European Journal of Pharmaceutics and Biopharmaceutics 108 (2016) 54–67

Contents lists available at ScienceDirect

European Journal of Pharmaceutics and Biopharmaceutics
journal homepage: www.elsevier.com/locate/ejpb

Research paper

Nanomedicine based curcumin and doxorubicin combination treatment
of glioblastoma with scFv-targeted micelles: In vitro evaluation on 2D
and 3D tumor models
Can Sarisozen a, Shekhar Dhokai a, Edcar G. Tsikudo a, Ed Luther b, Ilya M. Rachman c,
Vladimir P. Torchilin a,d,⇑
a

Center for Pharmaceutical Biotechnology and Nanomedicine, Northeastern University, Boston, MA 02115, USA
Department of Pharmaceutical Sciences, Northeastern University, Boston, MA 02115, USA
c
Immix Biopharma Inc, Los Angeles, CA, USA
d
Department of Biochemistry, Faculty of Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia
b

a r t i c l e

i n f o

Article history:
Received 19 April 2016
Revised 9 August 2016
Accepted in revised form 21 August 2016
Available online 26 August 2016
Keywords:
NF-jB
PI3K/Akt
Curcumin
GLUT-1
scFv
Drug resistance
Micelles
Co-delivery
Cancer cell spheroids

a b s t r a c t
NF-jB is strongly associated with poor prognosis of different cancer types and an important factor
responsible for the malignant phenotype of glioblastoma. Overcoming chemotherapy-induced resistance
caused by activation of PI3K/Akt and NF-jB pathways is crucial for successful glioblastoma therapy. We
developed an all-in-one nanomedicine formulation for co-delivery of a chemotherapeutic agent
(topoisomerase II inhibitor, doxorubicin) and a multidrug resistance modulator (NF-jB inhibitor,
curcumin) for treatment of glioblastoma due to their synergism. Both agents were incorporated into
PEG-PE-based polymeric micelles. The glucose transporter-1 (GLUT1) is overexpressed in many tumors
including glioblastoma. The micellar system was decorated with GLUT1 antibody single chain fragment
variable (scFv) as the ligand to promote blood brain barrier transport and glioblastoma targeting. The
combination treatment was synergistic (combination index, CI of 0.73) against U87MG glioblastoma cells.
This synergism was improved by micellar encapsulation (CI: 0.63) and further so with GLUT1 targeting
(CI: 0.46). Compared to non-targeted micelles, GLUT1 scFv surface modification increased the association
of micelles (>20%, P < 0.01) and the nuclear localization of doxorubicin (3-fold) in U87MG cells, which
also translated into enhanced cytotoxicity. The increased caspase 3/7 activation by targeted micelles
indicates successful apoptosis enhancement by combinatory treatment. Moreover, GLUT1 targeted
micelles resulted in deeper penetration into the 3D spheroid model. The increased efficacy of
combination nanoformulations on the spheroids compared to a single agent loaded, or to non-targeted
formulations, reinforces the rationale for selection of this combination and successful utilization of
GLUT1 scFv as a targeting agent for glioblastoma treatment.
Ó 2016 Elsevier B.V. All rights reserved.

1. Introduction
Although the developments in chemo- and targeted therapies
during the last decade have brought significant advances, cancer
is still one of the leading causes of death worldwide. Glioblastoma
is the most common and aggressive type of brain tumor in adults
and is also associated with poor prognosis. The 5-year survival rate
of patients diagnosed with glioblastoma is less than 10% [1,2].
Surgery, if possible, followed by chemotherapy fails to prevent
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relapse of the disease in almost all patients [3]. Therefore, finding
an effective chemotherapy option for glioblastoma is imperative.
However, effective treatment of advanced forms of cancer, including the glioblastoma is mostly hindered due to development of
multidrug resistance (MDR). The ability of developing mutations
and altering cell survival related pathways has been the focus of
more recent research in cancer therapy. One of these altered factors that regulate cancer cell response to variety of inducers is
the nuclear factor-jB (NF-jB), which controls the expression of
numerous gene products involved in differentiation, inflammation
and apoptosis [4]. Some of the genes, also known as the inhibitors
of apoptosis proteins (IAP) regulated by NF-jB include Bcl2, survivin and COX2 [5]. There is strong correlation of NF-jB activation
and malignant phenotype that causes negative prognosis not only
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in glioblastoma but also in many different types of tumors [6,7].
Tumor cells often use NF-jB pathway to achieve resistance to
chemotherapy. Another important pathway responsible for the
required resistance is PI3K/Akt. Akt is a serine kinase that plays
various important roles in the cancer cell survival, proliferation
and growth, and activation of this pathway induces different cell
survival mechanisms [8]. PI3K/Akt pathway upregulation also
causes caspase-9 induced apoptosis suppression and NF-jB overexpression in cancer cells [9]. Due to their roles in the MDR and
increased anti-apoptotic response development, it is only logical
that their individual and more preferably dual inhibition can
enhance the cancer cell death [10].
Doxorubicin (DOX) is a very effective anthracycline anticancer
drug that induces the caspase-dependent apoptosis in cancer cells
by inducing oxidative DNA damage as well as inhibiting the topoisomerase II [11,12]. However, it is also associated with severe side
effects, including cardiotoxicity. To avoid DOX toxicity in the
healthy tissues, numerous nanoformulations of DOX have been
developed. DoxilTM is the long circulating liposomal formulation
of DOX, that has been approved by the FDA as the first nanotechnology based drug carrier [13]. However, like many conventional
chemotherapeutics, tumor therapy with DOX causes DNA
damage-induced NF-jB activation that leads to development of
MDR phenotype [14–16].
Curcumin (CUR), a polyphenol derived from turmeric, has
shown to inhibit various resistance-related pathways in cancer
cells [17]. It strongly downregulates NF-jB in many cancer types
mainly by PI3K/Akt pathway and also exhibits antimetastatic,
antiproliferative and proapoptotic properties by itself [18–20]. In
many tumors CUR also inhibits MDR1 gene product Pgp through
NF-jB pathway downregulation as well as direct interaction and
increases the intracellular drug levels [21,22]. More strikingly, it
has been shown that PI3K/Akt downregulation and NF-jB suppression by curcumin are also independent from each other [23]. While
the summarized data indicate CUR as a very potent MDR reversal
agent, its poor physicochemical properties, i.e. light- and heatsensitivities and very low water solubility, limit its clinical use in
oncology. To overcome these limitations, CUR is formulated in
many nanotechnology based drug carriers such as polymeric
nanoparticles [24], liposomes [25], nanoemulsions [26], solid lipid
nanoparticles [27] and micelles [28].
Current clinical practice for treating cancer is to administer
chemotherapeutics with different mechanisms of action, usually
sequentially, to overcome the development of resistance. Administering CUR and DOX together could increase the efficacy of DOX
due to effects of CUR that described earlier, and eventually allow
us to lower the DOX dose thus reducing its side effects. At the same
time CUR can help to prevent resistance development due to DOX
exposure, or reverse the acquired resistance in the cells and resensitize the cells to DOX treatment. Combining water insoluble
drugs, such as CUR and DOX, in a nanoformulation such as micelles
will increase their solubility and improve their pharmacokinetics
significantly [29,30]. In addition to nanoencapsulation, utilizing a
targeting moiety on the surface of their carrier can also increase
their selective uptake by cancer cells. Our laboratory recently used
a mAb against GLUT-1 as tumor targeting ligand for PEG-PE-based
polymeric micelles [31]. GLUT-1 is one of the 14 GLUT proteins
that regulate the uptake of glucose into the cells [32]. Although
GLUT receptors present on the membranes of all cell types,
GLUT-1 is significantly overexpressed in many cancer cells [33]
due to their requirement of continuous glucose supply, thus
significantly contributes to Warburg effect [34]. GLUT-1 is
distributed on the blood brain barrier (BBB) plasma membrane
and also significantly overexpressed in glioblastoma [35,36]. This
makes GLUT-1 a rational target for anticancer drug delivery to
glioblastoma cells.
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With these in mind, we have investigated the efficacy of CUR
and DOX co-delivery to glioblastoma cells using polymeric micelles
decorated with a single chain fragment variable (scFv) against
GLUT-1. Monoclonal antibodies in scFv format are preferable to
whole IgG type antibodies to their smaller size, high stability and
less possibility of developing immune response. Following
characterization of the nanoformulations, their targeting ability,
cytotoxicity and apoptosis enhancing properties were investigated
on 2D U87MG glioblastoma cell monolayers. We have also
developed a 3D tumor mass mimicking spheroid model of
U87MG cells and investigated the effect of GLUT-1 scFv targeting
on penetration of drug carriers and their cargo into the 3D
multicellular structures. Finally we have proven the advantages
of micellar combination treatment of CUR and DOX as well as
GLUT-1 scFv targeting by evaluating the cytotoxicity of
nanoformulations on spheroids.

