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Background: Quercetin (QCT), a naturally occurring flavonoid has a wide array of 

pharmacological properties such as anticancer, antioxidant and anti-inflammatory activities. 

QCT has low solubility in water and poor bioavailability, which limited its use as a therapeutic 

molecule. Polymeric micelles (PMs) is a novel drug delivery system having characteristics like 

smaller particle size, higher drug loading, sustained drug release, high stability, increased cel-

lular uptake and improved therapeutic potential. In the present study, we have formulated and 

characterized mixed PMs (MPMs) containing QCT for increasing its anticancer potential.

Methods: The MPMs were prepared by thin film hydration method, and their physicochemical 

properties were characterized. The in vitro anticancer activity of the MPMs were tested in breast 

(MCF-7 and MDA-MB-231, epithelial and metastatic cancer cell lines, respectively), and ovar-

ian (SKOV-3 and NCI/ADR, epithelial and multi-drug resistant cell lines, respectively) cancer.

Results: The optimal MPM formulations were obtained from Pluronic polymers, P123 and 

P407 with molar ratio of 7:3 (A16); and P123, P407 and TPGS in the molar ratio of 7:2:1 

(A22). The size of the particles before lyophilization (24.83±0.44 nm) and after lyophilization 

(37.10±4.23 nm), drug loading (8.75±0.41%), and encapsulation efficiency (87.48±4.15%) for 

formulation A16 were determined. For formulation A22, the particle size before lyophiliza-

tion, after lyophilization, drug loading and encapsulation efficiency were 26.37±2.19 nm, 

45.88±13.80 nm, 9.01±0.11% and 90.07±1.09%, respectively. The MPMs exhibited sustained 

release of QCT compared to free QCT as demonstrated from in vitro release experiments. The 

solubility of QCT was markedly improved compared to pure QCT. The MPMs were highly stable 

in aqueous media as demonstrated by their low critical micelle concentration. The concentration 

which inhibited 50% growth (IC
50

) values of both micellar preparations in all the cancer cell 

lines were significantly less compared to free QCT.

Conclusion: Both the MPMs containing QCT could be used for effective delivery to different 

type of cancer and may be considered for further development.

Keywords: quercetin, mixed polymeric micelle, Pluronics, TPGS, breast cancer, ovarian cancer, 

multidrug resistant cancer

Introduction
Quercetin (3,5,7,3′,4′-pentahydroxyflavone, QCT) (Figure 1) is a polyphenolic com-

pound that is present in many plants, fruits, and vegetables.1 It belongs to the flavonoid 

category, which is a class of polyphenolic compounds containing a basic skeleton of 

diphenylpropane and a common flavone moiety containing two benzene rings connected 

through a heterocyclic pyrole ring.2,3 QCT has a wide array of pharmacological applica-

tions including antioxidant,4,5 antidiabetic,6 anti-inflammatory,7,8 and anti-proliferative9 
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activities. QCT shows anticancer activity by inhibiting growth 

of cancer cells through apoptosis and arresting cell cycle 

at G2/M or G1/S transitions by altering several targets.10–12 

Other mechanisms that confer anticancer properties to QCT 

include: binding to type II receptors that are overexpressed 

in many tumors,13 direct binding with tubulin that induces 

depolymerization of microtubules,14 TRAIL15 and PI3K-Akt/

PKB pathway mediated induction of apoptosis, inhibition of 

tumorigenesis and cancer progression,16 inhibition of tyrosine 

kinases that are involved in transduction of growth factor sig-

nals and oncogenesis, induction of p53 phosphorylation, and 

stabilization of p53 at both mRNA and protein level.12 Despite 

its pharmacological effects, the therapeutic application of 

QCT is limited greatly because of its low water solubility 

(0.17–7.7 µg/mL)17,18 and poor bioavailability (only 1% in 

humans and ,17% in rats).19 QCT was used earlier in clinical 

trials, but did not succeed because of the solvent used (dim-

ethyl sulfoxide [DMSO] or ethanol) and efficacy loss with 

chemical modification.20,21 Various drug delivery systems 

have been developed to enhance the solubility and bioavail-

ability of hydrophobic molecules for better therapeutic use. 

Nanotechnology serves as a novel drug delivery approach for 

lipophilic drugs. Nanoformulations could also be designed 

for passive targeting due to their enhanced permeability and 

retention effect owing to smaller size of the formulations and 

unique characteristics of tumor vasculature.22–24 Furthermore, 

in conjugation with targeting ligands, specific accumulation 

of the drug molecules in intracellular organelles, cancer 

cells, or organs with cancer could be achieved leading to 

active targeting.12 To enhance the anticancer potential of 

QCT, different nanodelivery approaches like micelles,17,25 

polymeric nanoparticles,26,27 nanoemulsions,28 liposomes,21,29 

and polymeric conjugates30,31 have been implemented.

