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Introduction
Glioblastoma multiforme (GBM) is the most common and 

lethal intracranial tumor in humans due to its uncontrolled cellular 
proliferation, diffuse infiltration, propensity for necrosis, robust 
angiogenesis, intense resistance to apoptosis, rampant genomic instability, 
significant intra-tumoral heterogeneity (cytopathology, transcriptional, 
genomic), and a putative cancer stem cell component [1,2]. 

The major causes of primary glioblastomas are not well known, but 
often involve gene multiplications, deletions and mutations affecting 
growth factor receptor signaling. The response rate to treatment 
with temozolomide alone in patients with malignant gliomas is 5.4% 
[3]. Temozolomide and bevacizumab (anti-angiogenic, humanized 
monoclonal antibody vs. VEGF-A) are often used in combination with 
other treatments such as IFNα, irinotecan (topoisomerase-I inhibitor), 
doxorubicin, and alkylating agents such as carmustine and lomustine 
(nitrosoureas). Gliadel (carmustine wafers made of biodegradable 
polifeprosan 20 polymer) have shown an increase in median survival 
by 8 weeks in patients with recurrent glioblastoma [4]. Micellar nano-
delivery systems for several drugs for the treatment of GBM have been 
developed and reviewed [5]. For instance, a micellar system based on 
amphiphilic peptides and incorporating bis-chloroethylnitrosourea 
(BCNU) and vascular endothelial growth factor (VEGF) small 
interfering RNA (VEGF-siRNA), was prepared and tested in C6 
glioblastoma cells [6]. The micelles showed better delivery of BCNU 
into the cells and remarkably reduced expression of VEGF. In another 
recent study, polymeric micelles coated with cyclic Arg-Gly-Asp 
(cRGD) ligand molecules showed highly efficient anticancer drug 
delivery to U87MG tumors [7].

Curcuminoids are active components in perennial plant Curcuma 
longa. Curcuminoids have been used for millennia as folk medicines 

in turmeric powder. More recent studies with isolated or purified 
extracts or individual curcuminoids suggested this class of compounds 
as putative therapeutics for various diseases, including diabetes, 
neurodegenerative disorders, cardiovascular disease and arthritis 
[8-10]. Curcumin is a pleiotropic agent modulating several signal 
survival transduction pathways and an attempt to block these pathways 
simultaneously is a current way of approaching the multidrug therapy 
of GBM [11]. Curcumin has low bioavailability, poor aqueous 
solubility and poor stability [12,13]. In aqueous media, curcumin 
undergoes rapid hydrolytic degradation, which is pH-dependent and 
occurs faster at neutral-basic conditions [14]. Further, curcumin has 
rapid metabolism, and rapid systemic elimination [12]. In order to 
overcome these hurdles, curcumin has been incorporated into several 
drug delivery systems [9]. Among those, polymeric micelles based 
on miktoarm star polymers have received a considerable attention. 
Miktoarm stars can be synthetically articulated using click chemistry for 
enhancing drug incorporation into their micelles [15-20]. Amphiphilic 
miktoarm star polymers spontaneously form nanoscale core/shell 
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structures in aqueous environments, where hydrophobic polymer 
arms form the core of the micelles and hydrophilic ones form corona 
[21,22]. The core of these micelles can be used to load hydrophobic 
drugs in order to overcome their insolubility in water, control their 
release and protect them from rapid degradation and metabolism in the 
body. In addition to this, the hydrophilic corona enhances their blood 
circulation time and helps them deliver the drug to its target [23,24]. 
Thus, we investigated the utility of A2B star polymers as nanocarriers 
for curcumin. 

The overall objective of this study was to show that curcumin 
incorporated into A2B micelles or combined with several other agents 
inhibit survival/proliferation of GBM cells grown in 2D monolayer 
and 3D spheroid cultures. A library of A2B miktoarm polymers 
was synthesized and characterized using several techniques. The 
micellization behavior in aqueous solution was also studied together 
with the kinetics of curcumin release. Miktoarm micelles with or 
without curcumin were tested to establish concentration-dependent 
cell growth inhibition, cell death and spheroid disintegration. The 
experiments also included pifitrin and temozolamide in combination 
with curcumin to promote tumor cell elimination. Results suggest that 
only drug combination and multiple exposures of GBM cells to these 
treatments significantly reduce tumor cell viability and prevent their 
re-growth in 2D and 3D cultures. 