2. Materials and methods
2.1. Materials
Biotinylated GLUT-1 peptide and anti-GLUT-1 single chain variable fragment (GLUT-1 scFv, AXM3035) against recombinant
GLUT-1 peptide were generated by Axiomx Inc. (CT, USA).
Nitrophenylcarbonyl-PEG3400-nitrophenylcarbonyl
(pNP-PEGpNP) was from Laysan Bio (Arab, AL). 1,2-dioleoyl-sn-glycero-3phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycerol-3–phos
phoethanolamine-N-[methoxy(polyethylene glycol) 2000] (PEGPE) and 1,2-palmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissa
mine rhodamine B sulfonyl) (Rhodamine-PE) were purchased from
Avanti Polar Lipids (Alabaster, AL). Dragendorff’s reagent, Molybdenum blue, triethylamine (TEA), Sepharose CL-4B, Monoclonal
ANTI-FLAGÒ M2-Peroxidase (HRP) were from Sigma-Aldrich (St.
Louis, MO). NeutrAvidin and 1-StepTM Turbo-TMB ELISA were
purchased from Thermo Scientific (Rockford, IL). Streptomycin
(25 lg/ml)/Penicillin (10,000 U/ml) solution, DMEM media and
Trypsin/EDTA were purchased from Corning/Mediatech (Manassas,
VA). Fetal bovine serum (FBS) was purchased from Atlanta
Biologicals (Flowery Branch, GA). AccumaxÒ was purchased from
Innovative Cell Technologies, Inc. (San Diego, CA). U87MG
(HTB-14) human glioblastoma cells were purchased from
ATCC (Manassas, VA) and grown in DMEM. High gelling
temperature agar was from Fisher Scientific (Fair Lawn, NJ). All
media were supplemented with 10% (v/v) FBS and 1% (v/v)
streptomycin/penicillin, unless otherwise indicated. Cells were all
grown at 37 °C with 5% CO2. CellTiter-BlueÒ and CellTIter-GloÒ Cell
Viability Assays were purchased from Promega Corporation
(Fitchburg, WI).

2.2. Spheroid preparation and culture
Multicellular 3D cancer cell spheroids of U87MG were prepared
by liquid overlay method as described previously [37,38]. Briefly,
50 ll sterile agar solution (1.5% w/v in serum free media) was
added into each well of 96-well flat-bottom plates. The plates were
then allowed to cool down under UV for 45 min prior to use. 10,000
U87MG cells were seeded in serum-complete DMEM in each well
and the plates were centrifuged for 15 min at 1500 rcf at room
temperature (RT). Spheroid formation was followed daily using
Nikon Eclipse E400 microscope (Nikon Inc., Melville, NY) with
the Spot InsightTM camera and Spot AdvancedTM software (Spot
Imaging, Sterling Heights, MI). When the spheroids are formed
and dense (after 5 days), they were treated with the formulations
for various purposes.
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pNP-PEG3400-DOPE (pNP-PEG-PE) was synthesized and
purified by previously established method [39]. 44 lmol DOPE
was dissolved in chloroform and reacted with 213 lmol
pNP-PEG3400-pNP in the presence of 143 lmol TEA. The mixture
was incubated overnight at RT with constant stirring under
nitrogen. The completion of reaction was monitored and confirmed
by thin layer chromatography (TLC) using chloroform:methanol
mixture at 80:20 volumetric ratio. Dragendorff’s reagent was used
to visualize the PEG while the molybdenum blue was used for PE.
The solvent was evaporated using a rotary evaporator followed by
freeze-drying. The crude product was dissolved in 0.001 M HCl (pH
3.0) and 200 mg product containing solution was loaded into a
Sepharose CL-4B column. The separation was performed by elution
with 0.001 M HCl and the fractions were analyzed by TLC. Only
those fractions containing the pure product were pooled together
and freeze-dried. Final product was dissolved in chloroform and
stored in a -80 °C freezer under nitrogen until further use.

component pNP-PEG-PE in chloroform was placed in a roundbottom flask and organic solvent was removed by rotary evaporation followed by overnight drying under high vacuum to form a
thin film. The dried film was hydrated with 5 mM citratebuffered saline, pH 5.0 to form the micelles and prevent early
hydrolysis of pNP groups from the distal ends of PEG chains. The
GLUT-1 scFv solution in PBS pH 7.4 was added to the micelles at
a mol ratio of pNP-PEG-PE:GLUT-1 scFv 40:1. The pH was then
adjusted to pH 8.2 by adding 1.0 N NaOH. The reaction was continued overnight at 4 °C with moderate stirring to allow sufficient
conjugation of the scFv and complete hydrolysis of un-reacted
pNP groups. GLUT-1 scFv micelles were then dialyzed against
PBS pH 7.4 using a MWCO 100,000 Da dialysis bags. The amount
of scFv after the conjugation was determined by bicinchoninic acid
(micro BCA) assay kit (Thermo Scientific, Rockford, IL) using the
known concentrations of scFv. Targeted micelles were prepared
by mixing and co-incubating the GLUT-1 scFv micelles with drug
loaded PEG-PE micelles at the final GLUT-1 scFv mol ratio at
0.05% for 4 h at RT.

2.4. Micelle preparation

2.6. Characterization of micelles

DOX and/or CUR drug-loaded micelles were prepared using the
thin-film hydration method. First DOX HCl was reacted with 5-fold
molar excess of TEA in methanol overnight with constant stirring
at RT. DOX free-base (0.5 mg/ml in methanol) and/or CUR
(1 mg/ml in 0.1% acetic acid-methanol solution) were added to
PEG-PE (100 mg/ml) solution in chloroform. The organic solvents
were removed by the rotary evaporation and a thin film of
drug/polymer mixture was formed in a round bottom flask. This
film was further dried under high vacuum in freeze-dryer to
remove the solvent residues. Drug-loaded micelles were formed
by hydrating the film in phosphate buffered saline (PBS) pH 7.2.
Final micelle material concentration in all formulations was
adjusted to 5 mM. The micelle formulations were then dialyzed
1 h against PBS pH 7.2 using dialysis membrane with 50,000 Da
MWCO to remove excess of TEA and non-encapsulated free DOX.
Excess non-incorporated free drugs were further separated by
filtration through 0.2 lm nylon syringe filter.

