calculated by the linear trapezoidal rule; other pharma-

cokinetic parameters were calculated by standard methods.

Statistics were analyzed by SPSS software for Windows 

(version 17.0; SPSS, Chicago, IL, USA). One-way analysis 

of variance (ANOVA) and two-tailed Student’s t-tests were 

performed for statistical evaluation. A P-value ,0.05 was 

considered statistically significant.

Results and discussion
Synthesis and characterization of mPEG-
PCL-Phe(Boc)
In the current research, we synthesized mPEG-PCL-Phe(Boc) 

diblock copolymer for the encapsulation of DMC to enhance 

its solubility and stability. The synthetic scheme is briefly 

summarized in Figure 2. The first step was the ring-opening 

polymerization of mPEG-PCL using Sn(Oct)
2
 as a catalyst 

and mPEG as a macroinitiator. In the second step, the mixed 

anhydride reacted with hydroxyl-terminated mPEG-PCL 

to be capped by Boc-Phe. The yield of the mPEG-PCL-

Phe(Boc) was about 95%, the synthetic diblock copolymer 

was shown to be biocompatible and safe, and the materials 

used are all acceptable in medical practice.

As illustrated in Figure 3, 1H-NMR spectra were used 

to analyze the chemical structures of the copolymers. The 
1H-NMR spectrum of mPEG-PCL copolymer is shown 

in Figure 3B. The presence of methene (CH
2
) protons in 

mPEG was observed at 3.67 ppm (wavelength peak a), and 

the chemical shifts of methene (CH
2
) protons in PCL were 

found at 1.40 ppm (peak b), 1.66 ppm (peak c), 2.31 ppm 

(peak d), and 4.08 ppm (peak e). Compared to mPEG-PCL, 

Table 1 The method used to validate results of HPLC quantification of dimethoxycurcumin (DMC) in plasma and tissue samples

Samples Linearity
(0.05–50 μg/mL)

Precision (%) Accuracy (%) Recovery (%)

Intra-day Inter-day

Plasma y=0.5020x, R2=0.99 4.89 6.24 100.6 88.75
Heart y=0.3407x, R2=0.99 6.84 7.13 101.4 90.32

Liver y=0.6916x, R2=0.99 5.48 7.31 98.78 88.62

Spleen y=0.2601x, R2=0.99 6.91 7.22 99.56 90.72

Lung y=0.2614x, R2=0.99 5.33 6.71 100.4 87.56

Kidney y=0.7298x, R2=0.99 5.92 6.88 99.78 79.45

Brain y=0.2829x, R2=0.99 6.13 7.41 100.5 80.73
Tumor y=0.4827x, R2=0.99 5.96 7.26 101.3 93.41

Notes: The concentrations of DMC in plasma and tissue samples were determined by reverse-phase HPLC with UV detection. Plasma or tissue samples were mixed 
with 10 μL of bis-demethoxycurcumin (100 μg/mL), 50 μL of HCl (1 mol/L) and 3 mL of ethyl acetate. The mixtures were vortexed, ultrasonic extracted, and were then 
centrifuged at 8,000 rpm for 10 minutes. After that, the organic layer was transferred to a clean Eppendorf tube and was evaporated to dryness under pressure by using a gas-
blowing concentrator at 40°C. The extraction residue was reconstituted in 100 μL of mobile phase, and 20 μL aliquots were injected into the HPLC system. According to the 
US FDA guidelines for the validation of bioanalytical methods, the method was fully validated in terms of selectivity, linearity, accuracy, precision, stability, and recovery.41

Abbreviations: HPLC, high-performance liquid chromatography; UV, ultraviolet; US FDA, US Food and Drug Administration.
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Figure 2 Synthesis of mPEG-PCL-Phe(Boc) block copolymer.
Abbreviations: mPEG, monomethoxyl poly (ethylene glycol); PCL, b-poly (ε-caprolactone); Phe, phenylalanine; Boc, N-t-butoxycarbonyl; mPEG-PCL-Phe(Boc), N-t-
butoxycarbonyl-phenylalanine terminated monomethoxyl poly (ethylene glycol)-b-poly (ε-caprolactone).

