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Abstract: A folic acid (FA)-functionalized drug vehicle platform based on Pluronic 127 

(P127)/D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) mixed micelles was 

orchestrated for an effective delivery of the model drug resveratrol in order to address the 

problem of poor water solubility and rapid metabolism of resveratrol and improve its targeted 

accumulation at tumor site. The FA-decorated mixed micelles were prepared using thin-film 

hydration method and optimized by central composite design approach. The micelles were also 

characterized in terms of size and morphology, drug entrapment efficiency and in vitro release 

profile. In addition, the cytotoxicity and cell uptake of the micelles were evaluated in folate 

receptor-overexpressing MCF-7 cell line. In vivo pharmacokinetic and biodistribution studies 

were also performed. The average size of the micelles was ~20 nm with a spherical shape and 

high encapsulation efficiency (99.67%). The results of fluorescence microscopy confirmed the 

targeting capability of FA-conjugated micelles in MCF-7 cells. FA-modified micelles exhibited 

superior pharmacokinetics in comparison with that of solution. Further, the low accumulation 

of resveratrol-loaded FA micelles formulation in the heart and kidney avoided toxicity of these 

vital organs. It could be concluded that folate-modified P127/TPGS mixed micelles might serve 

as a potential delivery platform for resveratrol.
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Introduction
In recent years, resveratrol, a naturally occurring polyphenol and phytoalexin, 

abundant in berry, grape, peanut and other plants, has sparked significant focus due to 

its beneficial effects on human health, which include antioxidant, anti-inflammatory, 

cardioprotective and antitumor activities.1 Some literature have illustrated that res-

veratrol can both inhibit tumor cell growth and promote cell apoptosis exerting its 

antitumor effect by means of some related cell signaling pathways.2,3 However, poor 

bioavailability of resveratrol owing to factors such as low aqueous solubility, easy 

photodegradation and extensive first-pass metabolism hinders its further clinical 

application.4 Therefore, the primary problem is how to design effective and suitable 

drug delivery systems (DDSs) for resveratrol to address the aforementioned shortcom-

ings. Innovative DDSs of resveratrol, such as polymeric nanoparticles, cyclodextrins, 

colloidal mesoporous silica nanoparticles and liposomes, have been fabricated to 

enhance aqueous solubility and bioavailability, improve physicochemical stability 

and achieve targeted or controlled drug release.5–7 Recently, different classical and 

successful nanotherapeutics used to transport anticancer drugs into tumors have been 

fabricated and applied in order to improve the anticancer effect of chemotherapeutic 
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drugs, the most prominent among which include polymeric 

nanocarriers such as liposomes, supramolecular derivatives 

and ultradeformable vesicles.8–10 As one of the promising 

nanoparticular approaches, the mixed micelle carriers formed 

by triblock copolymers for delivery of anticancer drugs have 

been basically exploited in various clinical applications for 

the merits of smaller size, self-assembling ability, solubiliza-

tion and protection against unstable drugs.11

Nonetheless, many anticancer drugs incorporated into 

micelles show rare selectivity and limited orientation for 

malignant tumors because of their passive targeting efficiency 

described by the well-known enhanced permeability and 

retention (EPR) effect. These passive DDSs have exhibited 

distinctly nonspecific distribution in systemic administration 

and resulted in toxicity against normal tissues. Selective 

and preferred DDSs intended to specific sites will not only 

improve therapeutic efficacy but also avoid negative side 

effects on normal cells and tissues.12 Accordingly, it is nec-

essary to make use of the specific receptors present on the 

surface of cell membrane to achieve better tumor targeting. 

Some strategies of conjugation of targeting ligand molecules, 

such as folic acid (FA), mannose, RGD peptide and trans-

ferrin, to block polymers for selective delivery, have been 

reported in published literature.13

The folic acid receptor (FAR) has been found to be 

overexpressed on the surface of some human solid tumors. 

Hence, FA is easily internalized into cells if it encounters 

with FAR present on the surface of tumor cells via the 

well-known receptor-mediated endocytosis mechanism. 

Therefore, FA is a common choice as a targeting ligand 

molecule due to its many benefits, such as nonimmunoge-

nicity, small size, nontoxicity and ease of handling, and can 

be used as a targeting moiety to mediate various anticancer 

agents into targeted cells to evade their nonspecific attacks 

on normal tissues.14,15

However, in order to further increase the effectiveness of 

active targeting modalities, long circulation time in vivo is 

an essential prerequisite to allow functionally active target-

ing nanoparticles to pursue more opportunities to bind to the 

receptors present on the surface of the cell membranes. This 

prolongation in circulation time can be achieved by Pluronic 

127 (P127) triblock copolymer micelle nanoparticles, which 

have been studied for many years in applications ranging 

from drug to gene carriers.16 The core–shell configuration 

of mixed micelles is beneficial to increasing drug stability 

and solubility as well as providing a prolonged circulation 

period and preferential accumulation in tumors via the EPR 

effect after administration.17,18

Therefore, considering the advantage of resveratrol as a 

potential active ingredient and utilizing mixed micelles as 

a suitable nanoparticulate carrier, in the present study, we 

orchestrated a mixed micelles system loading resveratrol for 

its antitumor activity and FA-functionalized P127 for folate-

mediated receptor targeting to cancer cells. FA-functionalized 

P127 was fabricated by the traditional esterification reaction. 