2.6.1. Size
The hydrodynamic diameters of the micelles were measured by
the dynamic light scattering using a Malvern Zetasizer Nano ZS90
(Malvern Instruments, UK). The micelles were diluted in ultrapure
water following preparation and particle size distribution of all
samples was measured in triplicate at 90° scattering angle.

2.3. Synthesis of pNP-PEG3400-DOPE

2.5. Preparation of scFv-targeted micelles
To obtain the targeted micelles, GLUT-1 scFv was reacted with
pNP-PEG-PE micelles (Fig. 1) as the first step. Briefly, the reactive

2.6.2. ELISA
To verify the GLUT-1 scFv activity after conjugation and micelle
preparation steps, an ELISA method was used. Briefly, the 96-well
flat-bottom MaxisorpÒ plates (Nunc, Roskilde, Denmark) were
coated with 100 ll NeutrAvidin at a concentration of 10 lg/ml
and incubated overnight at 4 °C. The NeutrAvidin was washed with
PBS with 0.1% Tween 20 (PBST) and each well was blocked with
250 ll of PBS containing 3% bovine serum albumin (BSA) as the
blocking buffer for 1 h at RT to prevent non-specific binding. Then,
each well was coated with biotinylated GLUT-1 peptide at 10 lg/
ml concentration in blocking buffer for 1 h at RT. After washing
the antigen coated wells with 250 ll PBST 3 times, 100 ll of serial
dilutions of GLUT-1 scFv or final targeted-micelle formulations in
blocking buffer was added into the wells and plate was incubated
1 h at RT. Following the incubation, the wells were washed with

Fig. 1. Reaction scheme for the conjugation of amino group containing GLUT-1 scFv to pNP group on pNP-PEG-PE.
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PBST 3-times and incubated with HRP-conjugated monoclonal
ANTI-FLAGÒ M2 secondary antibody in blocking buffer at 1:5000
dilution for 1 h at RT. Subsequently, the wells were washed thoroughly with PBST and 100 ll Ultra TMB substrate solution (Thermo
Scientific, Rockford, IL) was added into each well. The developing
reaction was stopped by addition of 2 M H2SO4 in each well. The
intensity of the yellow color was measured using an ELISA reader
(BioTek, Model EL800, Winooski, VT) at 450 nm and plotted against
the scFv concentration.

2.6.3. Drug solubilization efficiency of the micelles
Drug incorporation efficiency into the micelles was investigated
by reverse-phase HPLC method. A CortecsTM C18 column
(4.6  150 mm, 2.7 lm) equipped with CortecsTM HILIC VanGuardTM
pre-column was eluted with 60:40 (v/v) acetonitrile:water
(0.2% v/v trifluoroacetic acid) as the mobile phase at 1 ml/min flow
rate on a Hitachi Elite LaChrome HPLC system. CUR was quantified
at 426 nm wavelength. DOX signal was detected at 485 nm using
DAD for high concentration range, while a fluorescent detector at
445/555 Ex/Em was used for low concentration range quantification. The quantification method was validated by the specificity,
linearity, precision (repeatability and reproducibility) and accuracy
parameters. The method was developed to simultaneously quantify CUR and DOX in the same sample. Sample injection volume
was 30 ll and the run time was kept at 3.2 min. Drug loaded
micelles were diluted in mobile phase prior to analysis to disturb
the micelle structure and release the incorporated drugs. All samples were analyzed in triplicate.

2.7. Micelle to cell interaction
Cellular association of the GLUT-1 scFv-targeted micelles was
investigated using FACSCalibur flow cytometer (Becton Dickinson,
Franklin Lakes, NJ). The U87MG cells were seeded in 12-well plates
at a density of 80,000 cells/well and allowed to attach overnight.
Then the cells were treated with rhodamine-labeled (1% mol)
micelle formulations at 0.5 mg/ml lipid concentration with different GLUT-1 scFv mol ratios for 1 h and 4 h in serum complete medium. After the incubation time, the cells were trypsinized, collected
and washed with ice-cold PBS and maintained as cell suspension in
PBS on ice. The fluorescent signal from the cells was measured
using 488 nm blue laser for excitation and FL2 channel (585/42
wavelength filter) for recording. A total of 10,000 live cells were
acquired after gating the population.

2.8. Cellular internalization studies
To evaluate the intracellular localization of DOX, 50,000
U87MG cells grown on glass coverslips were treated with DOX
as a free drug or in micellar formulation at 5 lg/ml concentration for 4 h in serum complete medium. 24 h prior to DOX treatment, the U87MG cells were transfected with CellLightÒ Early
Endosomes-GFP reagent at 30 particles per cell ratio to label
the early endosomes with green fluorescent protein (GFP). After
the incubation with formulations, the cells were washed and
fixed using 1% paraformaldehyde solution containing 1 lg/ml
Hoechst 33342 (Invitrogen/Molecular Probes, Eugene, OR) for
30 min. The coverslips were mounted on glass slides using
Fluoromount-G (Fisher Scientific, Waltham, MA) and sealed using
nail polish. The slides were analyzed by the Zeiss LSM 700
confocal microscope using 405 nm laser for Hoechst 33342 and
488 nm laser for GFP and DOX. Imaging was carried out using
63, 1.4-numerical aperture plan-apochromat oil immersion
objective.
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2.9. Monolayer cytotoxicity
5000 U87MG cells were seeded in each well of 96-well flatbottom cell culture treated plates and allowed to grow 24 h prior
to the treatments. Sterile filtered micelle formulations in PBS as
well as the free drug solutions in DMSO (0.1% v/v) incubated with
the cells for 48 h. Following the treatment, wells were washed
two-times with serum complete medium and cell viability was
measured by CellTiter-BlueÒ assay according to the manufacturer’s
protocol. PBS treated cells were used as control and cell viability
was plotted against concentrations of drugs. All treatments were
carried out in triplicate for at least two independent experiments.
The combination index (CI) was also calculated to evaluate the synergism of co-treatment using classic isobologram equation of
Chou-Talalay [40]:

CI ¼ a=A þ b=B
where (a) is CUR IC50 in combination with DOX at dose b, (A) is CUR
IC50 when administered as single agent and (B) is DOX IC50 when
administered alone.
2.10. Caspase 3/7 activation
The U87MG cells were grown on 96-well plates at 5000 cells/
well density overnight. Then, the cells were treated with 0.1 lM
DOX and 20 lM CUR alone or in combination as free drugs as well
as in micellar formulations for 24 h. Apo-OneÒ Homogenous
Caspase-3/7 Assay was performed following the treatment according to the manufacturer’s protocol then the fluorescence was measured using a multiplate reader at kex: 485 and kem: 530.
2.11. Micelle distribution in spheroids
Distribution of rhodamine-labeled micelles in the 3D cancer cell
spheroids was evaluated after 4 h incubation of 5-days-old U87MG
spheroids with free DOX, non-targeted and GLUT-1 scFv-targeted
micelles in serum complete medium at the lipid concentration of
1 mg/ml. After incubation, the spheroids were collected, washed
3-times with PBS and fixed in 4% paraformaldehyde for overnight
at 4 °C. Fixed spheroids were placed in 16-well chamber slides
(NuncTM Lab-TekTM) and analyzed by a Zeiss LSM 700 inverted confocal microscope. Starting from the apex of the spheroids, rhodamine signal was collected from the Z-stacks with 10 lm
intervals using 555 nm laser and 10x objective. A circular area of
the same diameter and location was selected in every optical section of the spheroids to indicate the core area. The relative area of
the core selection was kept constant between different spheroids.
The corrected integrated pixel density values in the core areas of
the spheroids were quantified using Image-J with Fiji package
(NIH, Bethesda, MD, version 1.50f) and plotted against the section
distance from the apex of the spheroids. Maximum pixel intensity
Z-projection images were also created to indicate the overall difference of rhodamine intensity between the groups. Same methodology and analysis steps were followed for collecting DOX signal to
evaluate micelle cargo distribution in 3D spheroids. Penetration
profiles were also investigated by calculating the corrected pixel
intensity of rhodamine signal from the center area of each spheroid
and plotted against spheroid depth.
2.12. Formulation effect on spheroid model
To evaluate the cytotoxicity of the CUR and DOX drug combination as well as targeted and non-targeted micelles on 3D spheroid
models, we used the U87MG cancer cell spheroids. Cellular viability of the spheroids was determined after 48 h treatment of 5days-old spheroids with 40 lM CUR and 0.8 lM DOX as single
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agents or in combination. Following this, spheroids were collected
in centrifuge tubes and washed with PBS. To disperse the spheroids
into single cells, AccuMaxÒ cell detachment solution was added
and tubes were incubated at 37 °C for 10 min. Following dispersion
of the spheroids, the cells suspension was centrifuged at 2000 rpm
for 5 min. Cell pellet was lysed after adding complete DMEM and
CellTiter-GloÒ reagent at 1:1 vol ratio on top of them. Luminescence was measured after transferring 100 ll of the cell lysate into
each well of 96-well black-walled optical bottom plates. 5 spheroids were used as one replicate to increase the sensitivity of the
method and results were generated in triplicate using 15 spheroids
per treatment.
To investigate the long-term effect of combination treatments
on spheroids, 12,000 U87MG cells were seeded into each well of
CorningÒ 96-well Spheroid Microplate (Cat. No. 4515) and allowed
to grow for 5-days. Then, the spheroids were treated with combinations of CUR (40 lM) and DOX (0.8 lM) as free drugs, nontargeted and GLUT-1 scFv-targeted micellar formulations continuously for 5 days. Following this, the microplate was scanned by
iCyte Imaging Cytometer (Thorlabs, Sterling, VA). Violet excited
blue autofluorescence, blue excited long red DOX fluorescence
and 488 and 633 nm light loss were obtained in two passes. In a
low resolution scan (40 objective with 2 lm resolution), the
entire wells were scanned, and spheroids were located and segmented. Area of the spheroids was calculated in this pass. In high
resolution scans, the 40 objective was used at 0.25 lm resolution
of only the spheroids to obtain cross section profile. The nonconfocal nature of laser scanning collects the light emitted through
the entire spheroid at any given pixel location, and the integral of
the pixel locations of the autofluorescence correlates with the dry
mass and the volume of the spheroids. The spheroid area was also
used as an indicator of spheroid viability and treatment group
results were normalized against the PBS treated control.

3. Results

bolsters up the advantages for micellar CUR and DOX formulation for possible clinical applications.
The size analysis indicated that all micelle formulations, regardless of drug loading or targeting, have hydrodynamic diameter
between 14 and 22 nm (Table 1). GLUT-1 scFv modification did
not alter the size significantly, as reported previously for ligands
with various structures and sizes [28,41]. The GLUT-1 scFv attachment to distal ends of PEG chains was investigated by micro BCA
assay and the conjugation yield was found to be 81%. We kept
the GLUT-1 scFv mol ratio constant, instead of PEG-PE, in the
micelle formulations to eliminate the possible effect of varying
conjugation yields since every formulation was containing same
number of targeting moiety on the surface. Specific activity of
GLUT-1 scFv after the conjugation steps was also investigated by
ELISA to ensure the activity of the targeting moiety was preserved.
As can be seen from the Fig. 2, GLUT-1 scFv in the micelle formulations conserved the high level of activity toward GLUT-1 protein
as virtually no interaction with the target peptide was obtained
with IgG2a control or non-targeted PEG-PE micelles.
3.2. GLUT-1 scFv increases the cellular association of micelles with
glioblastoma cells
While the GLUT-1 receptor for glucose uptake is found in normal tissues, it is significantly overexpressed in various cancer types
including breast, pancreatic, lung, colorectal, ovarian and cervical
cancers, as well as glioblastoma [42–47]. In order to evaluate and
optimize the targeting of micelles to U87MG glioblastoma cells,
we have prepared rhodamine-labeled micelle formulations containing varying mol ratios of GLUT-1 scFv as the GLUT-1 scFvPEG3400-PE conjugate. We found that targeted-micelles with
0.05-mol% of GLUT-1 scFv resulted in significant increase in cell

Table 1
Particle sizes and zeta potentials of the formulations.

3.1. Preparation and characterization of micelles
To encapsulate DOX simultaneously into the micelle formulations, we first converted the DOX HCl salt to its water-insoluble
free base form for effective encapsulation into the lipid core of
PEG-PE micelles. At 5 mM concentration of micelle material, both
of the drugs successfully co-encapsulated into the both nontargeted and GLUT-1 scFv-targeted micelles at concentrations of
1.1 mg/ml CUR (7.1% w/w) and 0.081 mg/ml DOX (0.6% w/w).
It should be noted that these loading amounts have been decided
according to the preliminary cytotoxicity experiments and do not
depict the maximum loading capacity of the micelle formulations
which are higher for both drugs as reported previously [31]. The
encapsulation efficiencies for CUR and DOX were ca. 94% and
81%, respectively. The encapsulated drug amounts and loading efficiencies were not significantly different when the individual drugs
were incorporated into the micelles.
The in-house developed and analytically validated RP-HPLC
method was able to separate and quantify both drugs simultaneously, effectively and with high specificity in a very short run
time. The retention time for CUR was 2.4 min while the more
hydrophilic DOX left the column after 1.3 min. The stability of
the micelles was also investigated after 90 days storage at 4 °C
in PBS pH 7.4. Any significant drug loss from the micelle
structure should result in drug crystallization due to their
hydrophobic nature. Following the filtration through 0.2 lm
filters, HPLC analysis was performed and it was found that 91%
of CUR and 98% of initially loaded DOX were still encapsulated
in the micelles. The long drug retention in the micelle structure

Empty micelles
GLUT-1 scFv micelles
DOX micelles
GLUT-1 scFv-DOX micelles
CUR micelles
GLUT-1 scFv-CUR micelles
CUR-DOX micelles
GLUT-1 scFv-CUR-DOX micelles
a

Particle
size (nm)

PDIa

Zeta potential
(mV)

14.4 ± 0.4
14.1 ± 0.3
22.2 ± 0.7
21.4 ± 0.4
14.8 ± 0.3
14.3 ± 0.2
15.1 ± 0.4
14.8 ± 0.2

0.023 ± 0.029
0.056 ± 0.021
0.156 ± 0.001
0.144 ± 0.012
0.082 ± 0.026
0.083 ± 0.020
0.096 ± 0.027
0.037 ± 0.017

-4.2 ± 1.4
-4.5 ± 1.5
-5.1 ± 1.1
-4.9 ± 1.1
-4.8 ± 0.6
-5.3 ± 0.7
-4.6 ± 0.7
-4.4 ± 0.7

PDI: Polydispersity index.