Materials and Methods 
Reagents and materials 

Water was deionized using a Millipore Milli-Q system. Curcumin, 
temozolamide, ε-caprolactone (99%), tin (II) 2-ethylhexanoate (95%), 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT), copper(II) sulfate pentahydrate (CuSO4•5H2O) (>98.0%), 
sodium ascorbate (NaAsc, crystalline, 98%), Bisbenzimide H 33258 
(Hoechst stain) (861405), and trypsin/EDTA (0.25%) were purchased 
from Sigma Aldrich, St. Louis, MO, and used as received. All reactions 
were performed under dry conditions in an inert environment using 
distilled solvents. Flash chromatography was performed using 60 
Å (230-400 mesh) silica gel from EMD Chemicals Inc. Dialysis 
membranes (Spectra/por, MWCO: 6-8 kDa, unless otherwise 
indicated) were purchased from Fisher Scientific (Rancho Dominguez, 
CA). Penicillin, streptomycin, Griess reagent (1% sulphanilamide, 0.1% 
N-(1-naphthyl)-ethylenediaminedihydrochloride, and 5% phosphoric 
acid), and fetal bovine serum were purchased from Invitrogen 
(Carlsbad, CA). ε-Caprolactone was dried over calcium hydride for 24 
h and distilled under reduced pressure prior to use. 2-(2-Imino-4,5,6,7-
tetrahydrobenzothiazol-3-yl)-1-p-tolylethanone (pifithrin-α) (506132) 
was from Calbiochem (Darmstadt, Germany). Flat bottom 24-well and 
96-well tissue culture plates were from SARSTEDT (Newton, NC). 

Synthesis and characterization of A2B miktoarm polymers 

Compounds 1 and 2 (Figure 1) were synthesized using an 
adaptation of our previously published procedures [18]. PEG750-
azide was synthesized using a reported method [25]. The synthesis of 
polymers (3a-f) was carried out using a general synthetic procedure 
as outlined below for 3a, and by keeping polyethylene glycol (PEG) 
molecular weight constant, and varying polycaprolactone (PCL) 
molecular weight.

Compound 3a (PEG750)2-PCL4700: A solution of compound 2 
((PEG750)2-OH, 100 mg, 0.056 mmoles) in dry toluene (2 ml) was 
placed in a flame-dried two neck round bottom flask fitted with a 
condenser. The solution was degassed by evacuation, and distilled 

ε-caprolactone (0.28 mL, 2.548 mmoles) was added under nitrogen 
with a syringe through the rubber septum. A nitrogen purged solution 
of Sn(II) 2-ethylhexanoate (2 mg, 0.005 mmoles) in toluene (1 mL) 
was then added to the reaction flask, and the mixture was refluxed for 
24 h. The reaction mixture was then cooled to room temperature, and 
the solvent was removed under vacuum. The product was dissolved in 
dichloromethane and precipitated using cold methanol. The polymer 
was filtered and washed with diethyl ether to yield a white powder. 1H 
NMR (500 MHz, CDCl3): δ (ppm) 1.30-1.41 (m, -CH2PCL), 1.55-1.65 
(m, -CH2PCL), 2.27-2.36 (m, -CH2PCL), 3.35 (s, 6H, -OCH3), 3.51-
3.65 (m, PEG H), 3.87 (t, 4H, -CH2OCH3), 4.04 (t, -CH2PCL), 4.54 (t, 
-CH2CH2 triazole), 5.01 (s, 2H, -OCH2), 5.14 (s, 4H, -OCH2 triazole), 
6.58 (m, 3H, ArH), 7.82 (s, 2H, triazole H). 13C {1H} NMR (CDCl3) δ 
ppm 24.5, 25.5, 28.3, 32.3, 34.0, 50.3, 59.0, 62.0, 62.5, 64.1, 65.8, 69.4, 
70.5, 71.9, 101.4, 107.1, 110.0, 124.1, 143.5, 159.5, and 173.5 GPC: 
Mn=6540, polydispersity index (PDI)=1.57.

Miktoarm stars (3b-f) were synthesized using a similar procedure 
as described above for 3a.

Compound 3b (PEG750)2-PCL7800: Compound 2 (100 mg, 0.06 
mmoles) and ε-caprolactone (0.5 mL, 4.530 mmoles) GPC: Mn=9632, 
PDI=1.28.

Compound 3c (PEG750)2-PCL8800: Compound 2 (100 mg, 
0.06 mmoles) and ε-caprolactone (0.56 mL, 5.096 mmoles) GPC: 
Mn=10,605, PDI=1.38.

Compound 3d (PEG750)2-PCL10,300: Compound 2 (50 mg, 
0.028 mmoles) and ε-caprolactone (0.31 mL, 2.831 mmoles) GPC: 
Mn=12,105, PDI=1.49.

Compound 3e (PEG750)2-PCL12,600: Compound 2 (50 mg, 
0.028 mmoles) and ε-caprolactone (0.37 mL, 3.39 mmoles) GPC: 
Mn=14,327, PDI=1.21.

Compound 3f (PEG750)2-PCL14,200: Compound 2 (50mg, 
0.028mmoles) and ε-caprolactone (0.43 mL, 3.96 mmoles) GPC: 
Mn=16,000, PDI=1.27. 