Polymeric micelles (PMs) serve as a novel drug delivery 

system and possess characteristics like smaller particle size, 

higher drug loading (DL) capacity, sustained drug release, 

high stability, increased cellular uptake, and improved 

therapeutic potential.22,24,32–43 PMs with an amphiphilic 

polymer have limitations as the solubilization depends on 

the number of micelles in the system. The solubilization 

can be enhanced in mixed polymeric micelles (MPMs) by 

addition of extra hydrophobic material that provides more 

space for solubilization of poorly soluble drugs.25 MPMs of 

some drugs such as paclitaxel,44 doxorubicin,45 curcumin,46 

and gambogic acid47 have been explored to enhance the thera-

peutic potential. Zhao et al evaluated the in vitro anticancer 

effect of QCT-containing micelles (prepared from Pluronic 

P123 and tocopheryl polyethylene glycol succinate [TPGS]) 

in MCF-7 and MCF-7/ADR cell lines.17 However, they have 

not optimized the formulation parameters and the prepara-

tion was not lyophilized. Further, it was observed that the 

preparation produced a sticky mass after lyophilization and 

was not stable when stored at ambient temperature or 4°C 

or -20°C, which would be difficult for therapeutic utility. 

A more recent lecithin-based MPM delivery system prepared 

from Pluronic P123, QCT, lecithin, and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-methoxy [poly(ethylene 

glycol)-2000] was investigated for its anticancer potential 

in MCF-7 cell line. The particle size of the formulation was 

61.60±5.02 nm with a high size distribution of 0.589±0.198.25 

The current study was undertaken to formulate MPMs for 

delivery of QCT, their characterization, and in vitro evalu-

ation of optimized preparations against breast, ovarian, and 

multidrug resistant cancer cells.

Materials and methods
Chemicals and reagents
Quercetin dihydrate (QCT) and iodine were purchased 

from Alfa Aesar (Haverhill, MA, USA); Pluronic® P 123 

(P123), Kolliphor® TPGS (TPGS), Pluronic® L 92 (L92), and 

Kolliphor P 407 (P407) were gifted by BASF Corporation 

(Florham Park, NJ, USA). DMEM media, RPMI 1640 media, 

trypsin, DMSO, and PBS were procured from Mediatech Inc. 

(Manassas, VA, USA). Tween 80 and MTT were obtained 

from Sigma-Aldrich Co. (St Louis, MO, USA). Potassium 

iodide was obtained from Ameresco (Solon, OH, USA). In all 

the experiments, Millipore ultrapure water was used.

Preparation of QCT-loaded MPMs
QCT-containing MPMs were fabricated by thin-film hydra-

tion method as described earlier, with some modifications.46,47 

Briefly, various polymers of 10 mM concentration at differ-

ent proportions with QCT were dissolved in ethanol (Alfa 

Aesar). The solvent was removed under low pressure, in a 

rotary vacuum evaporator set at a temperature of 40°C for 

1 h, to get a thin film of a mixture of QCT and polymers. 

Figure 1 Chemical structure of quercetin.
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To remove any residual ethanol, the thin film was subject to 

further drying under vacuum at room temperature for 24 h. 

Then, 3 mL of water was added to the thin film and shaken 

at room temperature to form micelles. The resultant micelles 

were then centrifuged at 10,000 rpm for 10 min (Allegra™ 

25R Centrifuge; Beckman Coulter, Brea, CA, USA) fol-

lowed by filtration of the supernatant using a 0.2  µm 

cellulose acetate membrane filter (VWR International, 

Radnor, PA, USA) to remove the unincorporated QCT 

aggregates. The mixed micellar solution was kept at -80°C 

for 2 h and then lyophilized (FreeZone® Plus™; Labconco 

Corporation, Kansas City, MO, USA) for 18 h. Similarly, 

empty mixed micelles (without QCT) were also fabricated.

Determination of particle size and zeta 
potential
The average size of the micelles and their polydispersity index 

(PDI) (size distribution) were determined by dynamic light scat-

tering method (NanoBrook 90 Plus PALS; Brookhaven Instru-

ments, Holtsville, NY, USA). Cell temperature was 25°C with 

a detection angle of 90°. All measurements were performed 

in triplicate after appropriate dilution using deionized (DI) 

water. Particle size and PDI were measured both before and 

after lyophilization. The same instrument was used to measure 

zeta potential. All experiments were carried out in triplicate and 

the data are represented as mean ± standard deviation (SD).

Drug loading and encapsulation efficiency
After lyophilization, 1.0 mg of PMs was accurately weighed 

in an amber colored glass vial. To the vial 1 mL of ethanol 

was added, sonicated for 2–3 min, and left in the dark for 

1 h at room temperature, and then the ultraviolet (UV) absor-

bance of the samples was measured at 373 nm (Varioskan 

Flash; Thermo Fisher Scientific, Waltham, MA, USA). A 

suitable blank was used for spectrophotometric measure-

ments. Encapsulation efficiency (EE) was calculated based 

on the weight of QCT in the prepared micelles over the ini-

tial amount of QCT used to prepare the micelles. Similarly, 

DL was calculated by comparing the weight of QCT in the 

micelles to the total quantity of QCT and polymer used for 

the preparation of the formulation. The equations for deter-

mining percentage EE and DL are as follows:

	
% EE

Weight of QCT in the micelles

Weight of initial amount
=

  of QCT
× 100

�

	
% DL

Weight of QCT in the micelles

Weight of polymer and QC
=

TT taken
× 100

�

Critical micelle concentration (CMC)
CMC of mixture of polymers P123/P407 (7:3) and 