Fig. 2. Immunoreactivity of micelle formulations by indirect ELISA. The binding of
GLUT-1 scFv or GLUT-1 scFV-targeted micelles to immobilized GLUT-1 peptide was
investigated by indirect ELISA and visualized using HRP conjugated anti-FLAG mAb
(mean ± SD, n = 3).
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0.1-mol% GLUT-1 scFv formulation suggests a steric inhibition
due to increased number of targeting ligands on the micelle surface. The results suggest that, careful optimization of GLUT-1
scFv% in the formulations allows us to significantly increase cell
associated micelles and prepare U87MG-targeted formulations.
Thus, for future experiments 0.05-mol% GLUT-1 scFv was incorporated in the targeted micelles. Moreover, after 60 days storage of
GLUT-1 scFv-PEG3400-PE at 4 °C, the cellular association experiments repeated in comparison with fresh rhodamine-labeled
micelles and it was found that more than 50% of cellular association properties of the micelles were preserved (Supplementary
Fig. S1).
3.3. GLUT-1 scFv-targeted micelles are efficiently internalized by
glioblastoma cells
Fig. 3. Cell association of GLUT-1 scFv-targeted micelles on U87MG cells with
varying mol% of GLUT-1 scFv on the surface of formulations. Error bars represent
mean ± SD, n = 3. * P < 0.01, two-way ANOVA with Tukey’s multiple comparisons
test.

association comparing to non-targeted micelles. As can be seen
from the Fig. 3, the interaction time also plays an important role
in the cellular association of micelles. For all formulations, 4 h
incubation resulted more than 2-fold increased association
compared to 1 h. The decrease in the cellular association with

The notion of micelle association with cells includes the cell
membrane attached micelles as well as the internalized fraction.
To evaluate the internalization of DOX in non-targeted and targeted micelles by U87MG cells, we have stained the cells with
Hoechst for nuclei and CellLightÒ Early Endosomes-GFP for early
endosome visualization (Fig. 4). The micellar DOX, regardless of
targeting, was able to be internalized by the cells without early
endosomal encapsulation since no colocalization was observed
with GFP and DOX. Both the targeted and non-targeted micelle formulations were able to deliver DOX to nuclei of the cells as evident

Fig. 4. Colocalization (magenta) of DOX (red) in the nuclei (blue) with the early-endosomal marker (green) by confocal microscopy. (A) Control, (B) non-targeted DOX
micelles, (C) GLUT-1 scFv-targeted DOX micelles, (D) orthogonal views of GLUT-1 scFv-targeted DOX micelles treated cells after z-stacking with 1 lm intervals, 63, 1.4numerical aperture plan-apochromat oil immersion objective, ROI: 40  40 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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with the high nuclear colocalization. Moreover, DOX was not accumulated at intracellular parts other than the nuclei, suggesting that
the micellar encapsulation is an effective way for delivering DOX
base into its site of action. The mean gray area and integrated pixel
density values were also calculated by Image J for DOX signal after
background normalization. The analysis revealed that DOX mean
gray area and integrated pixel density in the nuclei of the cells
were 44% (1.44-fold) and 2.9-fold higher, respectively, with
GLUT-1 scFv-targeted micelles (Supplementary Fig. S2, unpaired t
test, n = 6 cell nuclei, P = 0.001).
3.4. GLUT-1 scFv-targeted micellar combinations of DOX and CUR
demonstrate effective synergism on U87MG monolayers
The cytotoxic effects of DOX and CUR alone or in combination
were evaluated as free drugs, non-targeted micelles or GLUT-1
scFv-targeted micelles on U87MG monolayers. The cells were treated with DOX at concentrations ranging from 0.8 lM to 0.025 lM
and with CUR from 40 lM to 1.25 lM. The dose response curves
of cells to CUR and DOX as single agents, either free solution or
micellar forms, are given in Fig. 5. For both drugs, micellar
encapsulation resulted in higher cytotoxicity toward the cells after
short-term treatment of 24 h. After 48 h at low concentrations, the
cytotoxicity of hydrophobic free DOX solution was higher compared to its micellar forms; the latter require the release of their
cargo inside the cells. This delay of action was reflected on the
IC50 values of DOX (Fig. 5C). On the other hand, we were able to
decrease the IC50 value of CUR after 48 h treatment by 20% by
micellar encapsulation alone. The effect of the treatment time is
also evident as 24 h treatments did not result in higher than 50%
cytotoxicity in the concentrations used. For fast acting drug DOX,

the targeting effect was notable (IC50 decrease by 13%) but not
significant, mostly due to that longer incubation time allows both
non-targeted and targeted micelles to be internalized by the
U87MG cells and acts at a very similar extent (Fig. 5A). However,
GLUT-1 scFv-targeted CUR loaded micelles (Fig. 5B) showed significantly improved cytotoxicity profiles over non-targeted micelles
for both short and long term treatments and IC50 of CUR was further decreased almost 30% with targeting, which validates the
use of GLUT-1 scFv as an effective ligand.
When the free drugs were combined, DOX concentrations were
kept constant at 0.1, 0.05 and 0.025 lM as the concentrations
above, similar and below its IC50. The cells were treated with varying concentrations of CUR. The combination treatment resulted in
significantly reduced CUR IC50 values with 0.1, 0.05 and 0.025 lM
DOX (Table 2). A CI value equals to 1 indicates additive effect while
a CI of >1 shows antagonism and a CI of <1 supports a synergism
between the combined drugs. While the high DOX concentration
in the free drugs combination has caused an antagonistic effect,
lower DOX concentrations caused CI values smaller than 1, thus
confirming the benefit of selecting this combination of drugs. However it should be noted that even though the CI values as free drug
solutions indicate a synergism at low DOX concentrations, only
highest concentration of CUR, which at 40 lM has its own high
cytotoxicity, was able to clearly overcome the cytotoxicity caused
by DOX solution alone (Supplementary Fig. S3).
To investigate the effect of micellar co-delivery of the drugs, as
well as the targeting effect with GLUT-1 scFv, we had treated the
U87MG cells with same fixed concentrations of DOX and varying
concentrations of CUR as the free drug combination studies for
48 h. The cell viability response of the cells to non-targeted and
targeted micelle combinations is given in Fig. 6A and B,

Fig. 5. Cell viability of U87MG cells in monolayers after continuous incubation with the targeted and non-targeted formulations at various concentrations of (A) DOX and (B)
CUR. Solid and dashed lines indicate 48 h and 24 h treatment, respectively. (C) Summary of IC50 values calculated after 48 h of treatment was given in mean ± standard error.
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Table 2
Summary of CUR IC50 (lM) and combination index (CI) values of treatments, mean ± standard error.
Free drug solutions
IC50
Only CUR
With 0.1 lM DOX
With 0.05 lM DOX
With 0.025 lM DOX

>40
2.42 ± 0.09
5.96 ± 0.09
19.61 ± 0.07

Non-targeted micelles
CI

IC50

1.44
0.81
0.73

32.77 ± 0.07
2.21 ± 0.09
4.46 ± 0.08
14.82 ± 0.04

GLUT-1 scFv-targeted micelles
CI

IC50

CI

0.77
0.49
0.63

23.86 ± 0.06
1.27 ± 0.09
2.29 ± 0.07
6.48 ± 0.05

0.82
0.48
0.46

Fig. 6. Combination treatment effect of non-targeted (A and C) and GLUT-1 scFv-targeted (B and D) micelles on U87MG monolayers following 48 h of continuous incubation.
Data shown indicate triplicate mean ± SD. * P < 0.05, multiple t-tests, with Sidak-Bonferroni corrections, a: 0.05.