Preparation of miktoarm micelles

Miktoarm micelles were prepared by the co-solvent evaporation 
method [22]. Specific weights of the polymer and drug (drug/polymer 
ratio of 0-50 wt. %) were dissolved in 1.5 mL of acetone. The solution was 
added dropwise (1 drop/10 s) to 3 mL of magnetically stirred deionized 
water. The mixture was stirred in the dark for 24 h to remove acetone 
and trigger micelle formation. The mixture was filtered through a 0.45 
μm PVDF filter to remove the free (unentrapped) drug. Aliquots of 
the micellar solutions were tested by dynamic light scattering (DLS) to 
determine the hydrodynamic diameter (DH) and polydispersity index 
(PDI) of the micelles. Aliquots of the solution were diluted 10 times by 
acetonitrile and used to determine drug content of the micelles by an 
HPLC assay.

Characterization 

NMR spectra were recorded on a 500 MHz Varian spectrometer 
at ambient temperature. The chemical shifts in ppm are reported 
relative to tetramethylsilane as an internal standard for 1H and 13C 
{1H} NMR spectra. Molecular weight and polydispersity index (PDI) 
were characterized by GPC (Waters Breeze) using THF as the mobile 
phase. The GPC was equipped with three Waters Styragel HR columns 
(molecular weight measurement ranges: HR1: 102-5×103 g mol-1, HR2: 
5×102-2×104 g mol-1, HR3: 5×103-6×105 g mol-1) and a guard column. 
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The columns were operated at 40°C and a mobile phase flow rate of 
0.3 ml min−1 during analysis. The GPC was also equipped with both 
ultraviolet (UV 2487) and differential refractive index (RI 2410) 
detectors. The molecular weight measurements were calibrated relative 
to poly (styrene) narrow molecular weight standards in THF at 40°C.

The dynamic light scattering measurements were performed using 
a Malvern ZetaSizer (Nano-ZS, Malvern Instruments, Worcestershire, 
UK). The instrument was equipped with a He-Ne laser operating 
at 633 nm and an avalanche photodiode detector. Samples were 
filtered through a 0.45 μm Millex Millipore PVDF membrane prior 
to measurements. Cumulant analysis was applied to obtain the 
hydrodynamic diameter and polydispersity index of the nanoparticles. 
Measurements were performed in triplicate at room temperature. 
The constrained regularized CONTIN method was used to obtain the 
particle size distribution. UV-vis absorption spectra were recorded 
with an Agilent 8452A photodiode array spectrometer. Steady-state 
fluorescence spectra were recorded using a Varian Cary Eclipse 
fluorescence spectrophotometer. 

HPLC analysis of curcumin was performed on a Waters 
chromatography system equipped with Waters 1525 μ binary HPLC 
pump, Waters 717plus autosampler, Waters Symmetry C18 5 μm 
and 4.6 × 150 mm column, Waters 2487 dual λ absorbance detector, 
and an IBM computer equipped with the Breeze software. The assay 

was carried out at 25°C using a 7:3 v/v mixture of acetonitrile-0.5% 
w/v citric acid solution adjusted to pH 3.0 by 50% w/v aqueous KOH 
solution. The follow rate was 1.2 mL/min. The injection volume 
was 20 μL and the run time was 9 min. Curcumin, monitored by its 
absorbance at 420 nm, had a retention time ~7.1 min. A calibration 
curve (r2 ≥ 0.999) of curcumin was prepared using standard solutions 
ranging in concentration from 10 to 50 µg/mL prepared immediately 
prior to the assay. To assay curcumin content of different miktoarm 
micelles, a given volume of aqueous micellar solution was diluted 10 
times by acetonitrile to break the micelle structure. The solution was 
filtered through 0.2 μm Millex Millipore nylon filter and assayed by 
HPLC. Curcumin encapsulation efficiency and loading capacity were 
calculated from the following equations:

weight of curcumin in the micellesCurcumin encapsulation efficiency (weight %)= 100 (1)
Total weight of curcumin used initially

×

weight of curcumin in the micellesCurcumin loading capacity (weight %)= 100 (2)
Total weight of micelles tested

×

Critical association concentration (CAC) of A2B miktoarm 
micelles 

Given volumes of pyrene stock solution in acetone (180 μM) were 
added to a series of 4 mL vials and the acetone was allowed to evaporate 

Figure 1:  (A) Synthesis of A2B miktoarm polymers: A (Hydrophilic polyethylene glycol, PEG) and B (Hydrophobic polycaprolactone, PCL). (B) Schematic 
illustration of micelle formation and curcumin loading. 
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overnight in the dark. Specified volumes of the micellar solutions were 
added to the vials having pyrene to obtain a polymer concentration 
ranging from 0.025 to 200 μg/mL. Pyrene concentration was kept 
constant at 6 μM. The pyrene/micellar solutions were equilibrated 
overnight in the dark. Excitation spectra were recorded from 260 
to 360 nm at λem=390 nm (excitation and emission bandpass, 5 nm, 
respectively). The ratios of the pyrene fluorescence intensities at λ=338 
and 333 nm (I338/I333) were calculated and plotted versus polymer 
concentration. The critical association concentration (CAC) values 
were determined from the graphs as the intersections of two straight 
lines (the horizontal line with an almost constant value of the ratio I338/
I333 and the vertical line with a steady increase in the ratio value).