P123/P407/TPGS (7:2:1) in DI water was determined by 

UV-vis spectrophotometry (Varioskan Flash; Thermo Fisher 

Scientific) at 366 nm using iodine as a hydrophobic probe.44,47 

About 0.5 g of iodine (I
2
) and 1.0 g of potassium iodide (KI) 

were dissolved in 50 mL of DI water to prepare the KI/I
2
 

standard solution. Different concentrations (in the range of 

0.00001%–0.1%) of the above mixture of polymers were 

prepared. Twenty-five microliters of KI/I
2
 standard solu-

tion was added to each of the polymer mixtures of various 

concentrations. The mixtures were left in the dark at room 

temperature for 12 h and then the absorbance was measured 

at 366 nm. Each experiment was repeated three times and 

the average absorbance was determined. The absorbance 

and the logarithm of polymer concentration were plotted. 

The CMC value of the polymer mixture corresponds to the 

polymer concentration when a rapid increase in the absor-

bance was observed.

Solubility of QCT in water and polymeric 
micellar solution
Excess amount of QCT powder was added to 5.0  mL of 

DI water and mixed well by stirring at 100 rpm at 25°C for 

72 h on a horizontal shaker (VWR International) followed 

by centrifugation at 15,000 rpm for 15 min. The supernatant 

was filtered through a 0.2 µm membrane filter and the amount 

of QCT in the filtrate was analyzed by measuring the absor-

bance at 373 nm. For determining the solubility of QCT in 

the micellar solution, 50 µL of the micellar solution obtained 

after hydration, centrifugation, and filtration was suitably 

diluted with alcohol. The amount of QCT in the diluted solu-

tion was determined from UV absorbance at 373 nm, and the 

solubility of QCT in the PMs was calculated.17

In vitro drug release
The prepared micelles (A16 and A22) containing 1,500 µg of 

QCT were suspended in 0.5 mL of PBS by slight vortexing 

and placed in a dialysis bag (Spectra/Por® MolecularPorous 

Membrane Tubing, flat width 23 mm, diameter 14.6 mm, 

MWCO 6–8,000; Spectrum Laboratories Inc., Rancho 

Dominguez, CA, USA) to determine in vitro release of QCT. 

The bag was closed on both sides with clips, and immersed 

in a glass container containing 100 mL of release medium 

(PBS with 0.5% Tween 80, pH 7.4). The container was placed 

in a horizontal shaking incubator (VWR International) at 

37°C and 100  rpm. About 1.0 mL of the release medium 

was withdrawn at different time intervals, and the amount 

of QCT was determined from the UV absorption at 337 nm. 
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During the initial 8 h of sampling, the withdrawn release 

medium was replaced with fresh buffer. Afterward, release 

medium was completely replaced each time with fresh buffer 

after sample collection. Under similar conditions, release of 

QCT from propylene glycol was also carried out and com-

pared with release of QCT from the micelles.17,25 Percentage 

cumulative release of QCT at different time intervals was 

calculated from the equation:

	

% cumulative release

Amount of QCT in the medium ( g)

Amoun
=

µ
tt of QCT loaded in the micelles ( g)µ

× 100
�

Determination of total antioxidant 
capacity
Total antioxidant capacity (TAC) of pure QCT, A16, and 

A22 was determined using OxiSelect™ TAC Assay Kit 

(Catalog number: STA-360; Cell Biolabs, Inc., San Diego, 

CA, USA) which measures the TAC of samples via a single 

electron transfer mechanism.48 The kit components were uric 

acid standard (Part No 236001), reaction buffer (100X) (Part 

No 236002), copper ion reagent (100X) (Part No 236003), 

and stop solution (10X) (Part No 236004). This method is 

based on the reduction of copper (II) to copper (I) by anti-

oxidants such as uric acid. After reduction, the copper (I) 

ion could react with a coupling chromogenic reagent that 

produces a color with maximum absorbance at 490 nm. The 

antioxidant potential of a sample is compared with uric acid 

standard curve. The assay process was carried out following 

the manufacturer’s product manual and TAC was expressed 

as µM copper reducing equivalents (CREs). Briefly, 20 µL of 

different concentrations of sample and 180 µL of 1X reaction 

buffer were added to each well in a 96-well plate and mixed 

thoroughly. The initial absorbance was measured at 490 nm. 

The initiation of the reaction was done by adding 50 µL of 1X 

copper ion reagent into each well and incubating for 5 min on 

an orbital shaker. The reaction was terminated by addition of 

50 µL of 1X stop solution to each well. The absorbance was 

determined again. The actual absorbance was calculated by 

subtracting the initial reading from the final reading and the 

mM uric acid equivalent (UAE) was determined from the uric 

acid standard curve (range: 0–1.0 mM). Finally, CRE was 

determined by multiplying UAE concentration by 2,189.

Cell culture
The SKOV-3 (ovarian), NCI/ADR (multidrug resistant), 

MCF-7 and MDA-MB-231 (breast) cancer cells were 

purchased from ATCC (Manassas, VA, USA). Ovarian 

and breast cancer cells were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM), and multidrug resistant cancer 

cell lines were cultured in RPMI 1640 media comple-

mented with 10% fetal bovine serum and 1% penicillin/

streptomycin (penicillin/streptomycin solution [100X] with 

10,000 IU/mL penicillin and 10,000 µg/mL streptomycin) 

(Mediatech). Cells were trypsinized and passaged upon 

confluence.