Figure 3 1H-NMR spectra of mPEG-PCL-Phe(Boc) (A), and mPEG-PCL (B).
Abbreviations: 1H-NMR, proton nuclear magnetic resonance; mPEG, monomethoxyl poly (ethylene glycol); PCL, b-poly (ε-caprolactone); Phe, phenylalanine; Boc, N-t-
butoxycarbonyl; mPEG-PCL-Phe(Boc), N-t-butoxycarbonyl-phenylalanine terminated monomethoxyl poly (ethylene glycol)-b-poly (ε-caprolactone).
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new peaks at 1.44 ppm (peak Boc), 3.22 ppm (peak f), and 

7.15 ppm (peak g) appeared due to the grafting reaction with 

Boc-Phe, while the other peaks of mPEG and PCL remained 

constant (Figure 3A), indicating that the desired copolymer 

was formed and that no other reaction had occurred.

The molecular weight (MN and MW) results from GPC 

showed that the end-capping treatment led to a slight increase 

compared to mPEG-PCL, while the PDI value was almost 

the same (Table 2). The MNs from the GPC results using a 

polystyrene calibration curve were corrected by a factor of 

0.57, which has been reported previously.42 Corrected GPC 

results showed that the molecular weight of the mPEG-PCL 

copolymer was 3,654 (2,000 for mPEG and 1,654 for PCL). 

After the grafting reaction, the molecular weight of mPEG-

PCL-Phe(Boc) increased to 3,826 (2,000 for mPEG and 1,826 

for hydrophobic part), and the increased value corresponded 

to the molecular weight of Boc-Phe. The PDI results from 

GPC showed that there was no obvious change before and 

after the end-capping treatment, and the low PDI values indi-

cated a narrow molecular weight range for the copolymers.

The CMC value of mPEG-PCL-Phe(Boc) copolymer was 

detected by using the fluorescence spectroscopy method and 

by employing pyrene as the probe. The fluorescence intensity 

could not be detected at the concentration below CMC value, 

whereas higher polymer concentration wrapped pyrene to 

produce a strong fluorescence intensity. The fluorescence 

intensity was collected at wavelengths across the emission 

spectrum (Figure 4A). The fluorescence intensity ratio of I
384

/

I
373

 versus logC was plotted in Figure 4B, where the cross-

point of the two tangents corresponded to the CMC value. 

From these results, we calculated the CMC of the copolymer 

was 2.56×10-3 mg/mL, which is fairly low compared to low 

molecular weight surfactants.43 The fraction ratio of hydro-

phobic part and hydrophilic part of the copolymer was similar 

in the micelles, which contributed to the low CMC value.44 

Low CMC value ensured the preservation of micelle stability 

and structural integrity under high dilution conditions that 

could be encountered in vivo. Low CMC value could also 

reduce drug degradation, thereby reducing metabolism to 

improve bioavailability in vivo.45,46

The in vivo fluorescence images of tumor-bearing nude 

mice after receiving DiR solution and DiR-loaded micelles 

are displayed in Figure 5A. Compared to the DiR solution, the 

DiR-loaded micelles quickly penetrated the whole body within 

10 minutes; the highest signal of free DiR solution appeared at 

4 hours after intravenous injection, indicating circulation of the 

micelles in the blood stream.47 Micelle formulations penetrated 

most mouse tissues; free DiR signal was mostly focused in 

the liver tissue region, and there was no signal observed in 

the tumor region in the free DiR group throughout the entire 

monitoring period. Although the whole body fluorescence 

of the two formulations progressively decreased over time, 

Table 2 Molecular weight characterization of mPEG-PCL and 
mPEG-PCL-Phe(Boc) by GPC

Copolymer MNa MWa PDIa MNb

mPEG-PCL 6,411 6,868 1.071 3,654
mPEG-PCL-Phe(Boc) 6,712 7,143 1.064 3,826

Notes: Relative molecular weights (MN, MW) and molecular weight distribution 
(PDI, MW/MN) were determined by a GPC system. The number-average molecular 
weights (MNs) from the GPC results were derived using a polystyrene calibration 
curve and were corrected by a factor of 0.57. aObtained from GPC based on the 
polystyrene calibration. bCorrected GPC results, MNa ×0.57.
Abbreviations: mPEG-PCL, monomethoxyl poly (ethylene glycol)-b-poly 
(ε-caprolactone); mPEG-PCL-Phe(Boc), N-t-butoxycarbonyl-phenylalanine terminated 
monomethoxyl poly (ethylene glycol)-b-poly (ε-caprolactone); GPC, gel permeation 
chromatography; MN, number-average molecular weight; MW, weight-average 
molecular weight; PDI, polydispersity index.