respectively. By micellar encapsulation and co-treatment, we were
able to lower the CI values significantly and decrease the CI to 0.77
as opposed to 1.44 for the highest dose of DOX. The shift from
antagonism to synergism rationalizes the advantages of micellar
encapsulation of this drug combination. The combination treatment effect of nanopreparations is more easily visualized when
the cell death percentage values were graphed against the CUR
concentrations at the 0.025 lM DOX (Fig. 6C and D). In case of
non-targeted micelles, the combination treatment at all doses
could not very clearly overcome the additional effect of individual
drugs despite the CI values indicate a synergism (Fig. 6C). In

addition to micellar encapsulation, decorating the micelle surface
with GLUT-1 scFv resulted in higher cytotoxicity of the combination group compared to the additional cytotoxicity from individual
targeted micelles. The CI values were also improved almost double
by targeting compared to non-targeted treatment groups at all
concentrations (Table 2), indicating that the potential of synergism
could further improved by GLUT-1 scFv targeting. More
importantly, the advantage of GLUT-1 scFv targeting was also
evident since the combination treatment cytotoxicity was
increased 35–62.5% compared to non-targeted combinations while
the cytotoxicity of individual drug containing micelles did not
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Fig. 7. Caspase 3/7 activity as an indicator of apoptosis. U87MG cells were treated with 0.1 lM DOX and 20 lM CUR alone or in combination as free drugs as well as in
micellar formulations for 24 h, followed by the Apo-ONEÒ Homogeneous Caspase-3/7 Assay. Results were normalized against the control group and presented as mean ± SD.
*
P < 0.05, one-way ANOVA with Tukey’s multiple comparisons test.

change significantly with GLUT-1 scFv targeting. The summary of
CUR IC50 values that were presented in the Table 2 also indicate
the robust enhancement of killing effect by GLUT-1 scFv targeted
micelles.
To investigate the underlying reasons of enhanced cell killing of
targeted combination treatments, the caspase activities following
24 h of treatment were determined (Fig. 7). Micellar encapsulation
significantly enhanced the caspase activity for both drugs. Moreover, a robust GLUT-1 scFv targeting effect was visible for targeted
CUR micelles. The significant enhancement of caspase activity by
DOX and CUR co-treatment, which is further increased by micellar
encapsulation and GLUT-1 scFv targeting, suggests that DOX and
CUR efficiently kill the cancer cells via induction of cell apoptosis.
The synergistic apoptosis enhancement could also be maximized
by GLUT-1 scFv-targeted micellar encapsulation, similar to cell viability results.
3.5. GLUT-1 scFv targeting enhances the penetration into the 3D tumor
mass models
Following the 2D monolayer experiments we investigated the
behavior of the GLUT-1 scFv-targeted micelles in the 3D environment. Spheroid models have been proposed as the mimics of the
in vivo tumors and used as a tool to characterize the efficacy of
the nano-formulations in the 3D heterogeneous structures [48].
When distribution of the rhodamine-labeled micelles was followed
in the spheroids (Fig. 8A and B), the profile clearly indicates that
the GLUT-1 scFv targeting allows micelles not only to penetrate
deeper layers of the spheroids but also at a higher extent, compared to non-targeted micelles. Fig. 8C shows the cumulative rhodamine intensity collected from the core area of layers from 50 to
100 lm thereby eliminating the surface layers of the spheroids.
The decrease of rhodamine intensity by micelle material concentration of the non-targeted micelles indicates saturation, which
suggests that successful internalization of non-targeted micelles
by the peripheral cells leads to an entrapment and prevents them
from penetrating deeper layers. However, GLUT-1 scFv-targeted
micelles were able to distribute throughout the spheroid and
increased lipid concentration has improved penetration into the

deeper layers without facing the barrier effect [49]. When the
spheroids were incubated with the non-targeted and targeted formulations for extended time at 1 mg/ml lipid concentration, the
penetration profiles became similar (Supplementary Fig. S4). In
addition to following the nanocarrier in the 3D tumor mass model,
we also investigated the penetration of the micelle cargo (Fig. 8D).
The data clearly indicate a better DOX penetration with GLUT-1
scFv targeting compared to non-targeted micelle encapsulated
DOX or its free-base. Taken together, the data confirm that the
GLUT-1 scFv-targeted micelles are able to penetrate into the 3D
spheroids efficiently by bypassing the several factors such as physical penetration limitations, barrier effect and decreased cellular
interaction in a highly heterogeneously organized environment
resembling the in vivo tumors.
3.6. Combination treatment and GLUT-1 scFv targeting are effective
against the 3D tumor mass model
Finally, we have investigated the cytotoxic potential of the combination treatment as free drug solutions as well as their nontargeted and targeted micellar forms on the U87MG spheroids.
As presented in Fig. 9, free drug solutions of 40 lM CUR and
0.8 lM DOX as single agents or in combination did not cause cytotoxicity on spheroids, while on monolayers the same concentrations resulted almost complete cell death. Micellar encapsulation
of both CUR and DOX increased their cytotoxicity significantly by
20%, in correspondence with the spheroid penetration data. More
strikingly, the cytotoxicity was further improved by GLUT-1 scFv
targeting of both CUR and DOX micelles. The micellar combination
treatment was able to overcome the single drug micelle cytotoxicity, highlighting the efficacy of CUR/DOX co-delivery after 48 h of
treatment. However, the GLUT-1 scFv targeting of the combination
micelles did not result in improvement over non-targeting combination micelles, highlighting the significantly different dynamics of
the 3D cell culture models compared to 2D monolayers.
To focus on the long term effects of combination treatments,
and investigate whether GLUT-1 scFv targeting will enhance the
cytotoxicity, we evaluated the viability of the spheroids after 5day treatment with CUR and DOX combinations as free drugs,
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Fig. 8. Confocal scanning laser microscopy analysis of rhodamine- or DOX-loaded micelles fluorescence in U87MG spheroids. Spheroids were incubated for 4 h with the
formulations in serum complete medium. (A) Rhodamine or DOX distribution throughout the spheroids at different layers of depth. Z-projection images were obtained using
average intensity and represent the average rhodamine or DOX fluorescent signal collected from each layer of the spheroid. Scale bars = 500 lm. (B) Corrected integrated
pixel density as a representation of rhodamine intensity vs. distance from the apex of the spheroids, at 1 mg/ml lipid concentration. n = 5, mean ± SD, *** P < 0.001, ** P < 0.01,
two-way ANOVA with Sidak’ s multiple comparisons. (C) The cumulative rhodamine fluorescence in the core area of slices 50–100 lm at 3 different lipid concentrations as
quantified by Fiji software. n = 5, mean ± SD, * P < 0.001, two-way ANOVA with Sidak’ s multiple comparisons. (D) DOX intensity profiles of DOX-loaded micelles in the
spheroids. n = 5, mean ± SD.

compared to the control group intensity (Fig. 10C). After 5 days of
treatment, the free drug combination caused approx. 35% cell
death, a clear improvement compared to 48 h results. Similar to
the 2-day treatment, the micellar encapsulation significantly
improved the cytotoxicity of the combination treatment compared
to free drugs (P < 0.005). Interestingly, the GLUT-1 scFv-targeted
micellar combination treatment could further improve the cytotoxicity against the U87MG spheroids and caused approx. 70% cell
death. The results suggest that, to have an effective cytotoxicity on
3D tumor models longer treatment times are required, similar to
the clinical therapy regimens. It should be noted that the high concentrations used in the spheroid studies resulted in cytotoxicity
saturation on U87MG monolayers only after 48 h, which indicates
the important challenges of effective treatment of 3D tumor cell
structures.