Drug release studies

In vitro release of curcumin from miktoarm micelles was studied 
by the dialysis bag method in phosphate-buffered saline (PBS pH 7.4) 
containing 1% (v/v) Tween® 80. Tween® 80 was added to maintain 
perfect sink conditions since curcumin has limited solubility in PBS. 
Curcumin/miktoarm micellar solutions in deionized water (2 mL, 
[curcumin]=0.05-0.10 mg/mL) were introduced in a dialysis tube 
(MWCO = 6-8 kDa) and were dialyzed against 20 mL of the release 
medium maintained at 37°C. At predetermined time intervals, 
the whole medium was removed and replaced by fresh medium to 
maintain sink conditions. Curcumin solution at 0.1 mg/mL in a solvent 
mixture of PEG400-water–dimethylacetamide (45:40:15 v/v) was used 
as a control [26]. Care was taken during the experiments to protect 
Curcumin against light. Asorbic acid (1 mg/mL) was added to the 
release medium to protect Curcumin against degradation [27]. The 
concentration of the drug in the release samples was determined by 
HPLC as described above. The cumulative percent of drug released was 
plotted as a function of dialysis time.

Cell cultures

The human malignant glioblastoma multiforme cell line (U251N) 
American Type Culture Collection, ATCC #HTB-17). The U251N cell 
line has been discontinued; however, the current commercially available 
equivalent is U373 MG (ATCC #HTB-17). The cells were grown 
and maintained in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco BRL, Carlsbad, CA, USA) containing high glucose (4.5 g/L), 
1% penicillin-streptomycin, and supplemented with 10% fetal bovine 
serum (FBS; Gibco BRL, Carlsbad, CA, USA). Cells were incubated at 
37°C in a humidified environment with 5% CO_2. During cell splitting, 
cells were detached using trypsin/EDTA, collected in 15-mL conical 
tubes and centrifuged at 1,200 rpm for 4 minutes at room temperature. 
The cell pellet was then re-suspended in DMEM supplemented with 
10% FBS. A million cells were seeded in a 75 cm2 lasks (SARSTEDT, 
Newton, NC, USA) Cells doubling time was 24 hours. Medium was 
replaced every 2 days. 

3-D Tumor spheroids preparation

Agarose (0.2 g) was added to 10 mL of serum free DMEM (2% 
weight/volume) in a 50 mL glass beakers, sealed with aluminum foil. 
Contents were then autoclaved for 20 minutes at 120°C with a pressure of 
2 bar (departmental autoclave cycle #1). After, beakers was transferred to a 
sterile work bench and pipetted into 96-well microtiter plates at 75 μL/well. 
Agarose was left to set. U251N glioblastoma cells were then seeded into 
each well at a density of 5,000 cells/well using 0.22 micron filtered serum 
containing media. Tumor spheroids were allowed to grow for 4 days in 
incubator. Media of spheroids were changed every 2 days by replacing 50% 
of the growth media with fresh media. 

MTT assay

Succinate-dehydrogenase dependent MTT reduction (MTT assay) 
was used for the detection of cellular mitochondrial metabolic activity. 
MTT assay was also used as an indirect, estimative assay for cell 
viability. Cells were seeded (50,000 cells/well) in 24-well, flat bottomed 
tissue culture plates (SARSTEDT; catalog number: 83.1836). Cells were 
treated 24 hours after seeding for a total treatment time of total of 24 
hours. After treatment, the MTT reagent was added to the cells and 
incubated for 1 hour at 37°C. DMSO was then used to lyse the cells and 
to dissolve the formazan salt. Absorbance (at 595 nm) was measured 
with a micro-plate reader (Asys UVM340).

Labeling of cell nuclei with Hoechst 33258 for cell viability 
assessment

Cell viability was confirmed by cell counting. After treatment, 
cells were fixed with paraformaldehyde (4%) for 10 minutes at room 
temperature and washed three times with phosphate buffered saline 
(PBS). Fixed cell nuclei were then labeled with 10 μM Hoechst 33258 
for 10 minutes and again washed three times with PBS. Fluorescent 
micrographs of labeled nuclei were captured using the Operetta 
imaging system (Perkin Elmer, excitation 360-400 nm, emission 410-
480 nm). Seventeen pictures per well were captured with Operetta. 
Nuclei quantification was analyzed using the Harmony software. 

Propidium iodide labeling

Necrotic cell death in tumor spheroids was analyzed by measuring 
fluorescence from propidium iodide (PI) labeling. After treatment, 50% 
of growth media was removed from each well of spheroid. Spheroids 
were then labeled with 1.5 μM PI and incubated for 2 h at 37°C. After 
labeling, 50% of media was removed and replaced by fresh growth 
media. Fluorescent pictures of nuclei labeled with PI were taken using 
Leica CTR4400 microscope (excitation 535 nm, emission 617 nm). 
Fluorescence was quantified by Image J software. 

