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ABSTRACT: Curcumin-loaded polymeric micelles composed of
poly(ethylene glycol)-b-poly(N-2-benzoyloxypropyl methacryla-
mide) (mPEG-b-p(HPMA-Bz)) were prepared to solubilize and
improve the pharmacokinetics of curcumin. Curcumin-loaded
micelles were prepared by a nanoprecipitation method using
mPEG5kDa-b-p(HPMA-Bz) copolymers with varying molecular
weight of the hydrophobic block (5.2, 10.0, and 17.1 kDa). At
equal curcumin loading, micelles composed of mPEG5kDa-b-
p(HPMA-Bz)17.1kDa showed better curcumin retention in both
phosphate-buffered saline (PBS) and plasma at 37 °C than micelles
based on block copolymers with smaller hydrophobic blocks. No
change in micelle size was observed during 24 h incubation in
plasma using asymmetrical flow field-flow fractionation (AF4),
attesting to particle stability. However, 22−49% of the curcumin loading was released from the micelles during 24 h from
formulations with the highest to the lowest molecular weight p(HPMA-Bz), respectively, in plasma. AF4 analysis further showed that
the released curcumin was subsequently solubilized by albumin. In vitro analyses revealed that the curcumin-loaded mPEG5kDa-b-
p(HPMA-Bz)17.1kDa micelles were internalized by different types of cancer cells, resulting in curcumin-induced cell death.
Intravenously administered curcumin-loaded, Cy7-labeled mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles in mice at 50 mg curcumin/kg
showed a long circulation half-life for the micelles (t1/2 = 42 h), in line with the AF4 results. In contrast, the circulation time of
curcumin was considerably shorter than that of the micelles (t1/2α = 0.11, t1/2β = 2.5 h) but ∼5 times longer than has been reported
for free curcumin (t1/2α = 0.02 h). The faster clearance of curcumin in vivo compared to in vitro studies can be attributed to the
interaction of curcumin with blood cells. Despite the excellent solubilizing effect of these micelles, no cytostatic effect was achieved
in neuroblastoma-bearing mice, possibly because of the low sensitivity of the Neuro2A cells to curcumin.
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1. INTRODUCTION

Curcumin is a polyphenolic compound that is mainly isolated
from the rhizome of Curcuma longa.1 A plethora of studies
have shown that curcumin exerts a wide variety of
pharmacological effects against several pathologies, including
cancer.2 Curcumin interacts with numerous vital pathways in
cancer cells, resulting in antimutagenic, cytostatic, cytotoxic,
and antimetastatic effects.3 Also, clinical studies have
consistently demonstrated that curcumin is safe and well
tolerated at high doses, exhibiting no dose-limiting toxicity.4

However, curcumin has poor aqueous solubility (log P = 2.5),5

degrades under neutral-to-alkaline conditions,6,7 and is heavily
biotransformed and rapidly eliminated, altogether accounting
for poor pharmacokinetics that translate to insufficient
curcumin accumulation in tumors to instill significant
therapeutic responses.8 Consequently, much research has

been devoted to improve curcumin uptake and prolong
circulation time.
Polymer-based nanocarriers have been investigated to

improve the solubility and therapeutic efficacy of hydrophobic
anticancer drugs.9,10 In particular, polymeric micelles have
attracted substantial attention for solubilization of hydrophobic
drugs.11,12 The nanometer-size range of polymeric micelles
facilitates the enhanced permeability and retention (EPR)
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effect, commonly serving as the pathophysiological basis for
intratumoral accumulation of nanoparticulate drug-delivery
systems.13 Encapsulation of curcumin in polymeric micelles
has also been employed to tackle its poor solubility and
stability issues.14,15 To this end, a variety of amphiphilic
polymers such as block copolymers of poly(2-oxazoline)s,
poly(ethylene glycol)-b-poly(ε-caprolactone), and poly-
(ethylene glycol)-b-poly(lactic-co-glycolic acid) have been
used to prepare curcumin-loaded micelles, leading to
promising results in vitro and in vivo.16−18

Numerous curcumin delivery systems have been designed
and evaluated in vivo with respect to pharmacokinetics. The
reported 1.3- to 5-fold increase in curcumin area under the
curve is at best classified as a marginal increase compared to
the improvement rates of other nano-encapsulated drugs
versus their respective free form controls (manuscript in
preparation). It is therefore warranted to develop more stable
nanoformulations to fully exploit curcumin’s pharmacody-
namic potency. One frequently employed strategy to improve
the stability of polymeric micelles is centered on physical
interactions between the hydrophobic core and the payload,
such as π−π stacking interactions between aromatic groups.19

Gong et al.20 successfully applied this approach to improve the
pharmacokinetics of curcumin using N-(tert-butoxycarbonyl)-
L-phenylalanine end-capped mPEG-PCL (mPEG-PCL-Phe-
(Boc)).
Also, the stability of drug-delivery systems needs to be

investigated to gain insight into in vitro−in vivo relationships.
Drug release studies in relevant media can provide valuable
information regarding the performance of a formulation in
retaining the encapsulated drug in vitro and in vivo.21 However,
studying the stability of drug-delivery systems loaded with
hydrophobic drugs in biological fluids such as plasma is
challenging because of the difficulties in recovering and
separating nanoparticles from other components of the release
medium, such as (lipo)proteins. Most often, dialysis or
repeated high-speed centrifugation is required for complete
separation.22,23 One possible solution to overcome this
challenge is to apply asymmetrical flow field-flow fractionation
(AF4). This technique separates nanoparticles mainly based on
their hydrodynamic size.24 AF4 columns do not have a
stationary phase, which reduces possible interactions and
enables studying highly sensitive samples in biological media.
Additionally, this technique can separate self-assembled
particles such as micelles from other components without
disrupting their structure.25

In previous studies, mPEG-b-p(HPMA-Bz) block copoly-
mers were successfully employed as micellar drug-delivery
systems and prepared on a relatively large scale.26−28 A
comprehensive study of formulation and processing parameters
of polymeric micelles based on these block copolymers allowed
proper control of micelle size.29 Moreover, mPEG-b-p(HPMA-
Bz) micelles are associated with excellent particle stability and
good drug retention due to π−π stacking interactions.26,27,30,31

The promising results achieved with paclitaxel-loaded mPEG-
b-p(HPMA-Bz) micelles in terms of pharmaceutical aspects
(loading and stability) and in vivo therapeutic efficacy
motivated us to assess this platform for its suitability as a
delivery system for curcumin.
Accordingly, curcumin-loaded micelles with different (block

copolymer) sizes were prepared and evaluated for stability in
buffer and plasma. Particle stability due to π−π stacking
interactions in the micelle core was studied by solid-state

NMR. Also, the uptake of curcumin-containing mPEG-b-
p(HPMA-Bz) micelles was analyzed in various human cancer
cell lines. Subsequently, the circulation kinetics and biodis-
tribution of mPEG-b-p(HPMA-Bz) micelles and encapsulated
curcumin were assessed in mice. Finally, the therapeutic
efficacy of curcumin-loaded micelles was evaluated in a mouse
model of human neuroblastoma.

2. MATERIALS AND METHODS
2.1. Materials and Animals. The (mPEG5kDa)2-ABCPA

macroinitiator and HPMA-Bz were synthesized and charac-
terized according to previously described protocols.28,29 N-(2-
aminoethyl)methacrylamide hydrochloride (AEMA), triethyl-
amine, HEPES, lithium chloride (LiCl), sulforhodamine B
(SRB) sodium salt, trichloroacetic acid, curcuminoid mixture,
human serum albumin (HSA), and Roswell Park Memorial
Institute (RPMI) 1640 culture medium were purchased from
Sigma-Aldrich (St. Louis, MO). Phosphate-buffered saline
(PBS) 10× solution was acquired from Fisher Bioreagents
(Pittsburgh, PA). Tris(hydroxymethyl)aminomethane was
obtained from Serva (Heidelberg, Germany). Stellate Cell
Growth Supplements (SteCGS) were purchased from
ScienCell (Carlsbad, CA). Endothelial Basal Medium (EBM-
2) supplemented with growth factors (Growth Medium 2
SupplementMix) were obtained from PromoCell (Heidelberg
Germany). L-Glutamine, penicillin, and streptomycin were
acquired from Lonza (Basel, Switzerland). Accutase was
purchased from Global Cell Solutions (Charlottesville, VA).
Trypsin-EDTA, PBS, and gentamicin/amphotericin B were
acquired from Gibco (Waltham, MA). PEG standards for gel
permeation chromatography (GPC) calibration were obtained
from Agilent Technologies (Santa Clara, CA). Cyanine 7
(Cy7) NHS ester and cyanine 5 (Cy5) NHS ester were
obtained from Lumiprobe (Hannover, Germany). Radio-
immunoprecipitation assay (RIPA) lysis buffer (10×, 0.5 M
Tris-HCl, pH = 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10%
NP-40, 10 mM EDTA) was purchased from Merck KGaA
(Darmstadt, Germany). Six- and 24-well plates were acquired
from Greiner Bio-One (Cellstar; Kremsmünster, Austria).
Fetal bovine serum (FBS) was obtained from Bodinco
(Alkmaar, The Netherlands). All solvents were purchased
from Biosolve (Valkenswaard, The Netherlands) and used as
received. Syringe filters of regenerated cellulose were ordered
from Phenomenex (Torrance, CA). Dialysis bags with 8 kDa
cutoff were purchased from Spectrum Chemical (SpectraPor;
New Brunswick, NJ). Female BALB/c mice (18−22 g) and
female A/J mice (18−22 g) were purchased from Charles
River (Den Bosch, The Netherlands) and Envigo (Horst, The
Netherlands), respectively.