The properties of FA-conjugated P127 were also evaluated by 

proton nuclear magnetic resonance (1H NMR) and infrared (IR) 

spectrum. The mixed micelles were prepared by thin-film disper-

sion method, and the formulation was optimized with the central 

composite design (CCD) response surface method. In addition, 

the physicochemical properties, antitumor efficacy in vitro with 

the uptake by MCF-7 tumor cells and pharmacokinetics and 

biodistribution of mixed micelles were investigated.

Materials and methods
Materials and animals
Commercial trans-resveratrol (98.9% pure) was obtained from 

Tianjin Jianfeng Natural Product R&D Co., Ltd. (Tianjin, 

People’s Republic of China). D-α-Tocopheryl polyethylene 

glycol 1000 succinate (TPGS) was purchased from Sigma-

Aldrich (St Louis, MO, USA). 1,1-Carbonyldiimidazole 

(CDI), N-hydroxysuccinimide (NHS) and 1,3-dicyclohexyl-

carbodiimide (DCC) were obtained from Aladdin Reagent 

Co., Ltd. (Shanghai, People’s Republic of China). Poloxamer 

127 (ie, P127) was kindly supplied by BASF (China) Co., 

Ltd. (Shanghai, People’s Republic of China). Acetonitrile 

of high-performance liquid chromatography (HPLC) grade 

was used, and all other reagents and solvents used were of 

analytical reagent grade.

Sprague Dawley rats (200–220 g) and Kunming strain 

mice (18–22  g) were obtained from the Lukang Animal 

Center (Jining, People’s Republic of China). All animals 

were handled according to the Principles of Laboratory 

Animal Care, and the protocols were approved by the Taishan 

Medical University Animal Ethical Committee.

Synthesis and characterization of FA-
decorated P127
The concrete synthetic methods of conjugation of FA with 

P127 were performed as described earlier by Zhang et al19 and 

are shown in Figure 1. First, in order to activate P127, 12.6 g 

of P127 was dissolved in 15 mL of anhydrous acetonitrile. 

This solution was introduced dropwise into a CDI (1.62 g) 

anhydrous acetonitrile solution at room temperature for 

2 h under nitrogen atmosphere, and then the homogeneous 

mixture was stirred overnight under similar conditions. After 
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concentration, the unreacted CDI was removed by precipita-

tion with excessive ethyl ether. The resulting precipitate was 

collected by filtration and dried by vacuum dehydration to 

obtain CDI-activated P127.

The prefabrication of amino-terminated P127 was achieved 

via the reaction of CDI-P127 with 1,2-ethylenediamine in 

acetonitrile solution at room temperature for 2 h, and the 

mixture was allowed to react overnight. After removal of 

redundant and unreacted ethylenediamine, the P127-NH
2
 

product was purified using excess amount of ether, and a 

white precipitate was obtained.

Finally, in order to tailor folate-decorated P127 

(FA-P127), the P127-NH
2
 (1 g, 0.079 mmol), FA (105 mg, 

0.237 mmol), NHS (60 mg, 0.522 mmol) and DCC (108 mg, 

0.522 mmol) were codissolved in 10 mL dimethyl sulfoxide 

(DMSO). This reaction mixture was kept in a nitrogen atmo-

sphere at room temperature in the dark and stirred overnight 

using triethylamine as a catalyzer for the reaction to get com-

pleted. Then, after isolation of by-product dicyclohexylurea, 

the supernatant was dialyzed against deionized water for 

2 days. The obtained P127-FA was freeze-dried and then 

confirmed by ultraviolet (UV), IR and 1H NMR analyses. The 

full absorption spectrum of P127-FA was scanned from 200 

to 400 nm in phosphate buffer saline (PBS; pH 7.4) with a 

UV vision spectrophotometer (UV-2550; Shimadzu, Kyoto, 

Japan) to confirm whether the grafted FA was present on the 

block polymers’ skeleton or not. After grinding the various 

samples with KBr, transparent KBr tablets were prepared 

and used to obtain Fourier transform infrared (FTIR) spec-

tra (LabSolutions IR; Shimadzu). 1H NMR analysis results 

were recorded on nuclear magnetic resonance spectrometer 

(Avance 400  MHz; Bruker, Billerica, MA, USA) using 

deuterium chloroform (CDCl
3
) as a solvent.