In vitro cytotoxicity study
The in vitro anticancer activity of QCT, A16, A22, and 

empty micelles was evaluated using the MTT assay. In 

short, MCF-7 (3×103 cells/well), MBA-MD-231 (3×103 

cells/well), SKOV-3 (3×103 cells/well), and NCI/ADR 

(4×103 cells/well) cells were moved to 96-well tissue culture 

plates. After 24 h, the medium was removed and replaced 

with fresh medium containing QCT, A16, A22, and empty 

micelles at different concentrations. Control wells had only 

fresh culture media. The 96-well plates were incubated for 

72 h at 37°C and 5% CO
2
. Then, the medium was removed 

and cells in each well were gently washed twice with sterile 

PBS (1X). Fifty (50) µL of MTT solution (0.5 mg/mL) was 

added to each well and again incubated for 4 h at 37°C and 

5% CO
2
. After 4 h, the medium was removed and 100 µL 

of DMSO was added to each well to dissolve the purple 

formazan crystals. Viability of the cells was determined by 

measurement of the absorbance at 570 nm by a microplate 

reader (Varioskan Flash). The concentration which inhibited 

50% growth (IC
50

) was calculated using GraphPad Prism 7.0 

(GraphPad Software, La Jolla, CA, USA) software, and 

percentage cell viability with different treatments was also 

determined.

	
% cell viability

Absorbance of treatment group

Absorbance o
=

ff control group
× 100

�

Statistical analysis
Data are represented as mean ± standard deviation (SD). 

Student’s t-test was used for statistical analysis of the data in 

the release study. The data obtained from in vitro antioxidant 

and cytotoxicity studies were subjected to one-way analysis 

of variance (ANOVA) followed by post hoc Newman-Keuls 

multiple comparisons for significance using GraphPad 

Prism 7.0 software. P,0.05 was considered as statistically 

significant.
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Results and discussion
Preparation of QCT-loaded MPMs
Pluronic block copolymers consist of polyethylene oxide 

(PEO) (hydrophilic) and polypropylene oxide (PPO) (hydro-

phobic) blocks arranged in PEO-PPO-PEO structure. During 

hydration of the thin film, these copolymers self-assemble 

into micelles at a concentration above CMC.49 The central 

core of these micelles comprises a hydrophobic PPO block 

and an outer shell composed of a hydrophilic PEO block. 

The PPO core enhances the incorporation of water-insoluble 

drugs, and the outer shell shelters the drug from the aqueous 

environment, stabilizes the micelles from recognition in vivo 

by the reticuloendothelial system, and controls in vivo phar-

macokinetic properties. Micelle preparations increase the 

metabolic stability, solubility, and circulation time of the 

encapsulated hydrophobic drugs.47,50,51 TPGS is used as a sur-

factant for lipophilic drugs and as an enhancer of absorption 

and bioavailability.52,53 In the present study, solubility of QCT 

was increased by incorporating TPGS into micelles.

Initially, the micelles were prepared with the Box-

Behnken experimental design by considering three vari-

ables in three different levels (Table 1). The Pluronics were 

selected based on their molecular weight, average number of 

PPO units, and hydrophilic–lipophilic balance (HLB) value 

because the P-glycoprotein (P-gp) inhibition property of 

Pluronics depends on their HLB value and effective number 

of PPO units. The molecular weight, average number of 

PPO units, and HLB value of L92, P123, and P407 are also 

shown in Table 1. The formulations (A1–A15) were prepared 

and observed for various physicochemical characteristics 

(Table 2). It was observed that the formulations were not 

stable when stored in the solution form at room tempera-

ture or 4°C or -20°C as QCT comes out of the inner core. 

Solid puffy mass after lyophilization was obtained only if 

the formulation had P407, which may be attributed to the 

solid nature of P407. Puronic P123 and L92 are liquids at 

room temperature, and formulations with these polymers 

produced a sticky mass after lyophilization. Formulation A5, 

A7, A10, and A15 produced a clear micellar solution after 

hydration of the thin film indicating higher drug encapsula-

tion in the presence of P123, while other formulations were 

cloudy solutions. The percentage DL and EE were deemed 

as satisfactory with formulations comprising P123 or L92, 

and 10% initial DL was preferred. Based on these findings, 

we prepared and characterized additional formulations with 

different combinations of P123/P407 and L92/P407 with or 

without TPGS to get a preparation with smaller particle size 

and high EE (Table 3). The DL and EE of the formulations 

containing higher molar ratio of P123 or L92 were better, but 

the particle size was larger in formulations with L92. Finally, 

formulations A16 and A22 were selected for further studies 

by considering their DL, EE, particle size, and PDI before and 

after lyophilization. Both A16 and A22 were clear solutions 

compared to the suspension of pure QCT in water at the same 

drug concentration (Figure 2). A16 and A22 formulations 

were stable for 2.5 months (preliminary study) when stored 

at -20°C without any significant difference in their particle 

size, DL, and EE.