2.2. Cell Culture. Murine neuroblastoma (Neuro2A) cells
were purchased from ATCC (Manassas, VA). Human
extrahepatic cholangiocarcinoma (TFK-1) was ordered from
DMSZ (Brunswick, Germany). Human extrahepatic cholan-
giocarcinoma (Sk-ChA-1) and gallbladder adenocarcinoma
(Mz-ChA-1) cells were licensed to Michal Heger by the
University Hospital Zurich, Switzerland. Human biliary
adenocarcinoma (EGI-1) cells were provided by the Tytgat
Institute for Liver and Intestinal Research to Michal Heger
(Amsterdam UMC, location AMC). Primary human umbilical
vein endothelial cells (HUVECs) were obtained from Lonza
(Verviers, Belgium). Primary human pancreatic stellate cells
(hPSC) were obtained from ScienCell Research Laboratories
(Carlsbad, CA). TFK-1, Mz-ChA-1, Sk-ChA-1, EGI-1 and
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Neuro2A cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 culture medium supplemented with
10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and
2 mM L-glutamine. hPSCs were cultured in complete stellate
cell medium supplemented with 2% FBS, 1% penicillin/
streptomycin, and 1% SteCGS. HUVECs were cultured in
EBM-2 medium supplemented with growth factors (Growth
Medium 2 SupplementMix) and antibiotics/fungicidals
(gentamicin/amphotericin B) up to passage number 6. Cells
were maintained at 37 °C in a 5% CO2 humidified atmosphere
(standard culture conditions). EGI-1, Mz-ChA-1, SK-ChA-1,
and TFK-1 cells were cultured in 75 cm2 cell culture flasks and
passaged once per week at a ratio of 1:10, 1:2, 1:8, and 1:6,
respectively.
2.3. Synthesis of mPEG-b-p(HPMA-Bz) Polymers.

mPEG-b-p(HPMA-Bz) block copolymers were synthesized
via free-radical polymerization and characterized by 1H-NMR
and GPC as described previously.28−30 Three different mPEG-
b-p(HPMA-Bz) block copolymers with fixed mPEG5kDa and
different molecular weights of the hydrophobic block were
synthesized by varying the molar feed ratios of macroinitiator/
monomer (1:200, 1:100, 1:50) using acetonitrile (ACN) as a
solvent. Polymerization was performed under nitrogen at 70
°C for 24 h. The polymers were collected by precipitation in
ice-cold diethyl ether and dried under vacuum. The polymer
characteristics were published previously30 and reported in the
Supporting Information (SI) Table S1.
2.4. Synthesis and Characterization of Fluorescently

Labeled mPEG-b-p(HPMA-Bz). mPEG-b-p(HPMAm-Bz98%-
co-AEMAm2%) with a macroinitiator/monomer molar ratio of
1:200 was synthesized as described previously.26 The primary
amine groups in the hydrophobic block were reacted with the
Cy7-NHS ester or Cy5-NHS ester. In short, the polymer (100
mg) was transferred into a glass vial and dissolved in 1.4 mL of
dimethyl sulfoxide (DMSO). Next, 0.58 mL of dye stock
solution (10 mg/mL) and 3.2 μL of dry triethylamine were
added. The reaction was conducted in the dark at room
temperature overnight. The fluorescently labeled polymers
were dialyzed against a tetrahydrofuran (THF)/water mixture
(1:1 v/v) for 72 h. The medium was refreshed five times to
remove uncoupled dye using an 8 kDa dialysis membrane. The
final product was obtained as dark green and blue powders
after lyophilization. GPC was performed to confirm the dye
conjugation to the polymer, as described,26 using refractive
index (RI) and UV detectors (detection wavelength, 700 and
650 nm for Cy7 and Cy5, respectively). The results are
reported in SI Figure S3.
2.5. Preparation and Characterization of Empty/

Curcumin-Loaded Micelles. Empty and curcumin-loaded
mPEG-b-p(HPMA-Bz) micelles were prepared by a nano-
precipitation procedure.29 In short, mPEG-b-p(HPMA-Bz)
(30 mg/mL) alone or together with curcumin (varying
concentrations depending on the target load) were dissolved
in THF and added dropwise at a 1:1 volume ratio to HEPES-
buffered saline (HBS; containing 20 mM HEPES and 150 mM
NaCl, pH = 7.4) while stirring. Curcumin micelles were
prepared in dim light to avoid photodegradation. Subse-
quently, THF was removed by evaporation overnight in a fume
hood. The micelle dispersions were filtered using 0.2 μm
regenerated cellulose membranes to remove unencapsulated
curcumin and any polymer aggregates. The formulations used
for cell culture and animal studies were additionally dialyzed
for 24 h using an 8 kDa dialysis membrane to completely

remove the organic solvent. Previously, it was shown that the
residual THF content can be reduced to acceptable levels by
evaporation and subsequent dialysis to achieve an intravenous
formulation with THF content below the threshold concen-
tration (720 ppm) as stipulated by International Council of
Harmonization of Technical Requirements for Registration of
Pharmaceuticals for Human Use.29 The curcumin-loaded
polymeric micelles were characterized for size, size distribution,
curcumin content, and polymer concentration. Micelle size was
determined by dynamic light scattering (DLS) using a
Zetasizer (model ZS90, Malvern Instruments, Malvern,
U.K.). Curcumin was quantified as reported earlier.6 The
encapsulation efficacy (EE) and loading capacity (LC) were
calculated as follows

=

×

EE% (measured amount of curcumin)/(amount of curcumin added)

100%

=

×

LC% (measured amount of curcumin)/(measured amount of curcumin 

and polymer) 100%

GPC analysis was conducted to measure the polymer
concentration using two serial PLgel 5 μm MIXED-D GPC
columns (Polymer Laboratories, Agilent Technologies) at 65
°C. Dimethylformamide (DMF) containing 10 mM LiCl was
used as eluent and results were obtained with a refractive index
detector (RI) (Waters 2414, Waters Corporation, Milford,
MA) and UV detection (280 nm) (waters 2489, Waters
Corporation). Aqueous micelle dispersions were diluted 10-
fold in DMF and the absorbance was measured at 280 nm.
Standard curves were obtained with the same polymer in DMF
in a 0.1−10 mg/mL concentration range.

2.6. Analysis of π−π Stacking in Curcumin-Loaded
Micelles by Solid-State NMR Spectroscopy. 1H-NMR
spectra of mPEG-b-p(HPMA-Bz) copolymer and curcumin
dissolved in DMSO-d6 as the solvent were recorded using a
Bruker 600 MHz spectrometer (Billerica, MA). The DMSO
peak at 2.52 ppm was used for calibration. The following
chemical shifts for mPEG-b-p(HPMA-Bz) copolymer were
obtained (SI Figure S1): 8.0 (b, 2H, aromatic CH), 7.55 (b,
1H, aromatic CH), 7.65 (b, 2H, aromatic CH), 7.35 (b, CO-
NH-CH2), 5.0 (b, NH-CH2-CH(CH3)-O-(Bz)), 3.40−3.60
(b, mPEG5000 methylene protons, O-CH2-CH2), 3.1 (b, NH-
CH2-CH) and 0.6−2.2 (b, the rest of the protons are from the
methyl and backbone CH2 protons). The chemical shifts of
curcumin (SI Figure S2) were determined as follows: 9.66 (s,
2H, aromatic OH), 7.58 (d, 2H, CO-CH-CH), 7.35 (s, 2H, C-
CH-C-OCH3), 7.16 (d, 2H, aromatic CH), 6.84 (d, 2H,
aromatic CH), 6.78 (d, 2H, CO-CH-CH), 6.08 (s, 1H, OH-C-
CH-CO), and 3.84 (s, 6H, aromatic OCH3).
Empty mPEG-b-p(HPMA-Bz) micelles (30 mg/mL) and

9% (w/w) curcumin-loaded micelles (30 mg/mL) were
prepared in D2O according to Section 2.5. Solid-state NMR
experiments were performed using a Bruker Avance III
spectrometer operating at a 1H Larmor frequency of 500
MHz equipped with a 4 mm double-resonance probe head at
MAS rates varying from 340 to 1120 Hz to distinguish
isotropic signals from spinning side bands. Spectral referencing
was done using adamantane. Complementary static NMR
experiments were performed using a Bruker Avance III
spectrometer operating at a 1H Larmor frequency of 600
MHz equipped with a 5 mm triple resonance probe head.