4. Discussions and conclusions

Fig. 9. Evaluation of 48 h cytotoxicity on U87MG spheroids in vitro. The spheroids
were treated with 40 lM CUR and 0.8 lM DOX, alone or in combination. The
viability values obtained by CellTiter-GloÒ assay following 48 h treatment of the
spheroids. Five spheroids were used as one replicate and results indicate n = 3,
mean ± SD, * P < 0.05, one-way ANOVA with Tukey’s multiple comparison test.

non-targeted and GLUT-1 scFv-targeted micellar formulations. The
well images of the spheroids (Fig. S6) were used to identify the
perimeter of the spheroids and calculate the spheroid areas by
iCyte imaging cytometer. The high resolution scans of the identified spheroids (n = 3) are given in Fig. 10A. The profile inserts show
that, the highest red DOX fluorescent signals were collected from
the GLUT-1 scFv-targeted treatment group. The spheroid areas as
the indicator of spheroid viability are given in Fig. 10B. The volume
of the spheroids was calculated by integrating the intensity of the
violet excited blue autofluorescence over the entire area of the
spheroids. Then, the viability values of the spheroids were graphed

As alluded to earlier, nano-formulations of anticancer drugs
hold a great importance. Especially the FDA approval of DoxilTM
underlined the advantages of nanodrugs by making it possible to
reduce the severe side effects, mainly the cardiac toxicity, and
increase the overall patient compliance [13]. Moreover, besides
being the first FDA approved nano-drug formulation, DoxilTM
almost single handedly revived the scientific and financial interest
in nanotechnology based drug formulations and reassured the
recovery after the largely skeptic environment of 1980s against
liposomes and nano-formulations [50]. However, despite the significantly reduced toxicity profile of DOX due to its improved pharmacokinetics and biodistribution [51–53], DoxilTM fails to show
significant increase in the rate of progress free survival in the clinic
[54]. Unfortunately, most of the nanodrug formulations of different
anticancer drugs such as paclitaxel or cisplatin, share the same fate
as DoxilTM [55]. While the preclinical data related to their efficacy
are mostly promising or even revolutionary, clinical trial outcomes
such as progression free survival, overall survival or overall
response rate could not exceed incremental gains at best and they
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Fig. 10. Long term spheroid treatment results analyzed by iCyte. The spheroids were treated with 40 lM CUR and 0.8 lM DOX combinations as free drugs, micellar and
targeted micellar formulations for 5 days. (A) The high resolution scan of the segmented spheroids. The inserts show light loss (gray), autofluorescence (blue) and DOX (red)
profiles. (B) Spheroid areas automatically calculated by the software using low resolution scan images. (C) Spheroid area normalized autofluorescence intensities presented as
cell viability compared to control group. Results indicate n = 3, mean ± SD, * P < 0.05, ** P < 0.005, one-way ANOVA with Tukey’s multiple comparison test. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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are only able to decrease side effects while the efficacy gap still
remains. It should be noted that overwhelming portion of the
nano-technology based drug carriers is designed and tested for single anticancer agent. Due to molecular complexity of cancer, combining different agents with different modes of action provides the
best possibility of successful treatment [56] by overcoming the
resistance that might develop one of the drugs in the regimens.
In clinical settings, adjusting the dose of the anticancer drug is a
Catch-22. Low doses of the drugs could easily lead to acquired
resistance after starting the treatments and higher doses, while
may be very effective against the disease, can easily cause severe
side effects. Finding safe doses of the drugs in the regimen helps
to circumvent these side effects and prove the efficacy at low dose
levels. In this study, multiple formulations and parameters were
evaluated to find this balance using long-circulating PEG-PE based
polymeric micelles co-loaded with CUR and DOX. Micellar carriers
have several advantages over ‘bigger’ nano-sized drug carriers, i.e.
liposomes, such as faster tumor accumulation [57], easy preparation, scalability and easy modification by targeting ligands
[30,58,59].
CUR is a poorly water-soluble drug with solubility of <0.1 mg/
ml in water. Developing a tumor targeted nano-sized formulation
with proven longevity in the systemic circulation can unlock the
full potential of PI3K/Akt pathway and NF-jB inhibition capability
of CUR. Their hydrophobic nature allowed CUR and DOX (as in its
free base form) to be incorporated in the lipid core of the micelles.
It has been reported that solubility enhancers, such as vitamin E,
have been used frequently in the PEG-PE based micelle formulations to increase the hydrophobic core volume of the micelles
[37,60–62]. However, due to effective loading efficiencies of both
drugs, we avoid using additional components to preserve the simplicity of the micelle formulations. The micelles were further decorated with GLUT-1 scFv as the targeting moiety, due to its
increased overexpression in glioblastoma. By using scFv as
opposed to whole IgG, several gains could be achieved. Significantly smaller size of GLUT-1 scFv compared to GLUT-1 IgG molecule resulted in reduced steric hindrance during its conjugation to
pNP-PEG-PE which led to conjugation yields around 81%, significantly higher than 65–70% obtained with whole IgG type antibodies [29,31,39,41]. Moreover, the stability of the micelles and
their targeting ability could be conserved successfully (Fig. S1).
Glucose is almost the only substrate for the energy metabolism
of brain cells; thus, glucose dependence of brain cell and its tumors
is higher than any other tissue and organ in the body. This dependence combined with Warburg effect leads to overexpression of
GLUT-1 on the glioblastoma cell membranes. While this overexpression is well documented [35,47], use of GLUT-1 as a legitimate
ligand for increased BBB transport and increased glioblastoma cell
targeting is underrated. Early available studies for glioblastoma
related research involve using GLUT-1 receptor substrates, such
as mannose, for targeting of liposomes to glioblastoma [63], or
anticancer drug-glucose derivatives as conjugates [64]. Best to
our knowledge, this is the first study utilized GLUT-1 receptor targeted nanoformulation for effective glioblastoma treatment.
By using GLUT-1 scFv-targeted micelles we were able to
increase their cellular association compared to non-targeted
micelles (Fig. 3). More importantly, GLUT-1 scFv targeting resulted
in higher margin of DOX in its site of action, cell nuclei, compared
to non-targeted micelles. Although the contrast and brightness settings were kept constant in the confocal images, it should be noted
that neither mean gray area nor integrated pixel density values
(Fig. S2) can be affected by these settings.
Following the confirmation of GLUT-1 scFv targeting rationale
and efficacy, we also confirmed the rational selection of CUR and
DOX combination by comparing the cytotoxicity of different treatments on U87MG monolayers and 3D spheroids. It is imperative to
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keep the anticancer drug doses effective while causing low toxicity.
In addition to GLUT-1 targeting to decrease the off-site toxicity of
the formulation, we have found that CUR and DOX combination
allows us to lower the dose of the agent that has higher toxicity
profile, being the latter. Both free drug and micellar combination
treatments have shown that the synergism between the drugs
increases with lower doses of DOX, evident from CUR IC50 and CI
values (Table 2). More strikingly, higher synergism was achieved
at a DOX concentration that has the least cytotoxicity. Codelivering CUR with DOX into the target cells significantly
increased the efficacy of the treatment due to prevention of NFjB activation by low dose DOX and PI3K/Akt inhibition. NF-jB is
regulated by PI3K/Akt pathway [65,66]; thus, inhibiting this pathway with CUR will decrease the NF-jB levels and its effects on several mechanisms. Moreover, CUR is also able to independently
inhibit NF-jB itself [67], meaning that any resistance mechanism
that can develop against PI3K/Akt downregulation will not affect
the sensitization of the cells to chemotherapy, and resistance
development to DOX treatment can be overcome effectively.