Figure 4 The fluorescence emission spectra of pyrene as a function of copolymer concentration in water (mg/mL) (A). The fluorescence intensity ratio of I384/I373 from pyrene 
emission spectra versus the log of the concentration (logC; mg/mL), a measurement used to determine the CMC for mPEG-PCL-Phe(Boc) (B).
Abbreviations: CMC, critical micelle concentration; mPEG, monomethoxyl poly (ethylene glycol); PCL, b-poly (ε-caprolactone); Phe, phenylalanine; Boc, N-t-butoxycarbonyl; 
mPEG-PCL-Phe(Boc), N-t-butoxycarbonyl-phenylalanine terminated monomethoxyl poly (ethylene glycol)-b-poly (ε-caprolactone).
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Figure 5 The time-dependent in vivo fluorescence images of DiR solution and DiR-loaded micelles in A549 tumor-bearing female nude mice after tail vein injection (A). 
The location of tumors is illustrated by black arrows. In vitro fluorescence images of excised organs and tumor tissues of nude mice at 8 h after injection of DiR solution and 
DiR-loaded micelle formulations (B).
Abbreviations: h, hours; min, minutes; DiR, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide.

the free DiR signal decreased more rapidly. Accordingly, 

it was thought that mPEG-PCL-Phe(Boc) micelles might 

facilitate the delivery of antitumor drugs into the tumor, with 

long-term retention in the tumor, which would enhance the 

antitumor effect. The excised tissues fluorescence images at 

8 hours are illustrated in Figure 5B. Strong fluorescence sig-

nals were detected in the liver, lung, and tumor tissues of the 

mice injected with DiR-loaded micelles, suggesting a selec-

tive accumulation of the amphiphilic copolymer at the target 

sites. Free DiR was mainly observed in liver, spleen, and lung 

tissues, with a higher fluorescence intensity compared to the 

micelle formulation at 8 hours, while there was no DiR signal 

observed in the tumor tissue of the DiR solution (Figure 5B). 

As the distribution of free DiR was limited, the signal was a 

little higher in metabolic regions (liver, spleen, and lung tis-

sues), and more DiR accumulated in organs related to RES, 

namely the liver and spleen. Due to the increased water solu-

bility after encapsulation, DiR-loaded micelles could rapidly 

deliver the model drug into blood circulation, and display wide 

distribution and controlled release characteristics. The differ-

ence of fluorescence signals intensity in tumor between the 

two groups further indicated an obvious passive drug targeting 

effect to tumor of the micelles. Thus the present amphiphilic 

copolymer mPEG-PCL-Phe(Boc) has the potential to endow 

some hydrophobic active pharmaceutical ingredients with 

satisfactory pharmacokinetic profiles, mainly including long 

circulation, wide distribution, and tumor targeting.

Preparation and characterization of 
DMC-loaded PMs
PMs were easily prepared to wrap DMC by thin-film 

hydration method. After evaporating the dissolved organic 
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Figure 6 TEM image (×100,000) (A), and the particle size distribution (B) of DMC-PM.
Note: The inset of (A) clearly illustrated a typical shell-core structure of the micelle particles.
Abbreviations: TEM, transmission electron microscopy; DMC-PM, dimethoxycurcumin-loaded polymeric micelle.