2.7. Curcumin Retention in mPEG-b-p(HPMA-Bz)
Micelles Dispersed in Phosphate-Buffered Saline. The
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stability of the curcumin micelles in PBS (11.9 mM
phosphates, 137 mM sodium chloride, and 2.5 mM potassium
chloride, pH = 7.4), measured by the retention of curcumin in
the micelles, was determined as described previously.32 In
short, mPEG-b-p(HPMA-Bz) micelles containing 2.0, 4.8, and
9% curcumin (w/w) were diluted 5-fold in PBS and incubated
at 37 °C with constant shaking. The polymer concentration
was kept at ∼6 mg/mL for the different formulations while
curcumin concentration was around 0.6, 0.3, and 0.12 mg/mL
from the highest to the lowest curcumin loading, respectively.
The samples were protected from light to avoid photo-
degradation. At predefined time points, 100 μL aliquots were
removed and centrifuged at 5000g for 10 min to spin down
precipitated curcumin. Next, the supernatant was diluted at
least 10× with methanol and vortexed to disrupt the micelles
and solubilize the loaded curcumin. The curcumin concen-
tration was determined by high-performance liquid chroma-
tography (HPLC).6 HPLC analysis was performed on a Waters
instrument equipped with a C18 column (SunFire, 5 μm, 150
mm × 4.6 mm; Waters Corporation, Milford, MA). A gradient
system was applied using 5:95 (v/v) ACN/water and 100%
ACN as eluent A and B, respectively. The pH of the eluents
was adjusted by addition of 0.25% (v/v) acetic acid. The
gradient ran from 90% A to 70% B in 15 min at a flow rate of
1.2 mL/min. The injection volume was 20 μL. Curcumin was
detected at 425 and 254 nm.
2.8. Stability of Curcumin-Loaded Micelles in Plasma.

Curcumin-loaded micelles were prepared as described in
Section 2.5 using 3.0 mg of curcumin and 30 mg of the
different polymers. The curcumin-loaded micelles were diluted
10× in human plasma (total volume of 400 μL) and incubated
at 37 °C in a block thermomixer (Eppendorf, Hamburg,
Germany) at 450 rpm. The samples were protected from light
to avoid photodegradation. At predefined time points, 20 μL
aliquots were collected and analyzed using AF4. Separation was
performed using an AF2000 separation system (Postnova
Analytics, Landsberg, Germany) that consisted of PN1130
isocratic pumps, a degasser, two UV detectors PN3211 (280,
425 nm), and an online-coupled DLS (Zetasizer Nano ZS,
Malvern Instruments). The separation channel included a
spacer with 350 μm thickness, 27 cm channel length, deltoid
shaped channel profile, and a 10 kDa cutoff regenerated
cellulose membrane (Postnova Analytics). PBS was used as the
mobile phase. To separate the micelles from plasma
components, a cross-flow program using a time delay
exponential decay was set up. After applying an injection
flow of 0.20 mL/min, the sample was focused for 4 min at a
focus flow rate of 2.3 mL/min and cross-flow of 2 mL/min. At
the end of the focusing step and a transition time of 1 min, the
cross-flow was kept constant at 2 mL/min for 7 min. Next, the
cross-flow was decreased at an exponential decay of 0.5 to 0.1
mL/min over 20 min. Finally, the cross-flow was kept constant
at 0.1 mL/min for 15 min. During the entire run (both focus
and elution step), the detector flow rate was 0.5 mL/min. The
stability is reported as a percentage of release and calculated as

=

×

release (%) (area under the curve of curcumin in albumin fraction at 425

nm)/(area under the curve of curcumin in the micelle and 

albumin fractions at 425 nm) 100%

2.9. Association and Uptake Analysis of Free
Curcumin, Curcumin-Loaded Micelles, and Cy5-Labeled
Micelles by Flow Cytometry and Confocal Microscopy.

Ten percent (w/w) Cy5-labeled mPEG5kDa-b-p(HPMA-
Bz)17.1kDa micelles (3.0 mg of Cy5-labeled polymer and 27
mg of unlabeled polymer) and curcumin-loaded mPEG5kDa-b-
p(HPMA-Bz)17.1kDa micelles (3.0 mg of curcumin and 30 mg of
polymer) were prepared in HBS as described in Section 2.5.
Cells were seeded at a density of 5 × 105 cells/well in six-well
plates and incubated for 18 h. The cell culture medium was
subsequently replaced by fresh medium containing 0.3 mg/mL
of 10% (w/w) Cy5-labeled micelles, free curcumin (dissolved
in DMSO; the final concentration of DMSO was 0.4%), or
curcumin-loaded micelles (20 μM) dispersed in HBS. Before
flow cytometry, the cells were rinsed twice with PBS,
trypsinized using 0.05% trypsin-EDTA, and collected in
culture medium. The Cy5 and curcumin fluorescence intensity
of approximately 5000 single cells per condition was quantified
on a BD FACSCanto II (BD Biosciences, Franklin Lakes, NJ)
equipped with dedicated filter sets. Different detector voltages
were used for the free curcumin and micellar curcumin groups.
Data were processed in FlowJo (BD Biosciences) and plotted
using GraphPad Prism (GraphPad Software, La Jolla, CA).
Cells were seeded on glass coverslips in six-well plates at a

density of 5 × 105 cells/well and incubated for 18 h. The
culture medium was subsequently supplemented with the
indicated formulations at 0.3 mg/mL (Cy5-labeled micelles) or
20 μM (free curcumin or curcumin-loaded micelles). Cells
were then incubated for 0.5, 1, and 4 h and imaged after
washing in PBS with a 40× oil immersion objective using a
Leica TCS SP8 SMD scanning unit (Leica Microsystems,
Wetzlar, Germany) mounted on a Leica DMI6000 inverted
microscope enclosed in an incubator equilibrated at 37 °C.
Curcumin and Cy5 fluorescence were excited at 405 and 633
nm, respectively.

2.10. Curcumin and Micelle In Vitro Cytotoxicity. The
cytotoxicity of free curcumin, empty mPEG5kDa-b-p(HPMA-
Bz)17.1kDa micelles, and curcumin-loaded mPEG5kDa-b-p-
(HPMA-Bz)17.1kDa micelles was investigated in vitro in different
cancer cell lines (Neuro2A, EGI-1, TFK-1, SK-ChA-1, and Mz-
ChA-1) and noncancerous cells. Cell viability was assessed
with the SRB total protein assay.33 EGI-1, TFK-1, SK-ChA-1,
Neuro2A, and HUVECs were seeded in 24-well plates at a
density of 5 × 104 cells/well, and Mz-ChA-1 cells were seeded
at 25 × 104 cells/well due to their slow growth rate. The cells
were cultured for 24 h under standard culture conditions. Next,
empty and curcumin-loaded micelles dispersed in HBS and
curcumin dissolved in DMSO were added at various
concentrations (curcumin and polymer concentrations ranged
0−200 μM and 0−800 μg/mL, respectively). The final
concentration of DMSO used to solubilize curcumin was
0.4% (v/v) in cell culture medium. Cells incubated with HBS
were used as control. After 24, 48, and 72 h of incubation, the
wells were washed with PBS and total protein content was
determined with the SRB assay as described by Vichai et al.33

Absorbance at 564 nm was recorded using a BioTek Synergy
HT microplate reader and the relative cell viability was
calculated as follows

= ×

relative cell viability (%)

(absorbance of the sample)/(absorbance of the control) 100%

The 50% inhibitory concentration (IC50) was derived from a
nonlinear regression model (curve fit) based on a sigmoidal
inhibitor versus normalized response curve (variable slope)
and calculated using GraphPad Prism.
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2.11. Acute Toxicity of Empty Micelles in Healthy
BALB/c Mice. All animal studies were conducted in
compliance with guidelines provided by national regulations
and approved by Utrecht University’s institutional review
board for animal experiments. Empty polymeric micelles (50
mg/mL) were prepared using mPEG5kDa-b-p(HPMA-Bz)17.1kDa
in HBS as described in Section 2.5. The empty micelles were
injected intravenously into the BALB/c mice via the tail vein at
escalating doses of 100, 300, and 500 mg/kg (100−200 μL, n =
3 per dose). Control mice received 200 μL HBS intravenously.
Body weight and general health conditions were monitored
before, directly after, and 24 h after administration. Also, blood
cell counts were measured after 24 h. At the end of the
experiment, the animals were sacrificed via deep isoflurane
anesthesia followed by cervical dislocation.
2.12. Circulation Kinetics and Biodistribution of Cy7-

Labeled Curcumin Micelles in Mice. Cy7-labeled micelles
loaded with curcumin were prepared by dissolving 300 mg of
unlabeled mPEG5kDa-b-p(HPMA-Bz)17.1kDa, 4.5 mg of Cy7-
labeled polymer (1.5% w/w), and 30.9 mg of curcumin in 4
mL of THF. One milliliter of the resulting solution was
subsequently added to 1 mL of HBS. THF was removed by
evaporation overnight in a fume hood followed by dialysis
against HBS for 1 day to completely remove the organic
solvent. Finally, the micellar dispersions were filtered using 0.2
μm regenerated cellulose membranes to remove unencapsu-
lated curcumin and any polymer aggregates. Higher starting
polymer and curcumin concentrations were used to
compensate for curcumin and polymer loss during dialysis
and to achieve the intended injection dose (maximum volume
of injection was 200 μL per mouse). The characteristics of the
micellar dispersions are reported in (SI Table S2).
For the pharmacokinetics (PK) and biodistribution studies,

the formulation was intravenously administered into female
BALB/c mice (100−200 μL injection volume), corresponding
to a final concentration of 50 mg curcumin/kg. Blood samples
were collected into EDTA containing tubes after 1 min (set as
100% injected dose), 10 min, and 1 h via submandibular
puncture (50−80 μL), and after 4 and 24 h via cardiac
puncture following animal sacrifice as described in Section
2.11. Plasma samples were prepared by centrifugation at 1500g
for 10 min. The liver, spleen, heart, kidneys, lungs, and brain
were dissected after 4 and 24 h and fluorescence of the excised
organs was imaged using a Pearl Impulse small animal imaging
system (LI-COR Biosciences, Bad Homburg, Germany). The
tissues were rinsed with PBS and snap-frozen in liquid nitrogen
and stored at −80 °C until further analysis. The plasma
samples (1 volume) were mixed with 4 volumes of ACN and
vortexed for 2 min, followed by centrifugation (15 000g, 10
min). Curcumin content in the supernatant was determined by
reversed-phase HPLC (RP−HPLC) on a Waters system
equipped with a C18 column (SunFire, 5 μm, 150 mm ×

