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Abstract
Medullary thyroid cancer (MTC) is a neuroendocrine tumor (NET) that is often resistant to
standard therapies. Resveratrol suppresses MTC growth in vitro, but it has low bioavailability in
vivo due to its poor water solubility and rapid metabolic breakdown, as well as lack of tumor-
targeting ability. A novel unimolecular micelle based on a hyperbranched amphiphilic block
copolymer was designed, synthesized, and characterized for NET-targeted delivery. The
hyperbranched amphiphilic block copolymer consisted of a dendritic Boltorn® H40 core, a
hydrophobic poly(L-lactide) (PLA) inner shell, and a hydrophilic poly(ethylene glycol) (PEG)
outer shell. Octreotide (OCT), a peptide that shows strong binding affinity to somatostatin
receptors, which are overexpressed on NET cells, was used as the targeting ligand. Resveratrol
was physically encapsulated by the micelle with a drug loading content of 12.1%. The
unimolecular micelles exhibited a uniform size distribution and spherical morphology, which were
determined by both transmission electron microscopy (TEM) and dynamic light scattering (DLS).
Cellular uptake, cellular proliferation, and Western blot analyses demonstrated that the resveratrol-
loaded OCT-targeted micelles suppressed growth more effectively than non-targeted micelles.
Moreover, resveratrol-loaded NET-targeted micelles affected MTC cells similarly to free
resveratrol in vitro, with equal growth suppression and reduction in NET marker production.
These results suggest that the H40-based unimolecular micelle may offer a promising approach for
targeted NET therapy.

Introduction
Cancer is one of the leading causes of mortality in the world, and the worldwide incidence
of cancer continues to increase.1-3 Medullary thyroid cancer (MTC) is a neuroendocrine
tumor (NET) that arises from the calcitonin-secreting parafollicular cells of the thyroid
gland. While MTC accounts for only 5% of all thyroid cancer diagnoses, it causes a
disproportionate 13% of all deaths from thyroid cancer.4 Surgery is the only curative
treatment; however, disseminated disease is common at presentation, preventing curative
surgical resection and causing significant morbidity.4, 5 Thus, there is an urgent demand for
new treatment modalities for metastatic disease. MTC does not respond to standard
therapeutic modalities used for other well-differentiated thyroid cancers, such as radioactive
iodine, due to its different parent cell of origin. Standard cytotoxic chemotherapy is the most
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frequently used systemic therapy. Unfortunately, although more and more cell- and tissue-
specific therapies are being developed, most of the clinically used chemotherapeutics require
high tissue concentrations that cause systemic toxicity.6

Nanomedicine offers extraordinary opportunities to address the challenges of conventional
cancer therapy, such as improving the solubility and stability of anticancer drugs and
providing a stimuli-responsive drug release profile at the pathological site, thereby
optimizing the pharmacokinetics of the drug and enhancing the therapeutic efficacy.7-13 In
addition, drug nanocarriers can specifically target cancerous tissues/cells due to their passive
(i.e., the enhanced permeability and retention (EPR) effect10) and active (i.e., via specific
tumor-targeting ligands) targeting abilities, thereby greatly enhancing the therapeutic
outcomes while reducing any non-specific systemic toxicity.7, 10, 14-18 Encapsulation of
anticancer drugs can also protect the drugs from premature degradation and non-specific
interaction, which can improve the bioavailability of the compound.

Active tumor targeting in nanomedicine can be achieved by conjugating certain tumor-
targeting ligands such as peptides, antibodies, or aptamers that recognize and bind
specifically to receptors over-expressed by cancer cells.14-17 The majority of NETs
overexpress somatostatin receptors (SSTRs types 1-5, a family of guanosine triphosphate-
binding protein-coupled receptors). Treatment with somatostatin analogs such as octreotide
(OCT, a cyclic octapeptide alcohol (D30 Phe-c(Cys-Phe-D-Trp-Lys-Thr-Cys)-Thr-ol)),
pasireotide, and lanreotide have been shown to effectively suppress NET hormone secretion
through binding of SSTRs.19-23