°

Figure 7 The DSC curves of free DMC (in red), blank mPEG-PCL-Phe(Boc) micelles 
(in black), and DMC-PMs (in blue).
Abbreviations: DSC, differential scanning calorimetry; mPEG, monomethoxyl 
poly (ethylene glycol); PCL, b-poly (ε-caprolactone); Phe, phenylalanine; Boc, N-t-
butoxycarbonyl; DMC-PMs, dimethoxycurcumin-loaded polymeric micelles; mPEG-
PCL-Phe(Boc), N-t-butoxycarbonyl-phenylalanine terminated monomethoxyl poly 
(ethylene glycol)-b-poly (ε-caprolactone).

solvent, DMC was encapsulated by the hydrophobic part of 

the copolymer by using a thermodynamic stability feature in 

water. The practical preparation process was simple, control-

lable, and it would be easy to scale up preparation to realize 

both lab and industrial production of PMs.48

Morphological characterization and particle sizing
As the TEM image shows in Figure 6A, morphology of 

DMC-PMs was found to be spherical or nearly spherical, 

with an obviously dark outer shell and a light inner core. The 

dark layers were formed by the reaction of the hydrophilic 

shell and PTA. The shell–core structure could contribute to 

the long circulation in blood because of the hydrophilic bar-

riers and consequent low drug leakage.49 The distribution of 

micelles was homogeneous, with no adhesion and no reunion 

phenomenon. The particle size and size distribution results 

detected by DLS are shown in Figure 6B. As shown, the 

average particle size of DMC-PMs was 17.9±0.4 nm, and 

the PDI was 0.045±0.011, which means a narrow particle 

size distribution. Such small particle size and narrow size 

distributions are suitable for many drug delivery systems 

(such as intravenous injection and oral administration), and 

allow passive accumulation in tumors through the enhanced 

permeability and retention (EPR) effect; such characteristics 

also curtail arrest by RES and MPS.

Drug loading and entrapment efficiency
DL and EE results for DMC-PMs were 9.94%±0.15% and 

97.22%±0.18%, respectively. The final DL and EE were 

neared to the theoretical loading, which indicated low drug 

wastage. High DL and EE were mostly due to hydrophobic 

interaction between DMC and the hydrophobic segment of 

the amphiphilic block polymer. These results further proved 

that the amphiphilic block polymer increased the solubility 

of DMC and decreased the usage amount of copolymers. 

Thus, increased solubility of DMC could ensure the degree 

by which a human body can use the drug and may ensure a 

better clinical therapeutic effect. Low amount of copolymers 

is safe to all biological organisms, although the copolymers 

themselves have a good biocompatibility.

Differential scanning calorimetry
The thermograms of free DMC, blank mPEG-PCL-Phe(Boc) 

micelles, and DMC-PMs were detected by DSC. As illus-

trated in Figure 7, the melting point of sb-DMC was about 

130°C, and the melting point of blank mPEG-PCL-Phe(Boc) 

micelles was about 43°C in the DSC curve. There was only 

one melting point in the curve for DMC-PMs, and the intrin-

sic melting transition peak of DMC vanished in DMC-PMs, 

which indicated that DMC had been thoroughly encapsulated 

by the copolymers, rather than adhering to the surface of 

them. This result corresponded to the high DLC and EE val-

ues exhibited by the PMs. The solubility of DMC was greatly 

increased by encapsulating into the PM core, which could 

meet the needs for clinical trials and further evaluation.
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In vitro stability
Reconstituted DMC-PMs (2 mg/mL) were clarified and 

showed a high concentration of DMC (Figure 8). By observ-

ing turbidity of the reconstituted micellar solutions both at 

room temperature and at 4°C, micellar solutions could be 

kept clarified for 10 days at room temperature and 1 month 

at 4°C. In addition, after storing the micelle solutions at room 

temperature and at 4°C for more than 10 days, free DMC in 

its precipitated state remained stable, and no other impurity 

occurred, which was tested by HPLC. In room temperature, 

the mean particle size of the micelles increased from 17.6 nm 

to 34.7 nm slowly (Figure 9A). However, during the period of 

storage at 4°C, the mean particle size ranged from 17.4 nm to 

19.5 nm and increased only slightly at a steady pace (Figure 

9A). The drug content of the micellar solutions decreased 

slightly during the first day, and then stayed almost stable 

at both temperatures (Figure 9B). It is well known that the 

interaction between hydrophobic drugs and the micelle core 

environment is a very important factor in micelle stability.50 

After reconstituting the lyophilized micelles in aqueous 

solutions in the present study, the hydrophobic segment of 

Figure 8 The appearances of DMC-PMs before lyophilization (A), lyophilized powder (B), and reconstituted solution (C).
Abbreviation: DMC-PMs, dimethoxycurcumin-loaded polymeric micelles.

the micelles was strong enough to hold DMC within micelle 

cores for up to 10 days both at room temperature and at 4°C in 

vitro. The micelles’ excellent physicochemical stability in the 

external environment may indicate a long lifetime in vivo.