4.6 mm). The eluent consisted of 50% ACN and 50% water
containing 0.25% acetic acid as a pH modifier. The injection
volume and flow rate were 20 μL and 1.2 mL/min,
respectively. Curcumin was detected at 425 and 254 nm.
The data were analyzed with Empower software (Waters
Corporation). Calibration was done using curcumin in 80/20%
ACN/water with concentrations ranging from 0.1 to 100 μg/
mL.
The concentration of Cy7-labeled micelles in the plasma

samples was measured at 800 nm on an Odyssey imaging
system (LI-COR Biosciences) using a calibration curve of Cy7-
labeled micelles in PBS in a concentration range of 0.2−20 μg/
mL. Blood samples were diluted 10−40 times in PBS and the
intensity of Cy7 was extrapolated from the linear fit function
and corrected for the dilution factor.
To determine the curcumin and Cy7-polymer content in

different organs, the excised tissue samples were treated as
follows. RIPA buffer (200 μL) was added to ∼100 mg of tissue
and the mixture was homogenized at a speed of 6000/s for 60 s
using a tissue homogenizer (Bertin Technologies, Montigny-le-
Bretonneux, France). The homogenized tissue was treated with
ACN (1:4 volume ratio) and vortexed for 2 min, followed by
centrifugation at 15 000g for 10 min. The curcumin
concentration in the supernatant was analyzed by HPLC as
described in Section 2.7. The concentration of Cy7-polymer in
different tissues was analyzed as described above by measuring
the fluorescence of diluted tissue homogenates in RIPA buffer.
Cy7-polymer dissolved in DMSO and subsequently diluted in
tissue homogenate suspension obtained from untreated mice
was used for calibration (0.2−40 μg/mL).
Pharmacokinetics parameters were calculated using the

PkSolver 2.0 add-in template in Microsoft Excel. Calculations
were based on noncompartmental and two-compartmental
analysis for the micelles and curcumin, respectively.34

2.13. Therapeutic Efficacy of Curcumin Micelles in
Tumor-Bearing Mice. The anticancer properties of the
curcumin-loaded mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles
(9% w/w, prepared in HBS) were studied in a syngeneic
murine subcutaneous neuroblastoma (Neuro2A) model.
Tumors were grown from cells subcutaneously injected (3 ×
106 cells/100 μL PBS, pH = 7.4) into the right flank of female
A/J mice. Nine days after inoculation, the mice received an
intravenous bolus of curcumin-loaded micelles at 50 mg
curcumin/kg, empty micelles (500 mg polymer/kg), or HBS
solution (maximum 200 μL/injection) for 10 consecutive days
(n = 5 per group). The infusion of solutions was performed
slowly. Body weight and tumor size were monitored daily for 1
month. Tumor volume was calculated using V = (A × 0.52) ×
B2, where A and B are the largest and the smallest superficial
diameters, respectively.35 The mice were sacrificed as described
in Section 2.11 upon reaching one of the following human end
points: weight loss of >25%, tumor volume reaching 2000

Table 1. Physicochemical Characteristics of Empty and Curcumin-Loaded Micelles (9% w/w Loading) Prepared Using
Copolymers with a Different Molecular Weight of the Hydrophobic Blocka,b,c

empty micelles curcumin-loaded micelles

polymer Z-ave (nm) PDI Z-ave (nm) PDI EE (%) LC (%)

mPEG5kDa-b-p(HPMA-Bz)17.1kDa 52 ± 1 0.09 ± 0.02 59 ± 3 0.09 ± 0.02 91 ± 5 9.0 ± 0.6
mPEG5kDa-b-p(HPMA-Bz)10.0kDa 46 ± 1 0.05 ± 0.01 48 ± 2 0.03 ± 0.01 94 ± 6 8.8 ± 0.5
mPEG5kDa-b-p(HPMA-Bz)5.2kDa 40 ± 1 0.08 ± 0.05 38 ± 2 0.14 ± 0.10 90 ± 12 9.0 ± 1.4

aZ-ave, Z-average hydrodynamic diameter; PDI, polydispersity index. bData are presented as mean ± SD (n ≥ 3). cDifferences between Z-ave were
not significant (P > 0.05, Mann−Whitney U-test).
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mm3, tumor breaking out of the skin, or when the animal was
deemed moribund.
2.14. Statistical Analysis. Statistical analysis was

performed in Prism (GraphPad Software, San Diego, CA). A
Kruskal−Wallis test with Dunn’s post-hoc analysis was used to
compare the differences in IC50 values between different
incubation times. A Mann−Whitney U test was used to
compare the size of micelles before and after curcumin loading.
Statistical significance is designated as *P ≤ 0.05, **P value ≤
0.01.

3. RESULTS AND DISCUSSION

3.1. Characterization of Curcumin-Loaded mPEG-b-
p(HPMA-Bz) Micelles. The mPEG-b-p(HPMA-Bz) polymers
contained a hydrophilic mPEG5kDa block and different
hydrophobic blocks (molecular weights of 5.2, 10.0, and 17.1
kDa). The polymers were synthesized by free-radical polymer-
ization,30 and their characteristics are reported in Table S1.
Curcumin was loaded into the micelles by a nano-

precipitation technique with an encapsulation efficiency of
>90% (Table 1). Previously, mPEG-b-p(HPMA-Bz) micelles
based on 21 kDa copolymer had a maximal loading capacity of
19% without compromising the entrapment efficiency (87−
97%).27 In this study, a lower loading capacity of 9% was
chosen to avoid the risk of compromising the solubilization
capacity of the hydrophobic core. Also, the size of curcumin-
loaded micelles was between 40 and 60 nm for the lowest to
the highest-molecular-weight polymers, respectively, and
comparable to that of previously studied paclitaxel-loaded

micelles.30 A PDI of ≤ 0.14 indicates a narrow size distribution
of the particles.36,37

Curcumin retention in the mPEG5kDa-b-p(HPMA-Bz)
micelles was studied in PBS at 37 °C by determining micellar
curcumin content as a function of incubation time. The results
are plotted as both percentage and curcumin concentration in
Figure 1 and SI Figure S5, respectively. Figure 1A depicts the
stability of micelles containing a 9% (w/w) curcumin load that
were formulated from polymers with different molecular
weights of the hydrophobic block. The curcumin micelles
composed of mPEG5kDa-b-p(HPMA-Bz)17.1kDa showed the
highest curcumin retention, retaining approximately 60% of
curcumin after 168 h. Micelles comprised of mPEG5kDa-b-
p(HPMA-Bz)10.0kDa and mPEG5kDa-b-p(HPMA-Bz)5.2kDa re-
tained 25−30% of the loaded curcumin after 168 h incubation.
The rate of curcumin release from the micelles was inversely
proportional to the size of the hydrophobic blocks. Most of the
curcumin in micelles with the smallest hydrophobic block (5.2
kDa; 70%) was released during the first 2 days. In line with
studies using different polymers38,39 and our previous study on
paclitaxel-loaded mPEG-b-p(HPMA-Bz),30 micelles based on
block copolymers with a larger hydrophobic block retained the
loaded drug more effectively. Particle stability as measured by
curcumin retention seems to be correlated with the ratio of
aromatic rings present in the larger polymers relative to
curcumin (Table 2). It can therefore be hypothesized that
strong hydrophobic and π−π interactions contribute to the
stability of the curcumin-loaded micelles. The presence of π−π
interactions in the core of micelles was studied by solid-state
1H NMR (Figures 5 and 6, vide infra).

Figure 1. (A) Stability of curcumin-loaded mPEG5kDa-b-p(HPMA-Bz) micelles composed of polymers with varying molecular weight of the
hydrophobic block (17.1, 10.0, and 5.2 kDa). Micelles contained 9% (w/w) curcumin and were dispersed in PBS, pH = 7.4, at 37 °C during 168 h.
(B) Stability of mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles as a function of curcumin load (9, 4.8, and 2.0% w/w) during 168 h incubation in PBS,
pH = 7.4, at 37 °C. Data are presented as mean ± SD (n = 3).