Results and Discussion
Synthesis of A2B miktoarm polymers

The synthesis of A2B miktoarm star polymers was achieved by an 
adaptation of our previously published procedure, using a core with 
orthogonal functionalities (1), and Cu(I) catalyzed alkyne azide click 
reaction in sequence with ring opening polymerization (ROP), (Figure 
1A) [22]. The azide terminated-PEG750 was synthesized starting from 
commercially available PEG mono methyl ether [25]. The acetylene 
units on 1 were employed to perform two simultaneous click reactions 
with PEG750-azide to obtain compound 2. The completion of the 
reaction was confirmed by 1H NMR, which showed the disappearance 
of acetylene protons, and the appearance of PEG and triazole protons. 
Macroinitiator 2 was subsequently employed to perform a series 
of ring opening polymerization reactions with variable amounts of 
ε-caprolactone monomer to construct a library of A2B miktoarm stars 

a: Determined from GPC measurement 
Table 1: GPC analysis of miktoarm polymers.

Sr. No Polymer Mna(g/mole) PDI
3a (PEG775)2-PCL4700 6540 1.57
3b (PEG775)2-PCL7800 9632 1.28
3c (PEG775)2-PCL8800 10,605 1.38
3d (PEG775)2 -PCL10,300 12,105 1.49
3e (PEG775)2-PCL12,600 14,327 1.21
3f (PEG775)2-PCL14,200 16,000 1.27
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with PCL molecular weights ranging from approximately 4700 to 
14,000 Da (Table 1). 

Self-assembly and micellization of A2B miktoarm polymers 

In order to get insights into the self-assembly behavior and drug 
loading capacity, a series of A2B mitkoarm stars, was examined where 
PEG arms were of molecular weight 750 Da and the molecular weight 
of the PCL arm ranged from 4.7 to 14.2 kDa (Table 1). Figure 1B 
shows schematic illustration of the polymer self-assembly and drug 
loading, in an aqueous environment. The self-assembly behavior of 
these copolymers in deionized water was studied using pyrene as a 
fluorescent probe. This method is widely used in the determination of 
polymeric micelle critical association concentration (CAC) due to its 
ease of application, versatility and reliability [28,29]. Pyrene excitation 
spectrum shows a red shift when it passes from aqueous environment 
to the hydrophobic core of polymeric micelles [30]. Excitation spectra 
of aqueous polymer solutions containing 6 μM pyrene and different 
polymer concentrations were recorded from 260 to 360 nm at λem = 390 
nm. Semilogarithmic plots of the I338/I333 ratios versus the concentration 
of different (PEG750)2-PCL miktoarm polymers are shown in Figure 
2A. The I338/I333 ratio remained almost constant ~0.7 at low polymer 

concentration, and increased sharply when the polymer concentration 
reached its CAC. The results show that the CAC decreased from 1.32 µg/
mL (0.20 µM) to 0.35 µg/mL (0.02 µM) as the PCL arm length increased 
from 4.7 to 14.2 kDa (Table 2). This is consistent with other reports 
showing that self-assembly occurs at lower polymer concentrations 
with the increase in the molecular weight of the hydrophobic block 
[19,31]. 

The structure of the micelles with and without curcumin was studied 
by 1H NMR spectroscopy (Figure 3). This technique takes advantage of 
the reduced mobility of the protons forming the micelle core, which 
results in disappearance or broadening of their peaks. In contrast, the 
protons of the corona forming block maintain their mobility and have 
better resolution. 1H NMR spectra of curcumin, (PEG750)2-PCL4700, 
and their mixture in CDCl3, together with the blank and curcumin-
loaded micelles in D2O are shown in Figure 3. Characteristic signals 
of curcumin and (PEG750)2-PCL4700 were observed when they were 
dissolved in CDCl3 (Figure 3A,B). The same signals were observed 
for curcumin/(PEG750)2-PCL4700 physical mixture in CDCl3 (Figure 
3C). In contrast, the spectrum of (PEG750)2-PCL4700 micelles without 
incorporated curcumin, in D2O, showed signals characteristic of PEG 
protons (δ 3.51 ppm), confirming that they are well hydrated and 

Figure 2: (A) Plots of intensity ratio (I338/I333) of pyrene excitation spectra (λem = 390 nm) vs concentration of different (PEG750)2-PCL miktoarm copolymers 
in water. (B) Distribution of the hydrodynamic diameter (DH) of Curcumin/(PEG750)2-PCL4700 micelles (deionized water; polymer concentration, 0.5 g/L; θ, 90°, 
curcumin content ~ 8 wt.%). 