In vitro drug release
The behavior of DMC released from micelles under in vitro 

conditions was determined by using the dialysis tubing 

method.37,38 The cumulative release of DMC versus time 

is plotted in Figure 10. The results showed that DMC-PMs 

displayed a sustained release behavior for up to 10 days. 

The drug’s rapid release during the first 24 hours was about 

21.8%, but slow release was maintained in the following  

9 days. The initial burst release could be explained by drug 

desorption from the copolymers because of the osmotic 

pressure difference inside and outside the copolymer.24,46,51 

In clinical applications, this initial burst release may allow 

the drug to arrive quickly in organs and tumor sites to protect 

organs or to fight against cancer cells. In our present study, the 

degradation of DMC-PMs was slowed down by the decrease 

of osmotic pressure in the in vitro release medium, the drug 

Figure 9 Mean particle size (A) and dimethoxycurcumin (DMC) content (B) of DMC-PMs stored at room temperature () and at 4°C ().
Note: Each point represents mean ± standard deviation (n=3).
Abbreviation: DMC-PMs, dimethoxycurcumin-loaded polymeric micelles.
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Figure 10 In vitro release profile of DMC-PMs.
Note: Each point represents mean ± standard deviation (n=3).
Abbreviation: DMC-PMs, dimethoxycurcumin-loaded polymeric micelles.

Figure 11 Plasma concentration–time curves after intravenous administration of 
DMC-PMs () and sb-DMC () in Sprague Dawley rats at a single dosage of 10 mg/kg.
Note: Each point represents mean ± standard deviation (n=6).
Abbreviations: h, hours; DMC-PMs, dimethoxycurcumin-loaded polymeric 
micelles; sb-DMC, free DMC dissolved in dimethyl sulfoxide.

release was thus retarded. The sustained release of DMC-

PMs was likely due to the stronger interaction between DMC 

and the mPEG-PCL-Phe(Boc) copolymer. It is possible that 

DMC-PMs in vivo also display sustained release property 

similar to that in vitro. However, a series of follow-up animal 

experiments on pharmacokinetics and biodistribution may 

be needed to further demonstrate the actual situation in vivo 

for this polymeric micellar formulation of DMC.

Pharmacokinetic study in rats
The pharmacokinetic characteristics of sb-DMC and DMC-

PMs in rats are shown in Figure 11. Plasma DMC levels in the 

sb-DMC control group rapidly declined to below the lowest 

limit of quantification (LLOQ) (40 ng/mL) after 10 hours. 

Different results were observed in the DMC-PM group. 

Plasma DMC levels declined obviously in the first 0.33 hours, 

while a slow decrease was observed subsequently. In addition, 

plasma concentrations in the DMC-PM group were obviously 

higher than those in the control group at each time point. 

Even at 24 hours after dosing, plasma concentrations of DMC 

in the DMC-PM group were still above the LLOQ. Plasma 

pharmacokinetic parameters of rats including the maximum 

concentration (C
max

), plasma half-life (t
1/2

), area under the 

curve (AUC
0–∞), mean residence time (MRT

0–∞), clearance 

(Cl), and volume of distribution (V) were calculated, as listed 

in Table 3 and using a non-compartmental analysis model. 