Table 2. HPMA-Bz Monomers/Curcumin Ratio in Different Curcumin-Loaded Micelle Formulations at a Feed of 3.0 mg/mL
Curcumin and 30 mg/mL Polymera

polymer curcumin (mM) HPMA-Bz (mM) ratio HPMA-Bz/curcumin (mol/mol)

mPEG
5kDa
-b-p(HPMA-Bz)

17.1kDa
7.4 94 12.7

mPEG
5kDa
-b-p(HPMA-Bz)

10.0kDa
7.7 81 10.6

mPEG
5kDa
-b-p(HPMA-Bz)

5.2kDa
7.3 62 8.4

aAn exemplary calculation to obtain the ratio of HPMA-Bz/curcumin is provided for mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles in the Supporting
Information.
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Based on the retention properties in PBS, studies were
continued with the curcumin-mPEG5kDa-b-p(HPMA-Bz)17.1kDa
micelles that were deemed most stable. Next, the effect of
curcumin load on retention rate was investigated in PBS. The
characteristics of the micelles with 2.0 and 4.8% curcumin load
are reported in SI Table S5. Figure 1B reveals that lower
curcumin loads lead to improved micelle stability. Compared
to a 9% (w/w) load, mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles
containing 2.0 and 4.8% curcumin exhibited around 20%
curcumin release during 168 h incubation at 37 °C, while 40%
of curcumin was released from mPEG5kDa-b-p(HPMA-
Bz)17.1kDa micelles containing 9% (w/w) curcumin. Similarly,
Lübtow et al.40 evaluated the stability of micelles based on
ABA triblock copolymers comprised of hydrophilic poly(2-
methyl-2-oxazoline) shell A and poly(2-oxazoline) and poly(2-
oxazine)-based hydrophobic blocks B. Although the stability
study was different (e.g., higher drug loading and longer
monitoring time frame) than the present study, the long-term
stability of many of their micelle formulations was higher at
lower initial drug feed. Another study reported that the release
rate of hydrophobic drugs from hydrotropic polymeric micelles
based on N,N-diethylnicotinamide increased with higher drug
loading.41

As reported previously by Sheybanifard et al.,30 using DLS
and TEM analysis, and as confirmed by AF4 in this study
(Figure 3), mPEG-b-p(HPMA-Bz) micelles retained their
structural stability upon release of the payload from the
micelles. Also, it was demonstrated previously by Naksuriya et
al.6 that the hydrophobic core of mPEG-b-p(HPMA-Bz)
micelles significantly reduced the oxidative degradation of
curcumin, compared to solubilized curcumin in basic aqueous
medium. Protection from degradation is also apparent for
curcumin encapsulated in mPEG5kDa-b-p(HPMA-Bz) micelles.
Only a small additional peak with a retention time of around 5
min in the HPLC chromatograms at 254 nm was detected in
samples collected at later time points (SI Figure S6), which
may be ascribed to the formation of dioxygenated
bicyclopentadione (the main degradation product of curcu-
min) as demonstrated by Naksuriya et al.6 It is arguable that
oxidative modification and alkaline degradation of curcumin
mainly occurred after curcumin has dissociated from the
micelles, once it became deprotonated.
To mimic quasi-physiological conditions, the stability of

curcumin-loaded micelles was studied in human plasma using
the AF4 technique. To validate this method, samples consisting
of HSA (green line, Figure 2A), plasma spiked with curcumin/

DMSO (red lines, Figure 2A), and curcumin-loaded micelles
composed of mPEG-b-p(HPMA-Bz) with different molecular
weights of the hydrophobic block were fractionated and
analyzed by measuring absorbance at 280 nm (Figure 2A; to
detect both micelles and protein) and at 425 nm (Figure 2B;
to detect curcumin only). Figure 2A confirms that AF4 is a
suitable method to separate micelles of different sizes from
(lipo)proteins such as albumin, the most abundant plasma
protein. The first peak in the plasma sample is albumin, as
evidenced by overlaying the fractograms of HSA and plasma
(green and red lines, Figure 2A). Moreover, the fractogram of
curcumin-spiked plasma at 425 nm (red line, Figure 2B)
demonstrates that curcumin binds to and co-elutes with
albumin. The observation is in line with previous reports
showing that albumin has binding sites for curcumin.42,43

Curcumin-loaded micelles were mixed with plasma at a final
curcumin concentration of 0.3 mg/mL, which is in the sink
condition range (0.22−0.44 mg/mL) considering one to two
binding sites in albumin (molecular weight 66.5 kDa) at a
physiological concentration of around 40 mg/mL. Figure 3
(right panels) shows that the size and size distribution of
different micelles did not change up to 24 h incubation in
plasma. Also, UV absorbance at 280 nm corresponding to
plasma (lipo)proteins and micelles showed a negligible
reduction over time (left panels). On the other hand, the
absorbance specific for curcumin (425 nm, middle panels)
decreased in the micellar fraction, particularly during the first
hour. At the same time, curcumin gradually appeared in the
albumin fraction, indicating curcumin relocalization from
particle to protein.
The rate at which the curcumin area under the curve (AUC)

in the albumin fraction increased at the expense of the micellar
fraction is reported as percentage of release (Figure 4). At the
first measuring point, i.e., after the addition of curcumin-loaded
micelles to plasma and before incubation at 37 °C (taken as
time zero), 1.2−10.7% curcumin release was observed for the
largest to the smallest micelles, respectively. This may be
ascribed to curcumin release from the micelles within
approximately 10 min after addition to plasma until complete
separation by AF4. The release was slower for micelles
prepared from mPEG5kDa-b-p(HPMA-Bz)17.1kDa with the
longest hydrophobic block (22% in 24 h) versus mPEG5kDa-
b-p(HPMA-Bz)10.0kDa (34% release) and mPEG5kDa-b-p-
(HPMA-Bz)5.2kDa (49% release). It is remarked that the
decrease in AUC of curcumin in the micellar fraction over time
is not fully compensated by an increase in curcumins’ AUC in
the albumin fraction. Partial precipitation and interaction of
curcumin with the AF4 membrane may coincide with albumin
binding. Disposition of curcumin on the membrane was very
evident as the membrane turned yellow over time. In
correspondence with the stability data (Figure 1), the AF4
results confirm that curcumin has better retention in micelles
prepared from the mPEG5kDa-b-p(HPMA-Bz) with a higher
molecular weight of the hydrophobic block in the presence of
plasma. Correspondingly, Moquin et al.44 evaluated the
stability of AB3 miktoarm star micelles loaded with curcumin
in different media such as Dulbecco’s modified Eagle medium
(DMEM) enriched with FBS using AF4, and observed that
curcumin binds to serum proteins. However, the authors did
not clearly explain the role of albumin.

3.2. Detection of π−π Stacking in Curcumin-Loaded
Micelles. Previously, the presence of π−π stacking inter-
actions among aromatic rings in the core of empty micelles

Figure 2. AF4 fractograms of (red) curcumin-spiked plasma, (green)
human serum albumin, (blue) curcumin-loaded mPEG5kDa-b-p-
(HPMA-Bz)17.1kDa micelles, (orange) curcumin-loaded mPEG5kDa-b-
p(HPMA-Bz)10.0kDa micelles, and (pink) curcumin-loaded mPEG5kDa-
b-p(HPMA-Bz)5.2kDa micelles. Fractograms were recorded at 280 nm
(A) and 425 nm (B). The absorbance (Abs) at each wavelength was
normalized to maximum intensity.
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based on a thermosensitive polymer was demonstrated by one-
(1D) and two-dimensional (2D) solid-state 1H-NMR.32 In this
study, the changes in the solid-state 1H NMR spectrum of
mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles upon loading of
curcumin were investigated using a similar approach by
applying slow MAS in the order of 1 kHz to prevent micelles
destruction (Figure 5).
Figure 5a shows the spectrum of copolymer dissolved in

DMSO. In line with our previous study, upon formation of
micelles in D2O using nanoprecipitation as described in
Section 2.5, our solid-state 1H-NMR data showed that
aromatic peaks significantly broadened and shifted toward
higher field (from 7.4−7.9 to 5.5−5.7 ppm) as expected for
π−π interactions.45,46 In addition, weak and broad peaks
appeared at 8.25 and 9.31 ppm (Figure 5b,c). Figure 6
demonstrates that signals resonating at 5.5−5.7 ppm in the
spectrum of micelles correlate with signals at 100−120 ppm in
13C dimension. There are no other correlations at higher ppm
values except for a thus far unassigned 13C signal at ∼170 ppm.

In the spectra of curcumin-loaded micelles (Figure 5d,e), peaks
of the aromatic protons shifted further to high field. In
addition, the signal at 8.21 ppm either disappeared or further
broadened beyond detection and a new very low-field and
broad signal appeared at 12.30 ppm. The observed spectral
changes may indicate the presence of π−π stacking interactions
in the hydrophobic core of the micelles which further
strengthen upon addition of curcumin. However, to
unambiguously prove these interactions, additional 2D NMR
experiments, possibly at a higher magnetic field, will be needed.