0.01 0.1 1 10 100

0.8

1.2

1.6

2.0
(PEG750)2-PCL4700
(PEG750)2-PCL14200
(PEG750)2-PCL12000

I 3
38

/I 3
33

Polymer concentration (�g/mL)

A

1 10 100 1000 10000
0

5

10

15

In
te

ns
ity

 (a
.u

.)

Hydrodynamic diameter (nm)

B

 

 

aHydrodynamic diameter (nm), mean of three measurements  ±  SD
 b weight of curcumin in the micellesDrug loading (weight %)= 100

weight of micelles tested
× mean of three measurements  ±  SD

c weight of curcumin in the micellesEncapsulation efficiency (weight %)= 100,
Total weight of curcumin used initially

× mean of three measurements  ±  SD

d molar concentration of curcumin in micellesDrug loaded (mol%) = 100,
molar concentration of micelles (curcumin+polymer)

× mean of three measurements  ±  SD
eCritical association concentration in water

Table 2: Properties of A2B miktoarm polymers based micelles with or without curcumin.

Polymer
Micelle diametera

%DLb (wt.%) %EEc (wt.%) %DLd (mol%) CACe (μg/ml)
Blank micelles curcumin micelles

(PEG750)2-PCL4700 47.3 ± 3.6 42.9 ± 0.5 6.0 ± 0.1 60.0 ± 0.8 50.5 ± 0.3 1.32
(PEG750)2-PCL7800 45.9 ± 0.6 40.9 ± 0.6 4.6 ± 0.1 48.7 ± 1.4 55.3 ± 0.7 -
(PEG750)2-PCL8800 63.3 ± 2.4 53.7 ± 1.6 4.6 ± 0.1 48.5 ± 0.6 57.7 ± 0.3 -
(PEG750)2-PCL10300 57.8 ± 1.8 46.0 ± 1.3 5.3 ± 0.1 55.5 ± 0.6 64.1 ± 0.2 -
(PEG750)2-PCL12000 55.3 ± 0.9 45.8 ± 1.0 5.2 ± 0.0 54.4 ± 0.2 66.7 ± 0.1 0.39
(PEG750)2-PCL14200 46.6 ± 0.9 56.7 ± 2.9 6.5 ± 0.0 65.0 ± 0.3 73.5 ± 0.1 0.35
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reserved their mobility (Figure 3D). The characteristic signals of the 
PCL arm protons appear weak and broad due to their incorporation 
into the micelles core and loss of mobility (Figure 3D). Similarly, the 
spectrum of curcumin/(PEG750)2-PCL4700 showed weak and broad 
curcumin and PCL signals and well-resolved PEG signals. Taken 
together, these results confirm the formation of core-corona structures 
in aqueous media (Figure 1B). Coating of nanoparticle surface with 
PEG chains usually results in prolonging nanoparticle circulation time 
in vivo [32].

The size and polydisperisty index of the micelles prepared in water 
by the co-solvent evaporation method were studied by DLS [22]. 
Table 2 shows the hydrodynamic diameter (DH) for both curcumin-
loaded and unloaded micelles of (PEG750)2-PCL miktoarms of different 
molecular weights. Considering the size of the blank micelles, there was 
a general trend of increase in the micelle hydrodynamic diameter with 
the increase in the molecular weight of the PCL arm. We confirmed 
by 1H NMR studies that the PCL arm of the miktoarm polymers 
form the micelle core (Figure 3). This results in size increase with the 
increase in the hydrophobic segment molecular weight [18,33,34]. The 
incorporation of curcumin into the A2B miktoarm micelles resulted 
in a slight decrease in their size for all the polymers (Table 2). Drug 
incorporation into the core of linear block copolymer micelles usually 
results in micelle size increase to accommodate the drug molecules 
[35,36]. However, there is no specific trend for the effect of drug 
loading on the size of star-shaped polymer micelles. In an earlier study, 
we had also observed that the incorporation of a hydrophobic drug, 
nimodipine into the micelles of A2B star polymers did not change their 
size [18]. The incorporation of a hydrophobic drug into ABC miktoarm 
micelles can be accompanied both by an increase [22] or decrease in 
their size [37], suggesting that the change in micelle size depends on 
the specific drug/polymer combination. The polydisperisty index was 
low (~0.2) for all the micelles with or without curcumin (Figure 2B).

To study the effect of PCL molecular weight on the drug loading 
capacity, a series of polymers was examined where PEG molecular 
weight was kept constant at 750 Da while the PCL molecular weight 
varied from 4700 to 14200 Da (Table 1). Curcumin was loaded into 
the micelles of these polymers at an initial drug/polymer weight ratio 
of 10 % and the actual loading capacity and encapsulation efficiency 
were calculated. Table 2 shows that the percent drug loading capacity 
varied from 4.5 to 6.5 weight % and was not affected by the PCL arm 
molecular weight. This was surprising since longer chain length of 
the hydrophobic arm was expected to increase the loading capacity 
of hydrophobic drugs [18]. Therefore, the actual loading capacity 
was calculated in terms of mole percent to get insights into the drug 
loading process. The results show that the mole percent of drug loading 
capacity increased from ~50 to 73 mole% when the PCL molecular 
weight increased from 4700 to 14200 Da. This is in agreement with 
other reports showing increase in drug loading with the increase in the 
hydrophobic polymer segment molecular weight [38,39]. 