Preparation of resveratrol-loaded mixed 
micelles
The preparation of resveratrol-loaded polymeric mixed 

micelles was achieved via thin-film hydration method.20 
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Figure 1 Schematic illustration of the synthesis routes of FA-P127.
Abbreviations: P127, Pluronic 127; CDI, 1,1-carbonyldiimidazole; DCC, 1,3-dicyclohexyl-carbodiimide; NHS, N-hydroxysuccinimide; FA, folic acid.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2282

Hao et al

Briefly, the mixture with a fixed mass ratio (1:10) of 

resveratrol and polymer carriers (the different proportions of 

FA-P127 and TPGS are shown in Table 1) was codissolved 

in 10 mL ethanol. Subsequently, ethanol was removed by 

evaporating at 40°C under vacuum to develop uniform thin 

film. The resultant film was hydrated at room temperature 

by ultrasonic treatment to obtain a clear micelles solu-

tion, which was then centrifuged at 13,204 g for 15 min to 

separate unloaded drugs. The similar protocol was adopted 

to prepare empty mixed micelles and fluorescein isothio-

cyanate (FITC)-loaded micelles except for incorporation 

of model drug.

Optimization of mixed micelles by CCD
After preliminary screening studies, two variables, that is, 

the amount of resveratrol (A) and the mass ratio of P127 and 

TPGS (B) in the mixed micelles, were chosen to optimize 

formulation using dependent responses including drug load-

ing (DL), entrapment efficiency (EE) and particle size as 

criteria. The experimental schedule based on CCD response 

surface method is described in Table 1.

Characterization of resveratrol mixed 
micelles
Particle size and transmission electron  
microscopy (TEM)
Particle size and size distribution were measured by 

Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd., 

Malvern, UK) at 25°C. Measurements were performed 

in triplicate for every prepared sample. The morphologi-

cal profile of resveratrol mixed micelles was determined 

by TEM (JEM-1200EX; JEOL, Tokyo, Japan). A drop of 

micellar solution was loaded onto a copper grid, and then 

negatively stained with phosphotungstic acid solution (2%, 

w/v) for a while. After getting rid of excess solution with 

filter papers, samples were dried appropriately and then 

examined under TEM.

Determination of DL and EE
The content of resveratrol encapsulated in mixed micelles 

was determined by UV-Vis spectrophotometer at 306 nm. The 

prepared micellar solution was diluted to a certain concentra-

tion with acetonitrile before determination. The DL% and 

EE% of resveratrol in polymeric micelles were calculated 

from the following equations:21

	
DL%

Weight of the drug in micelles

Weight of the feeding po
=

llymer and drug
× 100

	
EE%

Weight of the drug in micelles

Weight of the feeding dr
=

uug
× 100

	

Critical micelle concentration (CMC) determination
The CMC of mixed micelles can be determined by evalua-

tion of pyrene absorption in surfactant solution.22 Once the 

micelles are formed, pyrene would transfer into micellar 

hydrophobic cores from the aqueous phase, which will lead 

to an alteration in the intensity ratio of I372/I383. Briefly, 

100 μL of pyrene acetone solution (6×10-5 M) was introduced 

into an amber glass bottle, and acetone was removed under 

flow of nitrogen. Ten milliliters of P127 and TPGS micelles 

with a concentration range from 2.4448×10-4 to 1.001 mg/

mL were mixed with the residue by ultrasonic treatment for 

30 min. The mixture was incubated in the absence of light 

overnight for equilibrium. Fluorescence intensities at an 

emission wavelength of 372 nm (I372) and 383 nm (I383) 

were measured, and their ratio (I372/I383) was plotted 

against the concentration of micelles. The graph resulting 

from I372/I383 fluorescence intensity ratio versus logarithm 

of concentration was analyzed according to the following 

Boltzmann sigmoidal equation to evaluate the CMC of the 

studied surfactants.22

	
Y

A A
A

x x x
= ∆

1 2
21 0

−
+

+−e( )/
	

where Y represents the ratio value of I372/I383, x means the 

concentration of mixed surfactant, A
1
 and A

2
 stand, respec-

tively, for the initial and final asymptotes of sigmoid, x
0
 is 

regarded as the center of sigmoid and Δx is connected with 

the independent variable occurrence.

In vitro drug release
In vitro release behaviors of resveratrol from the mixed 

micelles were evaluated by dialysis (molecular weight cutoff 

30  kDa) method. In order to fit the sink condition, PBS 

Table 1 Variables and their levels in the CCD

Independent variables Levels

-1 0 1

A = dosage of resveratrol (mg/mL) 0.25 0.625 1
B = mass ratio of P127 and TPGS 2:5 7:5 12:5
Dependent variables Constraints
Y1 = entrapment efficiency (%) Maximize
Y2 = drug loading (%) Maximize
Y3 = particle size (nm) Minimize

Abbreviations: CCD, central composite design; P127, Pluronic 127; TPGS, D-α-
tocopheryl polyethylene glycol 1000 succinate.
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(pH 7.4) with 0.5% Tween 80 was adopted as the release 

medium. Two milliliters of resveratrol mixed micelles or 

2 mL resveratrol solution (in propylene glycol) as control 

was sealed into a preswollen dialysis bag. Then, the dialy-

sis pockets were immersed into 50 mL release medium at 

37°C at a stirring speed of 120 rpm. At each presetting time 

interval, 1 mL aliquots of release medium were withdrawn, 

and the same volume of fresh medium was supplied. After 

centrifugation at 13,204 g for 15 min, the supernatant drug 

content was determined by HPLC at 306 nm. The HPLC 

system comprised an LC-10A pump (Shimadzu) with a UV–

Vis detector. A Thermo Fisher Scientific C18 (250×4.6 mm) 

analytical column was used with the mobile phase made of 

acetonitrile and 0.1% (v/v) aqueous phosphoric acid (30:70). 