3.3. Cellular Uptake of mPEG5kDa-b-p(HPMA-Bz)17.1kDa
Micelles In Vitro. In light of the stability data, further studies
focused solely on the mPEG5kDa-b-p(HPMA-Bz)17.1kDa for-
mulation. Cell association and internalization were studied by
flow cytometry and confocal imaging, respectively. Figure 7
demonstrates that the micelles were internalized by different
types of cancer cells. The internalization of the micelles
occurred in a time-dependent manner (Figure 7A,B). Confocal
microscopy revealed that free curcumin, empty micelles, and
curcumin-loaded micelles were intracellularly detected in
Neuro2A cells during a 4 h time span (Figure 7C). At a
log P of 2.5, free curcumin can permeate cell membranes
passively, which is in line with the chemical behavior of
compounds with a log P > 1.6.47 Quantification of curcumin by
flow cytometry showed different association kinetics for
curcumin in its free form and loaded in micelles. Free
curcumin was detected intracellularly within 1 h of incubation.
After 4 h incubation, the intracellular curcumin level remained
constant in Neuro2A and EGI-1 cells, suggesting equilibrium
between curcumin in the culture medium and the cytosol. In
TFK-1 and M-ChA-1 cells, curcumin fluorescence intensity
had decreased, possibly due to degradation. In line with this
study, Sun et al.48 reported similar rapid cell uptake of free
curcumin followed by a decline in curcumin fluorescence
intensity over time due to degradation of unprotected
curcumin. Figure 7B shows that the intracellular curcumin

Figure 3. AF4 fractograms of mPEG5kDa-b-p(HPMA-Bz) micelles with different molecular weights of the hydrophobic block loaded with 9% (w/w)
curcumin. (A) Curcumin-loaded mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles, (B) curcumin-loaded mPEG5kDa-b-p(HPMA-Bz)10.0kDa micelles, and
(C) curcumin-loaded mPEG5kDa-b-p(HPMA-Bz)5.2kDa micelles incubated in plasma at 37 °C. Fractograms were recorded at 280 nm (left panel),
425 nm (middle panel), and by the DLS detector (Z-average size and derived count rate (DCR), right panel). Absorbance was normalized to the
signal at time zero (the left and middle panels). Abbreviations: Abs, absorbance; KCPS, kilocounts per second.

Figure 4. Release of curcumin from mPEG5kDa-b-p(HPMA-Bz)
micelles in plasma at 37 °C. Release (%) was calculated as (area
under the curve of curcumin in albumin fraction at 425 nm)/(area
under the curve of curcumin in the micelle and albumin fractions at
425 nm) × 100%, based on the areas under the curve presented in
Figure 3. Curcumin-loaded mPEG5kDa-b-p(HPMA-Bz)17.1kDa,
mPEG5kDa-b-p(HPMA-Bz)10.0kDa, and mPEG5kDa-b-p(HPMA-
Bz)5.2kDa micelles are depicted as black, blue, and orange, respectively.
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fluorescence intensity was substantially lower (by 3- to 24-
fold) for curcumin-loaded micelles incubated at the same
curcumin concentration with the cells compared to the free
curcumin. This lower fluorescence from intracellular curcumin
is possibly attributable to either lower uptake of the micelles or
fluorescence quenching of micellar curcumin (SI Figure S8),
which suggests that the kinetics of curcumin uptake are
governed by micelle uptake. It should be noted that curcumin
is strongly solvatochromic, so differential interaction of
curcumin with its chemical environment should not be
discounted as a (partial) basis for the differences in
fluorescence intensity. Importantly, the intracellular fluores-
cence intensity increased with time upon incubation of the
cells with curcumin-loaded micelles, pointing to a relatively
slow internalization of the loaded micelles. Taken together, the
results demonstrate that the intracellular presence of curcumin
is at least partly related to the uptake of intact curcumin-loaded
micelles. However, some release of curcumin from the micelles
in the cell culture medium and/or in the cytosol cannot be
excluded.
3.4. In Vitro Cytotoxicity of Curcumin-Loaded

mPEG5kDa-b-p(HPMA-Bz)17.1kDa Micelles. Cytotoxicity of
empty and curcumin-loaded mPEG5kDa-b-p(HPMA-Bz)17.1kDa

micelles was evaluated in human neuroblastoma (Neuro2A)
cells and compared to the cytotoxicity of free curcumin. The
data are summarized in Figure 8.
Empty micelles did not notably affect Neuro2A cell viability

up to a polymer concentration of 800 μg/mL, which is in
agreement with previous studies.26,27 The cytotoxicity of free
curcumin and curcumin-loaded mPEG5kDa-b-p(HPMA-
Bz)17.1kDa micelles was dose- and time-dependent, whereby
the most profound cell death occurred during the first 48 h.
Curcumin interferes with several vital pathways and, almost
without exception, induces apoptosis in tumor cells3 that
includes Neuro2A cells. Sidhar et al.49 showed that curcumin
can induce reexpression of brain expressed X-linked (Bex)
genes and thereby activate p53 and cause apoptosis in
Neuro2A cells. Also, the induction of apoptosis in Neuro2A
cells via mitochondrial pathways was reported by Jana et al.50

The IC50 values decreased over time and plateaued around
20 μM after 48 and 72 h (Table 3), corresponding to similar
IC50 values reported in the literature for other cancer cell
lines.3 The higher IC50 value observed at 72 h incubation can
be explained by several phenomena. First, curcumin was shown
to exit the micellar complex (Figures 1 and 4), which also
seems to occur following particle internalization (Figure 7).

Figure 5. One-dimensional solid-state 1H NMR spectra obtained using different MAS rates compared to solution-state NMR data. (a) 1H NMR
spectrum of mPEG5kDa-b-p(HPMA-Bz)17.1kDa copolymer in solution using DMSO as the solvent. (b) Empty micelles dispersed in D2O (solution
state). (c) Empty micelles dispersed in D2O (MAS frequency: 1070 Hz). (d) Curcumin-loaded micelles dispersed in D2O (solution state). (e)
Curcumin-loaded micelles dispersed in D2O (MAS frequency 1110 Hz). Asterisks (*) indicate spinning side bands.

Figure 6. Spectral cutout of a 2D 1H-13C heteronuclear single quantum correlation (HSQC) spectrum of empty micelles dispersed in D2O (static
conditions).
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Figure 7. Time-based uptake of free curcumin, empty mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles, and curcumin-loaded mPEG5kDa-b-p(HPMA-
Bz)17.1kDa micelles. (A) Representative flow cytograms of cancer cells that had been exposed to free curcumin, curcumin-loaded micelles, and Cy5-
labeled micelles. Cells were incubated with nonsupplemented medium containing curcumin in free form or loaded in micelles at 20 μM or Cy5-
loaded micelles (0.3 mg/mL) for 1 or 4 h. (B) Fluorescence quantification of results from (A). The bars represent the mean ± SD fold-increase in
fluorescence intensity relative to nontreated samples (n = 3 per group). (C) Confocal imaging of uptake of free curcumin, 9% (w/w) curcumin-
loaded mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles, and Cy5-labeled mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles. Neuro2A cells seeded on glass
coverslips were incubated in medium supplemented with the indicated formulations for 0.5, 1, and 4 h and imaged by confocal microscopy. Note
the binding of the Cy5-labeled micelles to the surface of the coverslips despite five washing steps, visible as granular red staining in-between cells.
Nevertheless, this nonspecific binding does not mask the increasing uptake of micelles at later time points, discernible as dotted staining of cell
membranes. Galleries constitute representative images. Scale bar: 50 μm. Abbreviations: NT, not treated; DIC, differential interference contrast.
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Free curcumin in the intracellular milieu becomes deprotected
and may be degraded and/or metabolized to molecular entities
that are not cytotoxic,3 a process that culminates in a sublethal
intracellular curcumin concentration within 48 h. Second and
in parallel, the remaining viable cells recover and/or activate
cell survival pathways,51 which leads to cell proliferation and
higher total protein content at 72 h relative to 48 h, and hence
a higher IC50 value.
The cytotoxicity study was repeated in cell lines derived

from human cholangiocarcinoma (EGI-1, Sk-ChA-1, and TFK-
1) and gallbladder adenocarcinoma (Mz-ChA-1) to validate
the Neuro2A results. Mz-ChA-1 did not show cell death up to
a polymer concentration of 800 μg/mL, while TFK-1, EGI-1,
and Sk-ChA-1 exhibited a moderate decrease in relative
survival at the highest polymer concentration (SI Figure S7).
In line with the Neuro2A toxicity data, the IC50 values for free
and micellar curcumin in the biliary cancer cell lines decreased
and plateaued after 48 h (Table 3). The IC50 values of free
curcumin in Neuro2A, EGI-1, Sk-ChA-1, and TFK-1 after 48
and 72 h were comparable and gyrated around 20 μM.
Neuro2A and Mz-ChA-1 cells showed higher IC50 values

(84 and 48 μM, respectively) compared to the other cell lines,
particularly during the first 24 h of exposure (Table 3). This
might be due to the slower growth rate and thus slower
metabolic rate of Neuro2A and Mz-ChA-1 cells (doubling time
of 3−4 days)52 compared to the other cell lines (around 2
days).52,53 Metabolically hyperactive cancer cells are generally
more susceptible to pleiotropic agents such as curcumin
because these agents can attack multiple biochemical hubs that
culminate in metabolic catastrophe and corollary cell death.54

Generally, the IC50 values of free curcumin for these cell lines
are within the range (1−100 μM) of those reported for
different types of cancer cell lines in the literature, with a mean
± SD of 21 ± 17 μM.3 Among the cell lines, Neuro2A and Mz-
ChA-1 with the lowest growth rates showed the highest IC50
values for curcumin-loaded micelles (above 130 μM after 24 h
exposure), affirming this inverse metabolic rate-chemical
susceptibility relationship. It should be noted that the IC50

substantially decreased at longer exposure times, particularly
for Neuro2A cells, reaching around 24−33 μM (Table 3). In
support of these findings, relatively high resistance to both free
and curcumin-loaded γ-cyclodextrin liposomal nanoparticles
was also reported in a primary cell line established from an
untreated patient osteosarcoma biopsy. Chemotherapeutic
resistance was attributed to the very slow growth rate and
low uptake capacity of the cells with inherently low metabolic
activity.55

The higher IC50 value for curcumin-loaded mPEG5kDA-b-
p(HPMA-Bz) micelles versus free curcumin is echoed by
previous observations by Naksuriya et al.,27 and is likely due to
the slow release of curcumin from the micelles either in the
medium or intracellularly after internalization of the micelles
(Figures 7 and 8).