Characterization of QCT-loaded micelles
Particle size, size distribution, and zeta potential
The mean particle size of A16 before and after lyophiliza-

tion was 24.83±0.44  nm and 37.10±4.23  nm (Figure  3), 

respectively. For A22, the mean particle size before and 

after lyophilization was 26.37±2.19 nm and 45.88±13.80 nm, 

respectively (Figure 4). A small but insignificant increase 

in particle size was demonstrated in the formulation A22 

containing TPGS both before and after lyophilization. 

The percentage increase in particle size after lyophilization 

in A16 and A22 was 49.4 and 73.9%, respectively. The PDI 

values before and after lyophilization were low in both for-

mulations (Table 3). Earlier studies reported that Pluronic 

micelles containing QCT are spherical.17,25 The zeta potential 

of A16 and A22 was -11.72±2.24 and -12.28±3.52 mV, 

respectively (Figure 5). PPO and PEO parts in both P123 

and P407 are nonionic, hence the surface charge in the 

mixed micelles should be attributed to addition of QCT 

and/or TPGS. The anionic property of the mixed micelles 

might be due to dissociation of the acidic phenolic group 

of QCT.54 Further, the increase of negative surface charge 

in A22 might have resulted from addition of TPGS, which 

increased the solubility of QCT yielding more anionic QCT 

in the solution.17,47 In addition, the empty micelles show 

Table 1 Different variables and their levels for micelle 
preparation

Level Variable

Pluronics % of  
QCT

Molar ratio  
of Pluronic  
and TPGS

1 L92 (MW: 3,650, PO: 50.34, HLB: 6) 10 10:0
2 P123 (MW: 5,750, PO: 69.40, HLB: 8) 15 7:3
3 P407 (MW: 12,650, PO: 65.17, HLB: 22) 20 5:5

Abbreviations: MW, molecular weight; PO, propylene oxide; HLB, hydrophilic–
lipophilic balance; QCT, quercetin; TPGS, tocopheryl polyethylene glycol succinate.
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Table 2 Physicochemical characters of different QCT-loaded mixed polymeric micelles

Formulation Polymer ratios Quercetin  
(%)

Drug  
loading  
(%)

Encapsulation  
efficiency (%)

Particle size (nm)  
after centrifugation  
(10,000 rpm,  
10 min) and  
filtration

PDI Appearance  
after storage  
(-80°C,  
2 weeks)

Appearance  
after  
lyophilization

A1 P407:TPGS (5:5) 15 3.07 20.45 19.74±0.65 0.189±0.008 Cloudy Puffy solid mass
A2 L92:TPGS (5:5) 15 5.52 36.83 119.56±2.04 0.184±0.014 Cloudy Sticky mass

A3 P407:TPGS (7:3) 20 2.95 14.74 108.51±29.54 0.226±0.049 Cloudy Puffy solid mass

A4 L92:TPGS (7:3) 10 7.57 75.75 178.42±1.78 0.183±0.011 Cloudy Sticky mass

A5 P123:TPGS (7:3) 15 10.20 68.01 88.56±1.11 0.209±0.011 Cloudy Sticky mass

A6 L92:TPGS (10:0) 15 12.95 86.39 403.20±140.98 0.267±0.060 Cloudy Sticky mass

A7 P123:TPGS (10:0) 10 9.47 94.77 82.40±0.98 0.235±0.011 Cloudy Sticky mass

A8 P407:TPGS (7:3) 10 3.5 35.05 38.45±10.6 0.326±0.030 Cloudy Puffy solid mass

A9 P123:TPGS (10:0) 20 11.21 56.56 113.62±0.78 0.192±0.002 Cloudy Sticky mass

A10 P123:TPGS (7:3) 15 10.09 67.32 104.76±1.63 0.277±0.006 Cloudy Sticky mass

A11 L92:TPGS (7:3) 20 10.14 50.72 168.43±22.74 0.191±0.013 Cloudy Sticky mass

A12 P407:TPGS (10:0) 15 2.99 19.94 101.5±16.36 0.339±0.032 Cloudy Puffy solid mass

A13 P123:TPGS (5:5) 20 8.86 44.33 25.07±2.56 0.213±0.016 Cloudy Sticky mass

A14 P123:TPGS (5:5) 10 7.90 79.04 18.66±0.12 0.157±0.010 Cloudy Sticky mass
A15 P123:TPGS (7:3) 15 12.88 86.07 95.59±1.19 0.235±0.003 Cloudy Sticky mass

Abbreviations: QCT, quercetin; PDI, polydispersity index; TPGS, tocopheryl polyethylene glycol succinate.

negative zeta potential47 confirming the formation of charge 

during formulation of micelles.