The flow rate was 1.0 mL/min at room temperature. Then, the 

cumulative release percentage (Q%) was calculated.

In vitro cell evaluation
Cytotoxicity assay
The in vitro cytotoxicity of micelles loaded with drug was 

evaluated in MCF-7 cells using CCK-8 method. MCF-7 

cell lines were purchased commercially from Cell Resource 

Center of the Chinese Academy of Sciences (Shanghai, 

People’s Republic of China). The cells were cultured in 

96-well microtiter plate with routine RPMI 1640 medium 

containing 10% fetal bovine serum at 37°C in a humidified 

5% CO
2
 sterile incubator. Until the cell density reached 

~2×104 cells per well, the culture medium was replaced by 

200 μL of fresh medium containing the following treatment 

agents: resveratrol DMSO solution (the final concentration 

of DMSO should be ,0.2%), resveratrol-loaded micelles 

and FA-modified resveratrol micelles. The concentration of 

resveratrol ranged from 0 to 300 μg/mL. After further 48-h 

incubation, the cells were washed twice with PBS, and then 

the cell viability was determined using the CCK-8 assay in 

light of standard protocol.

Cell uptake study
For evaluation of the targeting potential of developed delivery 

systems in vitro, cell uptake studies of FA-mixed micelles 

were performed in folate receptor-overexpressing MCF-7 

cells. FITC, a hydrophobic fluorescent probe, was encap-

sulated into a lipophilic core of mixed micelles as a tracer. 

MCF-7 cells were seeded in 24 plates at 2×104 cells per 

well with folate-free Dulbecco’s Modified Eagle’s Medium 

(DMEM) to allow attachment for 24 h. After the cells reached 

80% confluence, the primary medium was replaced with 

fresh medium containing fluorescent FITC micelles, and then 

the cells were further incubated for 2 h. Subsequently, the 

supernate was withdrawn, and the cells were washed with 

PBS thrice to remove the plethora of micelles adsorbed on the 

cell surface and observed under the fluorescence microscope. 

For free-folate competition studies, the cells were previously 

incubated for 30 min in the presence of 1 mM FA-containing 

DMEM and then treated with the drug-loaded polymeric 

micelles. Then, the cells were collected with 0.5 mL PBS 

and subjected to ultrasonic treatment (100 w, 2 min) in ice 

bath. The fluorescence intensity of FITC was measured with 

a microplate reader at an excitation wavelength of 488 nm 

and an emission wavelength of 525 nm.

In vivo animal studies
Pharmacokinetic studies
Pharmacokinetic studies of resveratrol-loaded micelles 

compared with resveratrol solution were carried out. Ten 

Sprague Dawley rats, weighting 220–250 g, were randomly 

divided into two groups before the experiments. The experi-

ment procedures were approved by the ethics committee of 

laboratory animal center of Taishan Medical University. 

After administration of the same dosage of resveratrol 

solution or resveratrol micelles (23.1 mg/kg, expressed as 

resveratrol equivalents) through tail vein, the whole-blood 

sample (~0.5 mL) was collected into a heparinized tube by 

sinus jugularis puncture from each rat in every group at 0.25, 

0.5, 1, 2, 3, 4, 6 and 8 h, respectively. Blood samples were 

centrifuged for 10 min at 4,000 rpm, and then the plasma 

was collected and stored at -80°C.

Tissue distribution studies
The Kunming strain mice were divided into two groups at 

random and treated with resveratrol micelles or resveratrol 

solution via tail vein injection at a dose of 10 mg/kg to mice, 

respectively. At predetermined time, the blood of mice was 

collected from postorbital vein into heparinized tubes and 

then centrifuged to get the plasma samples. Tissues, such 

as the heart, liver, spleen, lung and kidney, were harvested 

immediately after heart perfusion with PBS, and the redun-

dant water in the isolated organ was removed with filter 

paper. The plasma and tissue samples were stored at -80°C 

until analysis.

Plasma and tissue sample analysis
One hundred microliters of plasma samples was blended with 

300 μL acetonitrile (containing chlorzoxazone as internal 

standard) in a tube to precipitate protein, vortexed for 3 min 

and centrifuged for 10 min at 12,000 rpm at 4°C, and then 
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the supernate was transferred to another new tube and dried 

under nitrogen gas stream at room temperature. The residue 

was dissolved in 100 μL acetonitrile, after vortexing and 

centrifugation for 10 min, and the supernate sample was used 

for HPLC analysis. Tissue sample was weighted accurately 

and homogenized after addition of moderate PBS to obtain 

1  mg/mL homogenate. Treatment of tissue homogenates 

was done using the same method as plasma samples, and 

the samples were analyzed by HPLC.

The plasma concentration-versus-time profile was 

analyzed by DAS Version 2.0. Various pharmacokinetic 

parameters were calculated such as the area under the plasma 

concentration–time curve from zero to infinity (AUC
0→∞) and 

mean residence time (MRT). All data were expressed as the 

mean ± standard deviation (SD).