3.5. Pharmacokinetics and Biodistribution of Curcu-
min-Loaded mPEG5kDa-b-p(HPMA-Bz)17.1kDa Micelles. To
detect any possible acute toxicity, mice received an escalating
polymer dose of the empty mPEG5kDa-b-p(HPMA-Bz)17.1kDa
micelles. The mice did not exhibit signs of discomfort, changes
in blood cell count, or weight loss 24 h after intravenous
administration (SI Figures S11 and S12) for any of the tested

Figure 8. Cytotoxicity of free curcumin, curcumin-loaded mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles, and empty mPEG5kDa-b-p(HPMA-Bz)17.1kDa
micelles in Neuro2A cells incubated for 24, 48, and 72 h. Cell viability was measured with the SRB total protein assay. Data were normalized to the
average value of the control (untreated) cells at the respective incubation time. The highest curcumin concentration in mPEG5kDa-b-p(HPMA-
Bz)17.1kDa micelles (200 μM) corresponds to a polymer concentration of 800 μg/mL. Data were fitted using a nonlinear regression model (curve fit)
based on a sigmoidal inhibitor versus normalized response curve (variable slope) and are presented as mean ± SD (n = 4 per incubation time).

Table 3. IC50 Values (μM) of Free Curcumin and Curcumin-Loaded mPEG5kDa‑b-p(HPMA-Bz)17.1kDa Micelles in Neuro2A,
EGI-1, Mz-CHA-1, Sk-ChA-1, and TFK-1 Cells at Different Curcumin Exposure Timesa,b,c

free curcumin curcumin-loaded micelles

24 h 48 h 72 h 24 h 48 h 72 h

Neuro2A 83.8 ± 13.5 15.6 ± 0.8* 23.3 ± 1.2 138.7 ± 9.0 24.3 ± 1.8** 33.9 ± 1.2
EGI-1 21.7 ± 0.5 18.2 ± 0.3 19.1 ± 0.3 38.4 ± 4.4 20.6 ± 0.5 21.8 ± 0.5
Mz-ChA-1 47.6 ± 1.6 38.4 ± 1.4 37.8 ± 1.1 132.8 ± 6.2 80.1 ± 2.6 69.2 ± 2.6**
Sk-ChA-1 33.9 ± 1.3 21.5 ± 0.4 21.3 ± 0.4 46.3 ± 1.6 36.3 ± 1.1 33.4 ± 1.1*
TFK-1 27.7 ± 0.9 20.1 ± 0.9 17.5 ± 0.5 76.7 ± 4.8 36.9 ± 1.7 30.8 ± 0.7**

aData are presented as mean ± SD (free curcumin (n = 3), free curcumin in Neuro2A (n = 4), and curcumin-loaded micelles (n = 4) per time
point). bStatistical analysis versus 24 h incubation; *P value ≤ 0.05 and **P value ≤ 0.01 (Kruskal−Wallis test with Dunn’s post-hoc correction).
cStatistical analysis between 48 and 72 h incubation time was not significant (Kruskal−Wallis test with Dunn’s post-hoc correction).
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doses (100, 300, 500 mg/kg). Also, the cytocompatibility of
the micelles was confirmed in vitro in noncancer cells such as
fibroblasts (up to 800 μg/mL) and HUVECs even at polymer
concentrations up to 3 mg/mL (Figures S9 and S10).
Therefore, the in vitro and in vivo results suggest that the
micelles have good cytocompatibility and do not induce short-
term toxicity.
Next, the circulation kinetics and biodistribution of Cy7-

labeled micelles loaded with 9% curcumin were studied in
BALB/c mice at a polymer dose of 500 mg/kg, which is
equivalent to 50 mg/kg of curcumin. Figure 9 depicts

curcumin and Cy7-labeled micelle concentration in plasma at
different time points after intravenous injection. More than
50% of the injected dose of micelles was still in the circulation
after 24 h, underscoring the in vivo stability of the micelles.
This is in agreement with the in vitro stability results obtained
by AF4 (Figure 3) and previous studies on mPEG-b-p(HPMA-
Bz) micelles by Varela-Moreira et al. and Shi et al.26,56

However, 90% of the loaded curcumin was rapidly eliminated
during the first hour. Accordingly, AF4 experiments demon-
strated that curcumin-loaded micelles incubated in plasma at
37 °C were stable in terms of size and polydispersity for at least
24 h, but that a significant decrease in curcumin content in the
micellar fraction occurred within 1 h (Figure 3). The release of
curcumin from the micelles during the first hour after injection
was substantially faster than the release rate anticipated by the
stability studies in plasma. After intravenous administration,
curcumin-loaded micelles are in contact with (lipo)proteins

and different blood cells. It has been demonstrated by Bolger
et al.57 that curcumin distributes across blood cells and is even
metabolized, particularly in erythrocytes, which can explain the
observed discrepancy between the AF4 and PK data of the
curcumin-loaded micelles.
Noncompartmental and two-compartmental analyses were

employed to determine the PK parameters of the micelles and
curcumin, respectively (Table 4). The PK profile of curcumin
in plasma demonstrated that the initial (t1/2α) and terminal
elimination phase (t1/2β) were 6.7 min and 2.5 h, respectively.
The α and β phases are primarily attributed to the drug
distribution from the central compartment (circulation) and
elimination by metabolism and excretion, respectively.58 Based
on the curcumin plasma concentration (ID%; Figure 9) and
PK (Table 4), the crucial part of the circulation kinetics of
curcumin encompasses the first 4 h, where most of the
curcumin was eliminated from the circulation and during
which time the initial half-life is defined. In contrast,
mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles exhibited a pro-
longed circulation time with a t1/2 of 42 h (Table 4). These
results are comparable to the circulation kinetics of intra-
venously administered PEGylated liposomes.59

The results were compared to the pharmacokinetics of free
curcumin (compartmental and noncompartmental analysis)
reported in the literature. A t1/2α of 0.023 ± 0.001 h (average
value ± standard deviation of three independent studies) has
been reported for free curcumin in healthy mice,18,60,61 which
is around 5 times shorter than the t1/2α of curcumin after
administration of the curcumin-loaded mPEG-b-p(HPMA-Bz)
micelles (Table 4). In addition, the AUC values reported in the
literature were normalized to the injected dose (AUC/mg/kg),
which ranged between 0.036 and 4.08 (μg·h/mL)/(mg/kg) for
free curcumin in the mice and had a mean ± SEM AUC of 1.1
± 0.5 μg·h/mL based on nine studies, indicating a broad range
in reported AUC values.16,18,20,60−65 Among these studies, Gao
et al. reported an AUC value of 60.3 μg·h/mL for free
curcumin at a similar curcumin administration dose (50 mg/
kg) in mice using noncompartmental analysis.63 The
normalized AUCs of curcumin nanoformulations in two
studies were 6.0 and 5.9 (μg·h/mL)/(mg/kg) compared to
normalized AUCs of 1.2 for free curcumin (μg·h/mL)/(mg/
kg) in both studies, respectively.16,63 These nanoformulations
increased the AUC by a factor 5. In this study, the normalized
AUC of curcumin-loaded mPEG-b-p(HPMA-Bz) micelles was
6.4 (μg·h/mL)/(mg/kg). Therefore, it can be concluded that
curcumin-loaded mPEG-b-p(HPMA-Bz) micelles improved
the circulation kinetics of curcumin to the same extent as
other nanoformulations.
The PK values of the particles were not reported in relevant

publications.16,18,20,60−65 It is therefore not possible to relate

Figure 9. Circulation kinetics of 9% (w/w) curcumin-loaded Cy7-
labeled mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles (500 mg/kg, equiv-
alent to 50 mg curcumin/kg) in BALB/c mice. Plasma samples
collected at different time points were used to quantify the percentage
of the initial dose (ID%) present in the systemic circulation. Data are
presented as mean ± SD (n = 3 per time point). Symbols:
experimental data of Cy7-labeled polymeric micelles (red squares)
and curcumin (blue dots); red and blue lines: fitted curves of
compartmental analysis of plasma concentrations.