As shown in Table 3, C
max

 of DMC-PMs was significantly 

higher than that of the sb-DMC solution (P,0.05; Table 3), 

which was proportional to the amount of physically entrapped 

DMC present. DMC-PM group’s mean t
1/2 

value was much 

longer than that of the sb-DMC group (P,0.05; Table 3), 

which suggested that entrapping DMC into micelles could 

prolong in vivo residence time, thereby achieving a long-

term therapeutic effect. The micelle group’s mean AUC
0–∞ 

value was 3-fold higher than that of sb-DMC group, which 

indicated a higher DMC exposure yielded by the DMC-PM 

formulation, and an increase in the DMC systemic bioavail-

ability in vivo. The Cl value of DMC-PMs was smaller than 

that of sb-DMC, but the MRT
0–∞ of micelles was 3-fold that 

of the pure drug, which indicated that entrapping DMC into 

micelles could delay drug elimination, and that the time DMC 

stayed in blood was longer with DMC-PMs. In addition, the 

DMC-loaded micelle group’s V value was 1-fold higher than 

that of the sb-DMC group, which meant a much higher drug 

distribution in the tissue. The DMC-PM formulation changed 

the pharmacokinetic behavior of DMC in rats, which could 

obviously prolong drug circulation and increase exposure 

Table 3 Pharmacokinetic parameters of dimethoxycurcumin 
(DMC) in plasma from rats intravenously administering sb-DMC 
or DMC-PMs at a dose of 10 mg/kg

Parameter sb-DMC DMC-PMs

Cmax (mg⋅L-1) 47.32±2.37 50.64±2.53*
t1/2 (h) 0.92±0.03 2.81±0.34*

AUC0–∞ (mg⋅h⋅L-1) 48.49±1.85 132.74±8.17*
MRT0–∞ (h) 1.33±0.05 4.05±0.49*

V (L⋅kg-1) 0.27±0.02 0.31±0.04
Cl (L⋅h-1⋅kg-1) 0.21±0.01 0.08±0.01*

Notes: Statistical analysis was performed using a one-way ANOVA followed by a 
Student’s t-test. Results are presented as mean ± standard deviation, n=6. *P,0.05 
versus sb-DMC.
Abbreviations: h, hours; sb-DMC, free dimethoxycurcumin (DMC) dissolved in 
dimethyl sulfoxide; DMC-PMs, dimethoxycurcumin loaded polymeric micelles; Cmax, 
the maximum concentration; t1/2, plasma half-life; AUC0–∞, area under the curve; 
MRT0–∞, mean residence time; Cl, clearance; V, volume of distribution; ANOVA, 
analysis of variance.
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Table 4 Tissue distribution of dimethoxycurcumin (DMC) in nude mice intravenously administered DMC-PMs at a dose of 50 mg/kg

Time (h) Heart (μg/g) Liver (μg/g) Spleen (μg/g) Lung (μg/g) Kidney (μg/g) Brain (μg/g) Tumor (μg/g)

0.25 5.47±0.30 3.96±0.17 0.63±0.11 0.40±0.02 1.21±0.05 0.26±0.04 1.04±0.12
0.5 2.40±0.11 1.20±0.07 0.55±0.11 1.20±0.08 0.55±0.04 0.18±0.02 0.60±0.09
1 1.21±0.16 0.50±0.04 0.46±0.10 1.54±0.06 0.17±0.02 0.08±0.01 0.24±0.03
2 0.60±0.15 0.12±0.02 0.30±0.01 0.80±0.07 0.09±0.02 0.06±0.01 0.19±0.02
4 0.40±0.01 0.07±0.01 0.18±0.01 0.34±0.03 0.04±0.01 0.05±0.01 0.09±0.01
8 0.18±0.02 0.03±0.01 0.07±0.02 0.16±0.02 0.01±0.01 0.04±0.02 0.05±0.02

Note: Results are presented as mean ± standard deviation, n=4.
Abbreviations: h, hours; DMC-PMs, dimethoxycurcumin-loaded polymeric micelles.

to DMC in vivo. DMC-PMs showed some sustained drug 

release characteristics and showed an increased possibility 

of extensive drug distribution in rat tissues.