Results and discussion
Synthesis and characterization of 
FA-P127
The functional copolymer FA-P127 with the targeting prop-

erty was synthesized by the esterification reaction mediating 

conjugation of FA with P127. The synthetic routes are illus-

trated in Figure 1. The chemical structures of the copolymers 

were characterized by 1H NMR (100 MHZ, DMSO-d
6
, ppm) 

and FTIR.

As shown in Figure 2A, the results of 1H NMR disclosed 

that the peaks at δ 1.05 ppm (d, 3H, –CH
3
 of polypropylene 

oxide [PPO]) and 3.36–3.50 ppm (m, 3H, 4H, –CH
2
CHO– of 

PPO and –CH
2
CH

2
O– of polyethylene oxide [PEO]) were 

attributed to the protons of PEO and PPO groups in P127. 

While the new characteristic peaks emerged from protons 

in the FA structure, such as at δ 4.45 and 8.65 ppm, which 

were, respectively, related to C
9
–H and C

7
–H of FA, peaks 

at δ 6.65  and 7.62  ppm belonged to aromatic protons of 

the phenyl groups of FA.23 In addition, as seen from FTIR 

spectra in Figure 2, typical C–H stretching vibrations of PEO 

segments appeared at 3,001 and 2,887 cm-1. The peak at 

1,112 cm-1 was attributed to the characteristic C–O–C stretch-

ing vibration in P127 (Figure 2B). The peaks in the range of 

1,484–1,697 cm-1 were ascribed to the aromatic ring stretch 

in the pyridine and benzene ring of FA (Figure 2C). The 

absorption peaks that occurred between 1,609 and 1,718 cm-1 

(Figure 2D) belonged to the amide group (–CO–NH–) in the 

P127-FA structure. In general, these results of the 1H NMR 

and FT IR spectra confirmed the presence of FA in the 

FA-P127 grafting copolymers.24 To further demonstrate 

Figure 2 (Continued)
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whether the synthesis of P127-FA is successful or not, UV 

spectrum analysis was also carried out at each step of the 

synthesis. In Figure 2E, the similar peaks that appeared at 

wavelength 280 nm were regarded as those characteristic of 

FA due to the aromatic ring in P127-FA.25

Optimization of resveratrol-loaded 
micelles based on CCD
The detailed experimental results obtained using CCD are 

listed in Table 2, and the results allowed to generate regres-

sion equations after thorough statistical analysis. All the 

Figure 2 The physicochemical characteristics of functional FA-P127: 1H NMR spectrum of FA-P127 (A); IR spectrum of P127 (B); IR spectrum of FA (C); FTIR spectrum of 
FA-P127 (D); and UV spectrum of FA, P127 and FA-P127 (E).
Abbreviations: FA, folic acid; P127, Pluronic 127; 1H NMR, proton nuclear magnetic resonance; IR, infrared; FTIR, Fourier transform infrared; UV, ultraviolet.
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the results indicated that independent B is a significant model 

term affecting both EE and DL, with P-values of ,0.05. The 

regression equations of the fitted model constructed for EE 

and DL are presented below:

Y
1
 (EE%) = �98.81 + 0.65A + 8.71B - 1.46AB  

- 0.53A2 - 11.97B2

Y
2
 (DL%) = �9.06 + 0.004A + 0.79B - 0.11AB  

- 0.01A2 - 1.13B2

In Figure 3A and B, we observe that the influence of 

independent factors on EE and DL presents the similar 

tendency. Both of them changed slightly with the increase in 

the amount of resveratrol, which might be related to the fact 

that self-assembled P127/TPGS micelles could provide rela-

tively settled spaces in configuration to accommodate mod-

erate lipophilic drugs; therefore, the entrapment ability 

was mainly dependent on the number of micelles formed. 

Once the amount of drug fed exceeded the capability of the 

micelles, EE and DL remained stable. On the other hand, as 

the ratio of P127 to TPGS enhanced, the EE and DL gradually 

increased to their maximum point and then decreased like an 

umbrella asymptotic curve. This trend could be ascribed to 

Table 2 Experimental runs and results of resveratrol micelles 
based on CCD

Formulae RES (mg/mL) P127/TPGS EE% DL% PS (nm)

M1 0.625 7:5 97.90 8.96 20.01
0.625 7:5 95.41 8.72 20.37
0.625 7:5 97.61 9.08 21.38
0.625 7:5 98.65 9.01 19.90

M2 1 2:5 72.88 6.64 24.24
M3 0.625 2:5 92.27 8.40 24.97
M4 0.25 2:5 68.15 6.36 24.35
M5 1 12:5 98.72 9.04 20.37
M6 1 7:5 99.92 9.22 20.61
M7 0.625 12:5 87.03 7.91 21.12
M8 0.25 12:5 99.82 9.18 21.44
M9 0.25 7:5 98.96 9.32 21.09

Abbreviations: CCD, central composite design; RES, reticuloendothelial system; 
P127, Pluronic 127; TPGS, D-α-tocopheryl polyethylene glycol 1000 succinate; 
EE, entrapment efficiency; DL, drug loading; PS, particle size.