Table 4. Pharmacokinetic Parameters of mPEG5kDa-b-p(HPMA-Bz)17.1kDa Micelles and Curcumin after Intravenous
Administration of 9% (w/w) Curcumin-Loaded Micelles Containing 1.5% (w/w) Cy7-Labeled Polymer, Analyzed by
Noncompartmental and Two-Compartmental Models, Respectivelya,b

t1/2 (h)

component α-phase β-phase t1/2 (h) AUC0−∞ (μg·h/mL) V1 (mL/kg) V2 (mL/kg) V (mL/kg) CL (mL/h/kg)

curcumin 0.11 2.5 319 86 344 157
micelles 42 6713 70 1.2

aThe formulation was injected at 50 mg curcumin/kg body weight, corresponding to 7.8 mg/kg Cy7-labeled polymer. bt1/2, half-life (initial half-life
t1/2α and terminal half-life t1/2β); V, volume of distribution; CL, clearance; AUC0−∞, extrapolated area under the curve (AUC) from time zero to
infinity.
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the curcumin retention with the circulation time of the
particles. However, since the curcumin concentration declined
rapidly in the circulation and the AUC ratio of nanoformulated
curcumin to free curcumin is around 5,16,63 these nano-
formulations (including mPEG-b-p(HPMA-Bz) micelles) thus
mainly acted as an efficient solubilizer. Similar to the mPEG-b-
p(HPMA-Bz) micelles of the present study, Gong et al.20

utilized an intermolecular π−π stacking strategy using mPEG-
PCL-Phe(Boc)-based micelles to improve the PK of curcumin.
These micelles prolonged the circulation kinetics of curcumin
compared to both mPEG-PCL micelles and the free form by
∼3-fold. The normalized AUC for the mPEG-PCL-based
curcumin formulation was 0.23 (μg·h/mL)/(mg/kg), which is
lower than the AUC reported for mPEG-b-p(HPMA-Bz)
micelles (6.4 (μg·h/mL)/(mg/kg)). Accordingly, mPEG-b-
p(HPMA-Bz) micelles can result in higher curcumin exposure
per injected dose. The difference might be ascribed to the
number of aromatic rings in the polymers since only the end of
the mPEG-PCL polymers was modified.
The volume of distribution of mPEG-b-p(HPMA-Bz)

micelles was 70 mL/kg (Table 4), indicating that the micelles

were retained in the circulation considering that an average
mouse has a blood volume of 85−96 mL/kg66 or blood
volume of around 1.5−2.5 mL (6−8% of the body weight).67

In contrast, the larger volume of distribution (334 mL/kg) for
curcumin shows that it leaves the vascular space extensively.68

Figures 10A and 11 show that 20 and 30% of the injected
dose of Cy7-labeled micelles accumulated in organs that
extensively harbor cells of the mononuclear phagocyte system
(MPS), namely, the liver and spleen, respectively, 24 h post-
administration. Approximately 5% of Cy7-labeled polymer was
detected in the kidneys, suggesting disintegration of micelles
into polymer unimers that have a molecular size below the size
threshold for glomerular filtration.69 The accumulation of Cy7-
labeled mPEG-b-p(HPMA-Bz) polymers in the liver, spleen,
and kidneys increased over time due to clearance by the MPS
and liberation of unimers from the micelles. It is important to
note that part of the polymeric micelle disposition in
hypervascularized tissue (e.g., liver, lungs, and kidneys) can
be ascribed to the micelles that are still in the blood circulation
since these micelles had a long circulation time (Table 4).

Figure 10. Accumulation of curcumin-loaded Cy7-labeled mPEG5kDa‑b-p(HPMA-Bz)17.1kDa micelles in tissues of BALB/c mice at 4 and 24 h after
intravenous injection. (A) Percentage of injected dose (ID%)/g tissue of Cy7-labeled polymer and (B) ID%/g tissue of curcumin. Data represent
mean ± SD (n = 3 per time interval).

Figure 11. Ex vivo fluorescence reflectance imaging (FRI) analysis of the accumulation of the Cy7-labeled mPEG5kDa-b-p(HPMA-Bz)17.1kDa micelles
in organs 24 h after intravenous administration. Images were obtained at λex = 785 nm with λem = 820 nm (n = 3), i.e., at wavelengths at which there
is no tissue autofluorescence (data not shown). The extent of Cy7-labeled micelle accumulation is plotted per gram of tissue (A) and per organ (B).
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Figure 10B shows that curcumin accumulated in the spleen,
liver, and lungs (i.e., MPS-enriched tissues) after 4 h
circulation. The curcumin concentration amounted to 0.2−3
μg/g tissue in the different organs at 4 and 24 h post-
administration (SI Figure S13). In line with other curcumin
biodistribution studies, curcumin cleared from the tissues over
time (Figure 10B).16,18,70 The difference between curcumin
and micelles biodistribution patterns may be attributable to
their dissociation and different circulation kinetics. Unlike the
stable micelles, curcumin cleared faster from plasma.
3.6. Therapeutic Efficacy of Curcumin-Loaded

mPEG5kDa-b-p(HPMA-Bz)17.1kDa Micelles. The potential
therapeutic benefit of the curcumin-loaded mPEG5kDa-b-
p(HPMA-Bz)17.1kDa micelles was evaluated in Neuro2A
tumor-bearing mice. A syngeneic tumor model was selected
to avoid xenograft models without a fully functional immune
system. Varela-Moreira et al.56 demonstrated that compromis-
ing the status of the immune system can significantly change
the circulation kinetics of mPEG-b-p(HPMA-Bz) micelles.
Also, Neuro2A (neuroblastoma) tumors are reasonably
vascularized and can present therapeutic advantages in the
form of an EPR effect.71,72

Nine days after inoculation, the mice received 10
consecutive daily injections of curcumin-loaded micelles.
Tumor volume and body weight were monitored over time.
The group that received curcumin-loaded micelles did not
show tumor growth suppression or growth delay compared to
the control groups receiving empty micelles and HBS (SI
Figure S14). Since the size of tumors on the day of starting the
treatment was relatively large (526 ± 180 mm3), it was
hypothesized that the curcumin dosage was insufficient to exert
a therapeutic response, as a result of which the mice reached
humane end points. Therefore, in a follow-up experiment,
treatment was started at a time when the tumors were palpable
(7 days after the inoculation of the tumor cells). Although the
overall number of mice that developed tumors was lower (6
out of 27 mice) due to the inoculation with fewer tumor cells,
no anticancer effect was observed under otherwise similar
therapeutic conditions (SI Figure S15). Contrary to curcumin-
loaded nanosized delivery systems that exhibited antitumor
effects in different human tumor murine models, the curcumin-
loaded mPEG5kDa-b-p(HPMA-Bz) micelles did not impart
tumor inhibition despite similar PK profiles as other tested
nanoformulations. The absence of therapeutic efficacy may
stem from the possibility that curcumin is extracted too rapidly
from the micelles and degraded and/or cleared from the
circulation before ample accumulation could have occurred in
the tumor to instill notable tumoricidal effects. Another
confounding variable may be the relatively low sensitivity of
the Neuro2A cells to curcumin-loaded micelles, as was shown
in vitro (Table 3), which translates to higher curcumin levels
needing to be achieved in the Neuro2A tumors than in other
types of subcutaneous tumor xenografts for a therapeutic effect.
Taken together, mPEG-b-p(HPMA-Bz) micelles are ex-

cellent solubilizers for curcumin with a PK profile that is
comparable to other curcumin nanoformulations. To date, the
majority of the developed curcumin nanoformulations acts as
solubilizers since they only improved the AUC by a factor of
1.3- to 5-fold compared to curcumin in its free form, as pointed
out in the introduction. It should be emphasized that this
increase was sufficient to confer antitumor activity in non-
Neuro2A tumor-bearing mouse models,16,20,62,63,70 similar to
the well-known paclitaxel nanomedicines Genexol and

Abraxane. These formulations hardly improve the PK of
loaded paclitaxel but do have valuable therapeutic bene-
fits.73−76 It is therefore possible that curcumin-loaded mPEG-
b-p(HPMA-Bz) micelles are effective in other human tumor
models that were proven susceptible to curcumin and other
nanomedicines.

4. CONCLUSIONS
Curcumin-loaded mPEG5KDa-b-p(HPMA-Bz) micelles with
different block copolymer sizes were prepared, characterized,
and subjected to stability analysis. The micelles were stable in
plasma, but curcumin was rapidly transferred from the
polymeric micelles to albumin. The polymeric micelles with
the highest-molecular-weight hydrophobic block were found to
be the most stable formulation, exhibiting comparable
pharmacokinetics in mice as other curcumin nanoformulations
reported in the literature. Nevertheless, the curcumin-loaded
micelles did not stall tumor growth or reduce tumor size in a
murine human neuroblastoma model, despite exhibiting in
vitro cytotoxicity. It might be possible to achieve therapeutic
efficacy in this tumor model using combination therapy with
other chemotherapeutic agents.77,78 In the final analysis,
curcumin-loaded mPEG5KDa-b-p(HPMA-Bz)17.1kDa micelles
can either be repurposed to target more amenable cancers
such as hematological malignancies or cancers of the lymphatic
and immune system3 or injected directly into the tumor for
local uptake and gradual release of the chemotherapeutic.
Alternatively, the formulation can be subjected to more
research focused on developing more stable curcumin-loaded
micelles.
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