Biodistribution study in tumor-bearing 
nude mice
Biodistribution studies were performed in tumor-bearing 

nude mice to investigate the amount of drug that reached 

vital organs and tumors. A549 human lung cancer cells 

were implanted into the right breast fat pad of nude mice; 

the content of DMC in the main organs (heart, liver, spleen, 

lung, kidneys, and brain) and tumors at 0.25, 0.5, 1, 2, 4, and 

8 hours is shown in Tables 4 and 5, and the pharmacoki-

netic parameters of tested tissues are shown in Table 6. The 

experimental results showed that DMC in both formulations 

was rapidly distributed to most tissues within 15 minutes; in 

addition, the present study revealed more drug localization in 

most organs and tumors with the micelle formulation. The two 

formulations at the same intravenous dosage of DMC showed 

similar tissue distribution trends in tumor-bearing nude mice. 

However, the animals administered with DMC-PMs had much 

higher DMC content in tumor, heart and liver at each sample 

collection time point when compared with those administered 

with sb-DMC. This result indicated that the formulation of 

DMC-PMs has significantly improved tissue distribution 

characteristics of DMC. The C
max

 and AUC
0–∞ values yielded 

by DMC-PMs were significantly higher than those of sb-DMC 

in most tissues, except in brain tissue. The higher drug level 

and drug exposure yielded by DMC-PMs in different tissues 

may be explained on the basis of the nanoparticle-like nature 

of micelles, but in brain, micelles were stable enough to 

maintain a hydrophilic shell that kept the drug outside of the 

blood–brain barrier. The Cl values of DMC-PMs were smaller 

than those of sb-DMC in most tissues, except in brain, which 

indicated that entrapping DMC into micelles could delay drug 

elimination. The mean t
1/2

 value of the DMC-PM group was 

much longer than that of the sb-DMC group for heart, liver, 

kidney, and tumor tissues, but in the remaining tissues; in 

addition, the mean t
1/2

 value of the micelle group was lower 

than that of sb-DMC group, with no significant difference, 

which suggested that DMC content was decreasing rapidly in 

some tissues due its metabolism effects.52 The mean MRT
0–∞ 

value for the micelle group was much higher than that of the 

sb-DMC group in tumor and heart tissues, but in other tissues, 

the mean MRT
0–∞ value for the micelle group was a little lower 

than that of the sb-DMC group; these results suggested that 

entrapping DMC into micelles could prolong drug in vivo 

residence time in heart and in tumor tissues, thereby achieving 

an increase in DMC systemic bioavailability and a long-term 

therapeutic effect. Taken together, these results suggested 

that DMC content with micelles was higher in most tissues, 

especially in heart, liver, and tumor tissues, and that DMC 

elimination rate was significantly slower with the micelle 

formulation. Because the concentration of DMC in heart and 

Table 5 Tissue distribution of dimethoxycurcumin (DMC) in nude mice intravenously administering sb-DMC at a dose of 50 mg/kg

Time (h) Heart (μg/g) Liver (μg/g) Spleen (μg/g) Lung (μg/g) Kidney (μg/g) Brain (μg/g) Tumor (μg/g)

0.25 1.00±0.14 1.25±0.19 0.47±0.10 1.36±0.09 0.88±0.04 0.36±0.06 0.48±0.05
0.5 0.50±0.10 0.70±0.13 0.44±0.09 0.80±0.09 0.40±0.04 0.25±0.03 0.20±0.03
1 0.18±0.05 0.47±0.12 0.38±0.02 0.47±0.07 0.21±0.03 0.12±0.03 0.13±0.02
2 0.07±0.01 0.20±0.10 0.26±0.01 0.26±0.03 0.18±0.03 0.08±0.01 0.08±0.01
4 0.04±0.02 0.12±0.01 0.16±0.01 0.18±0.02 0.05±0.01 0.06±0.02 0.05±0.01
8 0.01±0.01 0.05±0.02 0.07±0.02 0.06±0.02 0.02±0.01 0.02±0.01 0.01±0.01

Note: Results are presented as mean ± standard deviation, n=4.
Abbreviations: h, hours; sb-DMC, free dimethoxycurcumin (DMC) dissolved in dimethyl sulfoxide.
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Table 6 Pharmacokinetic parameters of dimethoxycurcumin (DMC) in main tissues from nude mice intravenously administering 
DMC-PMs or sb-DMC at a dose of 50 mg/kg