Figure 3 Response surface model showing the influence of the independent variables on the EE (A), DL (B) and particle size (C).
Abbreviations: EE, encapsulation efficiency; P127, Pluronic 127; TPGS, D-α-tocopheryl polyethylene glycol 1000 succinate; DL, drug loading.

dependent variables with a high correlation coefficient 

(P,0.05, r=0.9133) were well described with quadratic 

polynomial equations, and the three-dimensional response 

surface plots were constructed according to regression equa-

tions with a design expert software.

As shown in Table 2, the EE and DL of resveratrol 

micelles ranged from 68.15% to 99.92% and 6.36% to 

9.32%, respectively. After statistical analysis, in this case, 
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the increase in volume of the mixed micelles formed by the 

mosaic nonionic surfactant TPGS, which manifested syner-

gistic properties to change and enlarge the dimension of the 

micelle cores to incorporate more drug species resulting in 

higher EE and DL.26

With regard to particle size, as we all know, particles of 

small size can escape clearance such as renal, hepatic and 

splenic filtration and exhibit prolonged blood circulation, 

which gives them an increased chance for long systemic 

circulation so as to achieve tumor accumulation.27 In addition, 

there is an increasing interest in fabrication of small particles 

exhibiting improved tumor permeability and penetration.28 

Therefore, one goal of this study was to tailor colloidal 

micelles with a minimum particle size.

The data in Table 2 show that the mean particle sizes of 

mixed micelles ranged from 19.90 to 24.97 nm. When particle 

size (Yps) was considered as the response, good correlation 

was found between observed and predicted value as revealed 

by an r2 of 0.961. The analysis of variance results revealed 

that in this case, independent B and polynomial term B2 

were significant model terms with P-values of ,0.05. The 

following equation could explain the effect of factors level 

on particle size:

Y
3
 (PS) = �20.56 − 0.28A − 1.77B − 0.24AB 

− 0.003A2 + 2.19B2

As shown in Figure 3C, the particle size did not show 

pronounced variance with the enhanced amount of resvera-

trol, while as the ratio of P127/TPGS increased, trends of 

particle size presented in a saddle shape. This phenomenon 

could be attributed to the fact that particle size of the micelles 

merely depended on the type of nonionic surfactant. Once the 

micelles formed, the dimension of the micelles maintained a 

relatively stationary state. Thus, the quantity of drug had a 

slight influence on the particle size. Also, when TPGS was 

introduced as a mixed micelles matrix, Gibbs free energy of 

the dispersed system in water decreased to some degree as the 

surfactant concentration increased. Hence, the hydrophobic 

impact derived from a disorder between entropy and enthalpy 

of the micelles’ dispersion could provide more driving forces 

for smaller size micelles formation.

After analyzing the dependent and independent factors, 

a further optimization and validation strategy by means of 

the design expert software was performed with desirable 

properties to optimize resveratrol-loaded micelles formula, 

which depended on the prescriptive criteria of maximum 

EE and DL and minimum particle size. The composition of 

optimum formulation was determined as A=18.78 mg (w/v, 

dosage of resveratrol) and B=1.77 (the amount of P127/

TPGS), which fulfilled the target requirements. At these 

levels, the predicted values of Y
EE

, Y
DL

 and Y
PS

 were 99.67%, 

9.15% and 19.9 nm, respectively. Hence, in order to verify 

the predicted model, a new batch of micelles according to the 

optimal formulation factors level was prepared. The observed 

optimal formulation had an EE of 99.75%±0.18%, a DL of 

9.39%±0.11% and a particle size of 20.38±0.38 nm, which 

was in good agreement with the predicted values. The low 

bias between these observed results and theoretical predic-

tions indicates the reliability of CCD used in predicting the 

desirable micelles formulation.

Physicochemical characterization of 
micelles
Particle size and morphology
The optimum micelles for loading resveratrol were suc-

cessfully prepared and then subjected to physicochemical 

characterization. The mean particle size of resveratrol 

mixed micelles was ~19.81 nm with a polydispersity index 

of 0.098 as shown in Figure 4A. TEM image (Figure 4B) 

showed spherical and homogeneous mixed micelles, and 

the size correlated well with the results determined by laser 

diffraction method.

Particle size played a vital role in the absorption and 

distribution in vivo within the systemic circulation phase 

of drug delivery. The ~20 nm size of polymeric micelles 

was smaller than the permeable vasculature pore diameter 

present in many solid tumors, suggesting that the prepared 

FA mixed micelles could be able to selectively accumulate 

in solid tumors by means of both the EPR effect and active 

targeting ability.

CMC of resveratrol-loaded mixed 
micelles
As nonionic surfactants, P127 and TPGS can spontaneously 

form micelles in aqueous circumstance once the concentra-

tion goes beyond the CMC. Pyrene fluorescent probe was 

generally adopted to determine the CMC value of mixed 

surfactants.