Effect of curcumin/polymer weight feed ratio on micelle size 
and drug loading

Curcumin-loaded miktoarm polymer micelles were prepared 
at different curcumin/polymer weight ratios to obtain formulations 
with clinically relevant curcumin concentration while keeping 
polymer concentration at a minimum. Figure 4A shows the micelle 
hydrodynamic diameter and curcumin loading capacity as a function 
of curcumin/(PEG750)2-PCL4700 weight feed ratio and at a polymer 
concentration of 0.5 mg/mL. As the curcumin/polymer weight ratio 
increased from 0 to 20%, the micelle drug content increased from 0 
to ~12 wt.%. The micelle curcumin content remained at this level (ca. 
12%) with further increase in the curcumin/polymer ratio, indicating 
that the maximum drug loading was achieved at curcumin/polymer 
weight ratio of 20%. Under these conditions the drug encapsulation 
efficiency was calculated to be 60 wt. % and curcumin concentration in 

Figure 3: 1H NMR spectra of curcumin in CDCl3 (A), (PEG750)2–PCL4700 miktoarm in CDCl3 (B), curcumin/(PEG750)2–PCL4700 mixture in CDCl3 (C), blank (PEG750)2–
PCL4700 miktoarm micelles in D2O (D) and curcumin-loaded (PEG750)2–PCL4700 micelles in D2O (E). 
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Figure 4: (A) Effect of drug/polymer weight feed ratio on drug loading capacity and micelle hydrodynamic diameter of curcumin/(PEG750)2-PCL4700 micelles 
prepared in deionized water at polymer concentration of 0.5 mg/mL. (B) Percent curcumin released from (PEG750)2–PCL4700 and (PEG750)2–PCL14200 micelles in 
PBS pH 7.4 having 1% (v/v) Tween® 80 at 37 °C.
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Figure 5: Curcumin alone and in micelles significantly decreased the mitochondrial metabolic activity of human glioblastoma cells. U251N human glioblastoma 
cells co-treated with pifithrin-α (PFT-α 50 μM) and curcumin alone ([curcumin]: 5-30 μM) or curcumin in micelles were assayed for changes in mitochondrial 
metabolic activity using the MTT assay. Cells were treated with: (A) increasing concentration of curcumin (5-30 μM) for 24, 20, 16 hours along with 0, 4, 8 hours 
of pifithrin-α, respectively, or pifithrin-α for 4 hours followed by a 20-hour treatment with curcumin incorporated into (PEG750)2-PCL4700 micelles ([curcumin]: 5-35 
μM) (B)  or curcumin incorporated into (PEG750)2-PCL14200 micelles ([curcumin]: 5-35 μM) (C). Treatments were significant (p < 0.05) vs untreated control starting at 
10 μM (A), 10 μM (B), and 10 μM (C). Mean values ± SEM are calculated based on experiments ran in triplicates. Statistically significant differences from control 
were calculated using a t-test of OriginPro software.
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water was ~60 µg/mL. By increasing polymer concentration from 0.5 
to 2.0 mg/mL, curcumin concentration in water increased from ~60 to 
~390 µg/mL. Knowing that curcumin aqueous solubility is 11 ng/mL, 
this represents more than 35,000 times enhancement in its aqueous 
solubility [13]. The effect of the curcumin/(PEG750)2-PCL4700 feed 
weight ratio on the micelle size did not show the same trend as that on 
the drug loading capacity (Figure 4A). Thus, the micelle hydrodynamic 
diameter remained almost constant till curcumin/polymer ratio of 
30%, after which it slightly decreased. 

In vitro curcumin release from A2B miktoarm micelles

The dialysis bag method was used to evaluate the in vitro release 
behavior of curcumin from miktoarm micelles. The release medium 
was PBS pH 7.4 containing 1% (v/v) Tween® 80 which is a low molecular 
weight non-ionic surfactant that can be added to release media to 
maintain sink conditions for hydrophobic drugs [40,41]. Curcumin 
solubility in the release medium was 240.8 μg/mL confirming the 
maintenance of sink conditions during the release experiment given the 
release volume (20 mL) and curcumin amounts in the micelles (100-
200 μg). Curcumin alone, used as a control rapidly diffused through 

the dialysis membrane and almost complete release was observed after 
24 h (Figure 4B). In contrast, curcumin incorporated into (PEG750)2-
PCL4700 and (PEG750)2-PCL14200 micelles was released at a much slower 
rate. Around 85% of curcumin content in the micelles was released 
after 7 days of dialysis time. Curcumin release pattern was not affected 
by the molecular weight of the PCL arm. This finding is consistent with 
previously published results [18]. These results confirm the ability of 
these miktoarm micelles to sustain the release of curcumin, which may 
result in reduced frequency of drug administration and better patient 
compliance. 