Tissue t1/2 (h) AUC0–∞ (μg⋅h⋅g-1) MRT0–∞ (h) Cl (g⋅h-1⋅g-1)

Heart

DMC-PMs
sb-DMC

0.87±0.04*
0.20±0.01

5.70±0.07*
0.89±0.01

1.25±0.86*
0.29±0.02

8.77±0.01*
56.18±0.31

Liver
DMC-PMs
sb-DMC

0.38±0.01*
0.91±0.04

2.78±0.08*
1.50±0.04

0.54±0.02*
1.32±0.05

17.99±0.11*
33.37±0.11

Spleen
DMC-PMs
sb-DMC

1.31±0.06
1.33±0.05

1.69±0.03*
1.57±0.03

1.89±0.09
1.91±0.08

29.59±0.11*
31.81±0.20

Lung
DMC-PMs
sb-DMC

1.19±0.04
1.19±0.11

3.18±0.01*
1.90±0.02

1.71±0.06
1.71±0.16

15.72±0.13*
26.35±0.09

Kidney
DMC-PMs
sb-DMC

0.39±0.03*
0.50±0.02

1.05±0.03*
0.76±0.03

0.56±0.05*
0.73±0.03

47.62±0.22*
65.60±0.22

Brain
DMC-PMs
sb-DMC

0.87±0.12
1.77±0.71

0.36±0.32
0.64±0.13

1.25±0.15
2.55±1.02

138.89±1.44
79.94±0.35

Tumor
DMC-PMs
sb-DMC

1.94±1.25*
0.22±0.01

1.09±0.20*
0.38±0.03

2.80±2.80*
0.32±0.02

45.87±0.31*
130.74±1.43

Notes: Statistical analysis was performed using a one-way ANOVA followed by a Student’s t-test. Results are presented as mean ± standard deviation, n=4. *P,0.05 versus sb-DMC.
Abbreviations: h, hours; DMC-PMs, dimethoxycurcumin loaded polymeric micelles; sb-DMC, free dimethoxycurcumin dissolved in dimethyl sulfoxide; t1/2, plasma half-life; 
AUC0–∞, area under the curve; MRT0–∞, mean residence time; Cl, clearance; ANOVA, analysis of variance.

liver tissues was very high in the present study, DMC-PMs 

could be used in future to cure heart or liver diseases, or to 

deliver otherwise organ-damaging drugs, to protect the heart 

and liver from harm. In vivo fluorescence images (Figure 5) 

indicated that the mPEG-PCL-Phe(Boc) copolymer itself had 

tumor-targeting ability. In the current biodistribution study, 

compared to free DMC formulation, DMC-loaded micelles 

were superior in tumor-targeting ability based on EPR effect. 

In summary, we believe that DMC-loaded micelles could be 

used as a tumor-targeting drug delivery system.

Conclusion
In recent times, self-assembly nanoparticles, especially 

amphiphilic block copolymer micelles, have been receiving 

increasing attention because of their advantageous proper-

ties. In this study, we successfully encapsulated DMC using 

an mPEG-PCL-Phe(Boc) copolymer carrier to form micelles 

by a one-step thin-film hydration method. The amphiphilic 

copolymer itself had the ability of passively targeting tumors, 

and it was easy to form micelles at very low concentrations. 

DMC-PMs have typical shell–core structure with small particle 

sizes (17.9±0.4 nm) and a narrow particle size distribution 

(PDI, 0.045±0.011), which could realize long circulation 

and passive targeting goals. High EE and DL characteristics 

demonstrated that the copolymer had obviously increased the 

solubility of DMC in our current study, which could meet clini-

cal use requirements. DMC-PMs could be maintained for up 

to 10 days at room temperature, and showed a sustained drug 

release characteristic both in vitro and in vivo. Moreover, the 

micelles also altered most tissue distribution characteristics of 

DMC in vivo, especially in tumor, liver and heart tissues, which 

revealed significant tumor targeting, liver and heart disease cure 

potential. In conclusion, DMC-loaded mPEG-PCL-Phe(Boc) 

micelles could be regarded as an effective drug delivery system 

to solve the problem of DMC administration.
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