As shown in Figure 4C, the semilog plot of I372/I383 

versus surfactant concentration was found to be sigmoidal 

in nature. Several parameters such as A
1
, A

2
, x

0
 and Δx can 

be directly read in figure, which were 0.82, 0.71, -1.54 and 

0.18, respectively. According to the literature, as long as 

the ratio of x
0
/Δx is 10, x

0
 would be the required CMC  

value.29 Consequently, the final CMC value of P127/TPGS 
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Figure 4 The physicochemical characteristics of FA-P127/TPGS micelles: particle size and size distribution (A); TEM morphology images (B) and determination of CMC 
value of the micelles (C).
Abbreviations: FA, folic acid; P127, Pluronic 127; TPGS, D-α-tocopheryl polyethylene glycol 1000 succinate; TEM, transmission electron microscopy; CMC, critical micelle 
concentration.
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Figure 5 Profiles of the cumulative release percentage of resveratrol from mixed 
micelles and the polyethylene glycol solution.

mixed surfactant was 0.0288  mg/mL. This relatively low 

CMC indicated that the mixed micelles had intensive ther-

modynamic stability.30,31

Resveratrol release from mixed micelles 
in vitro
The in vitro release of resveratrol from micelles under sink 

condition was performed by dialysis method with 0.5% 

Tween 80–PBS solution as release medium. As shown in 

Figure 5, within the first 2 h, only 7.6% of resveratrol was 

released from the micelles, while ~30% of resveratrol was 

released from the propylene glycol solution during the same 

time period. After 12 h, the cumulative release of resveratrol 

from the propylene glycol solution reached up to 98.5%; 

as for the cumulative release from micelles is concerned, 

the liberation of only 23% of drug suggested that ~77% 

of the initially incorporated drug was still present in the 

micelles. The results meant a sustained-release behavior of 

the micelles, which might be ascribed to the maze-escape of 

the drug from the core–shell configuration due to which the 

drug-release period was prolonged. The release of resvera-

trol from micelles may be attributed to drug diffusion or the 

polymer material erosion and swelling.32,33

In vitro cell evaluation
Cytotoxicity analysis
CCK-8-based in vitro cytotoxicity evaluation of free and 

resveratrol-loaded micelles was performed using MCF-7 

cells (FA-positive receptor). Figure 6A exhibits the results 

of cell viability obtained using MCF-7 cells after exposure 

for 48 h. The blank FA-P127/TPGS micelles did not show 
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any significant cytotoxicity against MCF-7 cells, while the 

blank P127/TPGS micelles displayed some harm to MCF-7 

cells at relatively higher concentration. This may be attributed 

to the fact that excessive surfactant consisted in the micelles 

will jeopardize various proteins and phospholipid membranes 

when contacting with cells, which increase the permeability 

of cell membranes and cause leakage of low-molecular mass 

compounds resulting in cell death or damage.

The IC
50

 values for FA micelles, F407 and resveratrol 

were 27.89, 35.19 and 137.58 μg/mL, respectively, suggest-

ing the superior cytotoxicity of folate-mediated micelles. The 

degree of cell viability (Figure 6A) further disclosed that 

resveratrol-loaded FA-targeted micelles are more cytotoxic 

than free drug and nonmodified micelles against MCF-7 cells 

especially in lower concentration, probably because the pres-

ence of FA on the micelles surface incurred more uptake of 

resveratrol-loaded FA-targeted micelles by the MCF-7 cells 

via receptor-mediated endocytosis.34

In vitro cellular uptake of micelles
To further probe the selectivity of FA micelles internalized 

into MCF-7 cells, a competition study in the presence of 

FA was performed to confirm whether the cellular uptake 

involved an FAR-mediated mechanism. For this, 1  mM 

free FA-containing DMEM was incubated in advance with 

MCF-7 cells for 30  min before adding FA micelles. The 

fluorescence microscopic technique was utilized to evaluate 

the cellular uptake of FITC-loaded FA-P127 micelles and 

P127 micelles. As shown in Figure 6B, the fluorescence 

image demonstrated that both FA-P127 micelles and P127 

micelles were internalized into the MCF-7 cells as shown 

by the green fluorescence in the cytoplasm after incubation 

for 2 h. Also, the fluorescence intensity was determined by a 

microplate reader (Tecan Infinite M1000 PRO; Tecan Group 

Ltd., Männedorf, Switzerland), and the results are shown in 

Figure 6C. Comparing the fluorescence intensity of FA-P127 

micelles with that of P127 micelles and FA blocking control, 

it could be understood that FA-P127 micelles with the FA 

molecules indeed had the stronger intensity. This could be 

explained by the fact that the free FA molecules occupying 

the folate receptors on MCF-7 cell membranes hinder the 

cellular internalization of FA-P127 into MCF-7 cells.35 The 

results of the experiment conducted to investigate the compe-

tition between free FA and FA-P127 specifically showed that 

Figure 6 In vitro cell line evaluation: in vitro cytotoxicity of micelles in MCF-7 cells (A); fluorescence microscopic images of micelles internalized (B) and cell uptake efficiency 
of micelles (C). *P,0.05, **P,0.01.
Abbreviations: FA, folic acid; P127, Pluronic 127.
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more micelles were absorbed via the specific uptake pathway 