Drug loading and encapsulation efficiency
The DL and EE of A16 were 8.75%±0.41% and 87.48%±4.15%, 

respectively. For A22, the DL and EE were 9.01%±0.11% 

and 90.07%±1.09%, respectively. The DL and EE slightly 

increased with TPGS in the preparation A22 compared 

to formulation without TPGS. The increase is due to 

the TPGS property to enhance solubility of hydrophobic 

drugs. Additionally, TPGS is approved by US Food and 

Drug Administration for different drug delivery systems.55 

Furthermore, the DL and EE were influenced by the nature 

and concentration of polymers, nature and length of the 

core forming block, and length of shell forming blocks in 

the micelle.56 Increased DL and EE in A22 might be due to 

stable reactions of the TPGS aromatic ring, PPO group of 

Pluronics, and/or encapsulated drug.17

Table 3 Physicochemical characteristics of different QCT-loaded mixed polymeric micelles with combinations of P123/P407 and L92/
P407 with or without TPGS

Formulation Polymer ratios Quercetin  
(%)

Drug  
loading  
(%)

Encapsulation  
efficiency (%)

Particle  
size (nm) after  
centrifugation  
(10,000 rpm,  
10 min) and  
filtration

PDI Particle  
size after  
lyophilization

PDI after  
lyophilization

A16 P123:P407 (7:3) 10 8.75±0.41 87.48±4.15 24.83±0.44 0.106±0.044 37.10±4.23 0.136±0.036
A17 P123:P407 (5:5) 10 3.83±0.52 38.28±5.26 25.96±0.12 0.178±0.040 188.36±79.45 0.852±0.070
A18 P123:P407 (3:7) 10 5.02±0.61 50.25±6.14 26.18±0.18 0.112±0.010 37.28±5.12 0.324±0.025
A19 L92:P407 (7:3) 10 7.85±0.62 78.53±6.27 816.63±142.38 0.226±0.041 99.15±2.57 0.274±0.006
A20 L92:P407 (5:5) 10 8.03±0.41 80.28±4.13 511.50±297.69 0.199±0.057 2,356.37±555.01 0.633±0.025
A21 L92:P407 (3:7) 10 4.19±0.71 41.94±7.16 2,858.57±1,192.54 0.391±0.016 3,453.28±691.10 0.500±0.075
A22 P123:P407:TPGS  

(7:2:1)
10 9.01±0.11 90.07±1.09 26.37±2.19 0.204±0.036 45.88±13.80 0.277±0.004

A23 L92:P407:TPGS 
(7:2:1)

10 8.50±0.23 84.98±2.34 121.94±12.87 0.199±0.020 266.40±262.08 0.279±0.056

A24 L92:P407:TPGS 
(5:3:2)

10 8.55±0.27 85.54±2.74 297.13±147.29 0.209±0.063 902.13±459.95 0.253±0.114

Abbreviations: QCT, quercetin; PDI, polydispersity index; TPGS, tocopheryl polyethylene glycol succinate.
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Figure 2 Photographs of QCT-loaded mixed polymeric micelles. A: Millipore water, B: 10 mg pure QCT in 3 mL of Millipore water, C: formulation A16 immediately 
after centrifugation and filtration through 0.2 µm membrane filter, D: formulation A22 immediately after centrifugation and filtration through 0.2 µm membrane filter, E: 
lyophilized formulation of A16 suspended in 3 mL of Millipore water, and F: lyophilized formulation of A22 suspended in 3 mL of Millipore water.
Abbreviation: QCT, quercetin.

Figure 3 Particle size of A16 before lyophilization (A) and after lyophilization (B).

Figure 4 Particle size of A22 before lyophilization (A) and after lyophilization (B).
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Figure 5 Zeta potential of A16 and A22.

The solubility of QCT in water was 2.18 µg/mL, while 

in A16 and A22 the solubility was 7,590  µg/mL and 

6,704 µg/mL, respectively. Therefore, the solubility of QCT 

was 1,161- and 1,025-fold higher in A16 and A22, respec-

tively, compared to pure QCT in water.

Critical micelle concentration
Pluronic block copolymers consisting of PEO and PPO 

blocks self-assemble into micelles in aqueous solutions,57 

which are formed above CMC. Hence, CMC influences 

the in  vitro and in vivo stability of the micelles. In the 

present study, CMC was measured by using iodine as a 

hydrophobic probe. Solubilized iodine participates in the 

hydrophobic microenvironment of Pluronic copolymers, 

causing the conversion of I
3

- to I
2
 from the surplus potas-

sium iodide present in the solution. CMC was calculated 

by plotting the absorbance intensity of I
2 
versus log of the 

polymer concentration (%wt). The CMC of micellar solu-

tion of P123/P407 (7:3 molar ratio) in A16 was found to 

be 0.0015% w/v (Figure 6). Addition of TPGS during A22 

preparation did not show any significant variation in the 

CMC. The mixed micelles may be highly stable and may 

maintain integrity after dilution in the body as evidenced 

from their low CMC value.47

In vitro drug release
The in vitro QCT release from the MPMs was studied by dialy-

sis method using PBS with 0.5% Tween 80 as release medium 

to get the sink condition. After 8 h, the percentage QCT 

released from A16 and A22 was 12% and 30%, respectively, 

while most of the QCT from the propylene glycol solution was 

dissolved (Figure 7). After 5 days, 97% of QCT was released 

from A22 mixed micelles which contain TPGS, whereas the 

release of QCT from A16 was only 75%. After 7 days, 17% of 

initially incorporated QCT still remained in the A16 micellar 

Figure 6 UV absorbance of I2 versus concentration of P123/P407 mixed mecelles 
(7:3 molar ratio) in water. CMC was measured by the corresponding polymer 
concentration when a rapid increase in absorbance was seen.
Note: x-axis represents the logarithm of polymer concentration (percent weight).
Abbreviations: CMC, critical micelle concentration; UV, ultraviolet.