Improvement of synergism by micellar encapsulation of both
drugs underlines the importance of nanoformulation of this anticancer drug combination. However, while the CI values of CUR
improved significantly by micellar encapsulation (Table 2), the
IC50 values of CUR were similar to the free drug combinations. This
indicates the room for improving the synergism and increasing the
efficacy of CUR. Utilizing GLUT-1 scFv on the micelle surface further increased the overall efficacy of the combination and also
the synergism between the drugs (Fig. 6), mostly due to increased
intracellular delivery of drugs as evident from confocal and cytotoxicity studies (Fig. 5). GLUT-1 targeting further decreased the
CUR IC50 more than 2-fold from 14.8 to 6.5 lM, at 0.025 lM
DOX. We have also shown that micellar encapsulation, CUR and
DOX combination treatment and GLUT-1 targeting were able to
increase caspase 3/7 activity (Fig. 7). The combined effects of NFjB downregulation caused by curcumin (20 lM) and effective
DNA damage caused by DOX (0.1 lM) significantly enhanced the
apoptosis in the U87MG cells after a relatively short time period
of treatment and at low toxicity levels (Fig. 5).
It is also important here to discuss the possibility of additional
advantage of using GLUT-1 antibody targeted micelles. GLUT-1
scFv itself did not exert significant cytotoxicity against U87MG
cells by itself, however when it is on the surface of PEG-PE micelles
the cytotoxicity at higher doses of lipids (higher than the maximum concentration used in this study) become significant (Supplementary Fig. S5). It has been shown that blocking GLUT-1 receptor
causes glucose depletion in the cancer cells and leads them to
death [68]. Data suggests that when incorporated in the large
structures, the possibility of blocking GLUT-1 receptor could also
act as the third component of this effective system by preventing
U87MG cells from internalizing much needed glucose.
Finally, the various formulations were investigated on U87MG
spheroids as 3D tumor mass model. 2D monolayer cell cultures,
while allowing easy activity screening with high-throughput tests,
lack of 3D structure, heterogeneity and extracellular matrix that
are among the main definitive properties of in vivo tumors. Physical penetration barriers in the tumors are proven to be an important resistance factor to chemotherapy nearly as effective as
MDR phenotype [69]. To increase the distribution of the nanoformulations in the spheroids, decorating their surface with targeting
agents is a commonly used strategy. However, targeting ligands
can also prevent their cargo from reaching deeper parts in 3D cancer cell spheroids by increasing their internalization, thus their
entrapment in the first layers of cells close to the surface. We have
showed that GLUT-1 scFv targeting could successfully by-pass this
barrier effect and accumulate in the deeper layers as evident from
the confocal microscopy analysis (Fig. 8). We have also used the
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size advantage of our delivery system since it was previously
showed that particles larger than 100 nm were restricted in the
outer layers of the spheroids while smaller particles around
20 nm could penetrate deeper layers easily [37,70,71]. Small particle size and close-to-neutral zeta potential values of developed
micelles (Table 1) was one of the most important parameters facilitating their effective penetration into the spheroids. The highest
fluorescence of targeted micelles (Fig. 8B) and their cargo (Fig. 8D)
was obtained at 70 lm depth of the spheroids. On the other hand,
the highest signal for non-targeted micelles and their cargo was at
50 lm. At 70 lm depth, rhodamine and DOX signal were 2 and
3.5-fold higher, respectively, with targeted micelles compared to
non-targeted ones. We can conclude that GLUT-1 scFv targeting
significantly increased not only the carrier penetration into the
3D tumor mass model, but also the encapsulated anticancer drugs.
This penetration increase and also the combination effect were
successfully translated into the spheroid cytotoxicity after short
(Fig. 9) and long term (Fig. 10) treatments. Targeted DOX micelles
at 0.8 lM concentration were able to cause approx. 60% cell viability in spheroids after 48 h. To achieve the similar cytotoxicity on
monolayers, only 0.05 lM DOX would have been used. More than
10-fold increase in the dose to have same cytotoxic effect emphasizes the importance of using 3D models to evaluate the efficacy of
nanoformulations prior to in vivo experiments. Moreover, altered
signaling pathways such as PI3K/Akt and NF-jB can play an important role in the resistance to many anticancer drugs. Combination
treatment of CUR and DOX, due to their dual action mechanism,
could increase the cytotoxicity of treatment against spheroids.
GLUT-1 scFv modification did not result in significantly improved
cytotoxicity of combination micelles, which suggest that the penetration barrier is the main rate-limiting step for efficacy. The longer
time treatment of spheroids by combination treatments overcame
this limitation and gave a better insight for comparing the efficacy
of the CUR and DOX co-delivery (Fig. 10). Spheroid area, mostly
calculated by diameter, is an established method to investigate
spheroid viability and found to be well correlated with different
types of viability tests such as CellTiter-GloÒ or acid phosphatase
assays [72,73]. However, using diameter to calculate spheroid volume ignores many important parameters such as circularity and
density of the spheroids. Moreover, to capture the full spheroid
in one image, usually low resolution imaging needs to be used to
achieve enough depth of field. By using iCyte imaging cytometer,
we were able to analyze multiple outcomes in a one-spheroidper-well format without the need of transferring the spheroids or
lysing them. We collected spheroid area and also the valuable fluorescence data using a two scan protocol with low and high resolution. While the spheroid diameter alone could be used to
evaluate the results and also indicated that the GLUT-1 scFvtargeted treatment is the most effective one (Fig. 10B), its reliability depends on several other factors such as the spheroid density.
With high resolution scan, we were able to successfully collect
the blue autofluorescence of the cells since both CUR and DOX
are unable to be excited by violet laser. The viability values calculated in Fig. 10C, also indicate that GLUT-1 scFv targeting increases
the efficacy of the micellar combination treatment significantly
(P < 0.05), in agreement with spheroid penetration results. Moreover, the fluorescence profiles that were given for each spheroid
as the image inserts (Fig. 10A) also confirm the highest DOX content in targeted delivery group. With this study we also laid out
the groundwork of fast, detailed and comprehensive analysis of
spheroid composition in a high-throughput format using iCyte.
Our results clearly show that the penetration barriers in the 3D
spheroid cultures, as well as the other previously mentioned differences, drastically change the response of the glioblastoma cells to
nanomedicine-based treatments compared to conventional cell
cultures and cytotoxicity screening tests. The evaluation of

nanomedicine-based formulations by 3D spheroid models offers
valuable information about the efficacy of the formulations during
the development and optimization steps by taking the researchers
one step closer to the in vivo scenarios, that otherwise will not be
obtained by standard 2D cell culture.
Overall, in this study we have investigated the use of GLUT-1
scFv as an effective targeting ligand for nanoformulations against
glioblastoma for the first time. CUR and DOX combination treatment has already been proven to increase the DOX activity against
different cancer types [31] by overcoming the MDR. Here, this
combination also presented great promise against glioblastoma
cells both in monolayers and in 3D spheroids. We showed that
micellar encapsulation of these water-insoluble drugs increases
the potential of their synergistic efficacy. Using GLUT-1 scFv as
the targeting ligand further improved their overall anticancer
activity and resulted in robust synergism, higher cellular internalization, better penetration into the spheroid structures and significantly enhanced treatment efficacy against 3D glioblastoma
model. The highlighted in vitro efficacy of the targeted combination
nanoformulations promises their success in the more challenging
in vivo models.
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