mediated by FAR than by nonspecific uptake.17

In vivo pharmacokinetic study
The plasma concentration versus time curves of resveratrol 

after intravenous (i.v.) administration of two formulations 

in rats are shown in Figure 7A. The results implied that res-

veratrol solution showed rapid clearance from the circulation 

system in comparison with that of the micelles. On the con-

trary, administration of resveratrol micelles showed extended 

residence of resveratrol in systemic blood circulation. This 

phenomenon could be explained as follows: 1) The presence 

of three phenolic hydroxyl groups in the chemical configu-

ration facilitated resveratrol to act as a good substrate for 

hepatic sulfotransferase and glucuronosyl transferase, thus 

leading to a swift clearance, while the encapsulation of drug 

into the micelles’ internal cavity provided an effective shield 

against the metabolism, accordingly increasing the plasma 

concentration. 2) The hydrophilic shell of three block poly-

mers formed micelles with “core–shell” configuration that 

could confer the micelles the potential to avoid opsonization 

and prevent rapid clearance by the mononuclear phagocyte 

system, resulting in the high blood concentration profiles 

compared with the control. Also, statistical moment analysis 

was used to evaluate the pharmacokinetic properties. Mean 

pharmacokinetic parameters for the two preparations are 

shown in Table 3. It can be observed that the AUC value of 

resveratrol micelles was 2.73-fold higher in comparison with 

that of the control solution. Moreover, the MRT of resvera-

trol micelles was significantly longer than that of resveratrol 

solution. It was deduced that micelles could improve the 

availability of resveratrol by the slow release of drug from 

the micelles and evasion of clearance.36

Resveratrol concentration in different tissues was deter-

mined to assess its distribution upon i.v. administration of 

resveratrol solution and micelles in mice. Figure 7B presents 

the biodistribution data of resveratrol FA micelles and res-

veratrol solution at 0.5 and 2 h after i.v. administration. At 

0.5 h, resveratrol accumulated in the heart, liver and kidney, 

with a lesser amount in the spleen and lung. But at the same 

time interval, more distribution in the liver was observed from 

micelles than that of solution. This increased uptake could 

be attributed to the reticuloendothelial system leading to an 

increase in resveratrol concentration in the liver. It is generally 

accepted that the clearance and tissue distribution of either 

macroparticulate or nanoparticulate drug carriers administered 

intravenously are greatly affected by their size, surface fea-

tures and opsonization. Upon entering the blood, systemically 

injected drugs and particles are tagged with proteins and sub-

sequently removed by the mononuclear phagocyte system.37 

Therefore, a higher concentration of drug is accumulated in 

the organ-resident mononuclear phagocyte system. At 2 h, 

resveratrol solution group exhibited decreased concentra-

tion in the heart and kidney as evaluated in this study, while 

micelles concentration in the organs such as the spleen and 

Figure 7 Plasma concentration versus time profile of resveratrol after i.v. administration (A) and biodistribution of resveratrol after i.v. administration (B).
Abbreviations: i.v., intravenous; PEG, polyethylene glycol.

Table 3 Pharmacokinetic parameters of resveratrol micelles and 
the reference after i.v. administration (n=5)

Parameter Micelles Solutions

AUC0→∞ (mg/L⋅h) 4,683.46±351.26* 1,716.30±310.22
AUMC0→∞ 5,739.42±278.34* 763.51±262.71
CL (L/h/kg) 0.005 0.013
MRT (h) 1.23±0.07 0.42±0.08

Notes: Statistical significance compared with reference. *P,0.05. Data are repre
sented as the mean ± SD.
Abbreviations: i.v., intravenous; AUC0→∞, area under the plasma concentration–
time curve from zero to infinity; AUMC0→∞, area under the plasma concentration 
versus times curve (zero moment) and the first moment curve; CL, clearance; MRT, 
mean residence time; SD, standard deviation.
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lung increased in comparison with that at 0.5 h. This could 

be explained by the fact that in some permeable tissues, the 

nanoparticles can move to the interstitial perisinusoidal space 

of the organs through the capillary systems and then may be 

intercepted by the lung and spleen after i.v. administration, 

which enables them to accumulate in tissues.38 In addition, 

a significantly higher concentration in plasma was observed 

in micelles group at the different interval when compared to 

the PEG solution group. This may be due to the presence of 

a long hydrophilic chain of P127 in the FA micelles, which 

results in increased circulation time in the plasma.39

Conclusion
In this study, a functional resveratrol-loaded mixed micelles 

platform based on FA-P127 and TPGS was developed through 

thin-film dispersion approach. As a result of the formulation 

optimization, the micelles exhibited spherical shape, small size 

and high DL and EE. Compared with the propylene glycol 

solution, the micelles showed a sustained-release behavior, 

which increased their circulation time. The mixed micelles 

exhibited enhanced cell uptake via FAR-mediated endocytosis. 

Pharmacokinetic and biodistribution experiments disclosed the 

increased AUC and MRT and decreased resveratrol accumu-

lation in the heart and kidney, which may avoid toxicity to 

these vital organs. Thus, the functional mixed micelles may be 

considered as a promising delivery platform for resveratrol.
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