Figure 7 In vitro release profile of QCT from formulations (A16, A22) and control 
QCT solution (in propylene glycol) using dialysis bags containing the control QCT 
solution or formulations. The release study was performed at 37°C at 100 rpm in 
1X PBS containing 0.5% Tween 80, pH 7.4. Values are mean ± SD (n=3). A16, mixed 
polymeric micelles of P123/P407 (7:3 molar ratio) containing QCT; A22, mixed 
polymeric micelles of P123/P407/TPGS (7:2:1 molar ratio) containing QCT. The 
release of QCT from A22 was significantly higher (P,0.05) compared to A16 at 
different time intervals, except at 48 h.
Abbreviations: PBS, phosphate buffer saline; QCT, quercetin; TPGS, tocopheryl 
polyethylene glycol succinate.
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preparation. These findings show the sustained release of QCT 

from the mixed micellar preparations and the release of QCT 

was significantly higher (P,0.05) from A22 compared to A16 

after different time intervals (up to 120 h), except 48 h. The 

faster release of QCT from A22 might be due to the presence 

of TPGS in the micelles. TPGS is known to increase the ratio 

of the hydrophilic portion in the mixed micelles and facili-

tates entry of water into the core of micelles and forms more 

hydrophilic channels.44 Drug diffusion and polymer erosion 

or swelling might be the possible mechanism of QCT release 

from the mixed micelles.58 The micellar preparations enhanced 

the solubility of QCT and sustained the release of QCT.

Total antioxidant capacity
TAC of pure QCT, A16, and A22 was determined using 

OxiSelect™ TAC Assay Kit. The TACs of both polymeric 
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Figure 8 Total antioxidant capacity (TAC) of QCT and formulations A16 and A22 
were determined using OxiSelect™ TAC Assay Kit (Cell Biolabs, Inc., San Diego, 
CA, USA; Catalog Number: STA-360). Values are mean ± SD (n=3). **P,0.01, 
***P,0.001 versus quercetin treatment at the same dose; ##P,0.01, ###P,0.001 
versus A16 treatment at the same dose; A16, mixed polymeric micelles of P123/
P407 (7:3 molar ratio) containing QCT; A22, mixed polymeric micelles of P123/
P407/TPGS (7:2:1 molar ratio) containing QCT.
Abbreviations: QCT, quercetin; CRE, copper reducing equivalent; TPGS, 
tocopheryl polyethylene glycol succinate.

Figure 9 In vitro cytotoxicity of QCT, A16, and A22 in SKOV-3 cells after 72 h of 
incubation by MTT assay. Values are mean ± SD (n=3). *P,0.05, **P,0.01 versus 
QCT treatment at the same dose; #P,0.05, ##P,0.01 versus A16 treatment at the 
same dose; A16, mixed polymeric micelles of P123/P407 (7:3 molar ratio) containing 
QCT; A22, mixed polymeric micelles of P123/P407/TPGS (7:2:1 molar ratio) 
containing QCT.
Abbreviations: IC50, concentration which inhibited 50% growth; QCT, quercetin; 
TPGS, tocopheryl polyethylene glycol succinate.
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Figure 10 In vitro cytotoxicity of QCT, A16, and A22 in NCI/ADR cells after 
72 h of incubation by MTT assay. Values are mean ± SD (n=3). **P,0.01 versus 
QCT treatment at the same dose; A16, mixed polymeric micelles of P123/P407 
(7:3 molar ratio) containing QCT; A22, mixed polymeric micelles of P123/P407/
TPGS (7:2:1 molar ratio) containing QCT; @, QCT was also screened at higher 
doses to determine IC50 (data not shown in figure).
Abbreviations: IC50, concentration which inhibited 50% growth; QCT, quercetin; 
TPGS, tocopheryl polyethylene glycol succinate.

mixed micelles (A16 and A22) were significantly higher 

compared to pure QCT (Figure 8). In addition, at higher 

concentrations, the TAC of A22 was significantly more 

compared to A16.

In vitro cytotoxicity study
In vitro cytotoxicity of empty micelles, free QCT, A16, and 

A22, treatment against MCF-7 and MDA-MB-231, SKOV-3, 

and NCI/ADR cell lines was assessed after 72 h of incuba-

tion by MTT assay. The MTT assay results in different cell 

lines treated with QCT and the drug formulations (A16 and 

A22) are represented in Figures 9–12, while that of the empty 

micelles are shown in Figures 13–16. The IC
50

 of pure QCT 

in MCF-7, MDA-MB-231, SKOV-3, and NCI/ADR cell lines 

was 167, 157.2, 23.4, and 320 µM, respectively. The IC
50

 of 

A16 in MCF-7, MDA-MB-231, SKOV-3, and NCI/ADR cell 

Figure 11 In vitro cytotoxicity of QCT, A16, and A22 in MDA-MB-231 cells after 
72 h of incubation by MTT assay. Values are mean ± SD (n=3). *P,0.05, **P,0.01, 
***P,0.001 versus QCT treatment at the same dose; #P,0.05 versus A16 treatment 
at the same dose; A16, mixed polymeric micelles of P123/P407 (7:3 molar ratio) 
containing QCT; A22, mixed polymeric micelles of P123/P407/TPGS (7:2:1 molar 
ratio) containing QCT; @, QCT was also screened at higher doses to determine 
IC50 (data not shown in figure).
Abbreviations: IC50, concentration which inhibited 50% growth; QCT, quercetin; 
TPGS, tocopheryl polyethylene glycol succinate.
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and in vivo anticancer activity against various cancer cells 