Inhibition of glioblastoma cell growth by curcumin in A2B 
micelles and in combination with other drugs 

We first established concentration- and time-dependent changes 
in glioblastoma U251N by measuring mitochondrial metabolic activity 
and viability following the treatment with curcumin, both free and 
incorporated into micelles (Figures 5 and 6). Although there was a 
concentration-dependent decline in mitochondrial activity, curcumin 
alone (0.1-35 µM) or incorporated in the A2B micelles (maximal 
concentration 17.5 µM) did not adequately abolish glioblastoma cell 

Figure 6: Curcumin alone and incorporated in micelles significantly increased human glioblastoma cell death. U251N cells were treated with curcumin alone 
(curcumin) or curcumin incorporated in micelles (curcumin micelles, (PEG750)

2-PCL4700) for 24 or 20 hours with 0 or 4 hours of pifithrin-α (50 μM), for a total of 24 hours. 
Cells were then fixed and stained with the fluorescent Hoechst dye (10 μM, blue). Images were taken directly from the plate using Operetta imaging system (Perkin 
Elmer) and cell number was analyzed using the Harmony software.  Viability of cells treated with curcumin alone (B) or curcumin in micelles (C) ((PEG750)2-PCL4700 
or (PEG750)2-PCL14200) is expressed relative to untreated cells. Mean values ± SEM are calculated based on experiments ran in triplicates. Statistically significant 
differences from untreated control were calculated using a t-test of OriginPro software and indicated by * (p < 0.05) and ** (p < 0.01).  
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growth after 24 hours. To enhance curcumin cell killing effect an 
inhibitor of p53, pifitrin (50 µM) was used as a putative sensitizer 
to enhance cell death. Although pifitrin increased glioblastoma cell 
death when combined with curcumin by about 13%, there were still 
40- 60% metabolically active cells (Figure 5A). Such an intervention 
would not be acceptable in clinics because of the re-occurrence of 
tumor growth and possibly greater glioblastoma resistance to further 
therapeutic interventions. The poor outcome was even more striking 
in glioblastoma spheroids (3D cultures), a model which is more 
appropriate than cell monolayers. Spheroids represent an intermediate 
between the monolayers and xenografts and they are increasingly used 
for screening of anticancer agents [42-45]. The effectiveness of two 
types of A2B micelles was marginally different suggesting that shorter 
polycaprolactone chains (PCL 4700) did not significantly increase the 
rate of curcumin release in the intracellular and extracellular biological 
environment (cf. micelles with PCL 14200). Surprisingly, these 
differences in PCL chain lengths contributed to different drug loading 
capacity (Table 2). PCL size did not seem to play a role in curcumin 
effectiveness in spheroid cultures. 

Since mitochondrial metabolic activity does not necessarily provide 
the quantitative data for cell viability, we performed cell counting 
(Figure 6). These experiments were done by labeling the cells with the 
fluorescent dye Hoechst 33342 and propidium iodide. Results from the 
cell counting experiments corroborated the data from mitochondrial 
metabolic activity (Figure 5). Glioblastoma cells were treated for 
prolonged time period (96 hours) and the results clearly showed that 
long-term treatments are indeed required to completely abolish GBM 
cell survival (Figure 7). Moreover, the data indicated that repeated 
exposure to the drugs with or without sensitization with pifitrin is 
required to abolish significant growth of GBM cells with pifitrin and 
temozolomide. Temozolomide is commonly used as a drug of choice 
in glioblastoma [46].

Temozolomide exerts its anticancer effect by methylating nuclear 

DNA thereby damaging nuclear structure and function leading to the 
cell cycle arrest [47]. Several formulations for temozolomide were 
developed (e.g. poly(lactide-coglycolide (PLGA) microspheres and 
magnetic nanoparticles [48,49]. We used this agent as standard to 
compare the effectiveness of curcumin alone and in combination with 
pifitrin. 

Conclusion
Combination therapy using nanocarriers that could enhance the 

efficacy of hydrophobic drugs which are poorly soluble in an aqueous 
medium constitute a topical area of research. Amphiphilic miktoarm 
polymers have -offered an exciting platform to address this issue, and 
we have demonstrated that A2B type miktoarm stars constructed using 
alkyne-azide click and ring opening polymerization reactions, self-
assemble into spherical micelles and help enhance aqueous solubility 
and sustained release of curcumin. The combination of curcumin 
loaded micelles with pifitrin and temozolamide were highly effective in 
causing glioblastoma cell death. Collectively, our studies suggest that 
A2B miktoarm star based polymers offer opportunities to construct 
nanocarriers for combination therapy involving unstable and poorly 
water soluble drugs such as curcumin which is of particular interest for 
the in vivo investigations.
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