due to its apoptosis-inducing properties.63–65 P123/P407 (7:3 

molar ratio) and P123/P407/TPGS (7:2:1 molar ration) empty 

micelles displayed cytotoxicity in all four cell lines at higher 

concentrations, which may be due to the combined effect 

of Pluronics and TPGS.25,63 P123/P407/TPGS (7:2:1 molar 

ration) empty micelles exhibited significantly (P,0.05) 

higher cytotoxicity against breast cancer cell lines compared 

to P123/P407 (7:3 molar ratio) empty micelles (Figures 15 

and 16). Further, the higher cytotoxicity of the mixed micelles 

containing QCT may be the result of increased cellular uptake 

of QCT from the micelles than from the free drug.25,47 In 

vitro cytotoxicity can be determined by several assays such 

as lactate dehydrogenase (LDH) leakage assay, neutral red 

assay, and protein assay in addition to MTT assay. In the 

current study, we used the MTT assay as it is one of the most 

sensitive assays in detecting cytotoxic events and is ranked 

better compared to the LDH leakage assay.66
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Figure 12 In vitro cytotoxicity of QCT, A16, and A22 in MCF-7 cells after 
72 h of incubation by MTT assay. Values are mean ± SD (n=3). *P,0.05, **P,0.01, 
***P,0.001 versus QCT treatment at the same dose; A16, mixed polymeric micelles 
of P123/P407 (7:3 molar ratio) containing QCT; A22, mixed polymeric micelles of 
P123/P407/TPGS (7:2:1 molar ratio) containing QCT; @, QCT was also screened at 
higher doses to determine IC50 (data not shown in figure).
Abbreviations: IC50, concentration which inhibited 50% growth; QCT, quercetin; 
TPGS, tocopheryl polyethylene glycol succinate.

Figure 13 In vitro cytotoxicity of empty micelles in NCI/ADR cells after 72 h of 
incubation by MTT assay. Values are mean ± SD (n=3).
Abbreviation: TPGS, tocopheryl polyethylene glycol succinate.

Figure 14 In vitro cytotoxicity of empty micelles in SKOV-3 cells after 72 h of 
incubation by MTT assay. Values are mean ± SD (n=3).
Abbreviation: TPGS, tocopheryl polyethylene glycol succinate.

Figure 15 In vitro cytotoxicity of empty micelles in MCF-7 cells after 72 h of 
incubation by MTT assay. Values are mean ± SD (n=3); *P,0.05 versus P123/P407 
(7:3) treatment at the same dose.
Abbreviation: TPGS, tocopheryl polyethylene glycol succinate.

lines was 33, 41, 11.1, and 71.2 µM, respectively, while that 

of A22 was found to be 42, 24, 10.1, and 71 µM respectively. 

Both the MPM formulations containing QCT exhibited 

enhanced cytotoxicity compared to pure QCT. Formulation 

A22 at higher doses significantly lowered the percentage cell 

viability of SKOV-3 and MDA-MB-231 cell lines compared 

to A16 (Figures 9 and 11). However, there was no significant 

difference in the cytotoxicity of A16 and A22 against other 

cell lines. Free QCT exhibited lower cytotoxicity which may 

be due to the efflux of QCT by the P-gp pumps. However, the 

mixed micelles were picked up by the cells via endocytosis 

and may not be susceptible for efflux by the P-gp pumps, 

allowing the QCT to remain inside the cells for a longer dura-

tion and resulting in higher cytotoxicity. Earlier literature also 

reported similar results.44,59 Further, the enhanced cytotoxicity 

of mixed micelles may be due to the presence of Pluronics 

and TPGS, which are known to be inhibitors of P-gp and 

reduce the efflux of drugs.60–62 TPGS also shows in  vitro 
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Conclusion
MPMs containing QCT were formulated by thin-film hydra-

tion method. The mixed micelles prepared from P123 and 

P407 (7:3 molar ratio) or P123, P407, and TPGS (7:2:1 

molar ratio) have smaller particle size, low CMC, negative 

zeta potential, and high drug EE. Low CMC suggests sta-

bility of the micelles upon dilution. The sustained release 

of QCT from the micelles demonstrates the encapsulation 

of QCT in the inner core. The selected micelles showed 

increased in vitro cytotoxicity in breast (MCF-7 and MDA-

MB-231), ovarian (SKOV-3), and multidrug resistant (NCI/

ADR) cancer cells compared to free QCT. The micelles also 

exhibited an enhanced antioxidant activity over the free 

QCT. In conclusion, the mixed micellar nanoformulations 

could be used for delivery of QCT for treatment of cancer. 

The in vivo evaluation of the preparations is warranted in 

the future.
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