Polymer micelles, formed by self-assembly of amphiphilic block copolymers, have gained
significant attention in drug and gene delivery due to the versatility of polymer chemistry
and ease of fabrication.24 These micelles possess a core–shell structure. The hydrophobic
core serves as a reservoir for pharmaceutical compounds with poor solubility and/or low
stability in physiological environments, while the hydrophilic shell provides the nanocarriers
with desirable solubility in aqueous solutions.24-30

Although polymer micelles offer many benefits in drug delivery, conventional
multimolecular micelles composed of linear amphiphilic block copolymers suffer from
limited in vivo stability due to the dynamic nature of self-assembly. A promising approach to
overcome this instability lies in the development of unimolecular micelles formed by
individual dendritic or hyperbranched amphiphilic copolymers.24-29 In contrast to
conventional multimolecular polymer micelles, unimolecular micelles exhibit excellent in
vivo stability and are relatively insensitive to polymer concentration or environmental
fluctuations such as temperature, pH, etc. This improved stability is attributed to the
covalent nature of the individual dendritic/hyperbranched amphiphilic block copolymer
molecules that form the unimolecular micelles. Our recent studies have demonstrated that
Boltorn® H40 (H40), a hyperbranched aliphatic polyester, serves as an effective inner core/
macroinitiator for unimolecular micelles because of its biocompatibility, biodegradability,
globular architecture, and high number of terminal functional groups.24, 31-35

Herein, an OCT-conjugated unimolecular micelle nanoplatform composed of a dendritic
H40 core, a hydrophobic poly(L-lactide) (PLA) inner shell, and a hydrophilic poly(ethylene
glycol) (PEG) outer shell has been designed, characterized, and evaluated for targeted
neuroendocrine cancer therapy (Fig. 1). Resveratrol, a model anticancer drug, was
physically encapsulated into the hydrophobic core of a unimolecular micelle consisting of
H40 and PLA. Resveratrol is a dietary polyphenol found in grape skins and peanuts that has
been previously shown to suppress cell growth and NET marker production in carcinoid and
MTC cells.36, 37 However, due to its low water solubility, poor in vivo chemical stability
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(with a half-life of approximately 8 to 14 min), and extremely low bioavailability,
resveratrol administration still remains a big challenge.38-41 Thus, resveratrol was selected
as the model drug in this study in order to improve its solubility in aqueous solution, its in
vivo chemical stability and bioavailability, and its tumor-targeting ability. Extensive in vitro
studies including cellular uptake, cellular proliferation, and Western blot analysis were
conducted to evaluate the potential of the H40-based unimolecular micelles as a promising
drug nanocarrier for targeted NE cancer therapy.

Results and discussion
Synthesis and characterization of H40-PLA-PEG-OCT

H40-PLA-PEG-OCT was synthesized following the procedures shown in Scheme 1. First,
H40-PLA was prepared by the ring-opening polymerization of L-lactide using H40 as a
macro-initiator and Sn(Oct)2 as a catalyst under inert atmosphere at 120 °C for 24 h. The
product was first purified by a neutral alumina column to remove the catalyst. Then the low
molecular weight fraction was removed through precipitation in cold diethyl ether. The
chemical structure of H40-PLA was confirmed by 1H NMR (Fig. 2A). The peaks located at
(a) 1.54 to 1.56 ppm and (b) 5.10 to 5.16 ppm were assigned to the protons of methyl and
methine groups in the PLA main chains, respectively. The signal at (c) 1.45 ppm and (d)
4.32 to 4.35 ppm corresponded to the terminal methyl and methine protons of PLA
(HOCHCH3) in H40-PLA. The peaks at 1.18 to 1.22 ppm and around 4.20 ppm were
assigned to the protons of the methyl groups and methylene groups of H40, respectively,
confirming the dendritic structure of the H40-PLA polymer. By calculating the relative
intensity of the peak at 1.45 ppm, which originated from the methyl group adjacent to the
hydroxyl end group, and the peak at 1.56 ppm, which originated from the methyl groups
present in the polymer chain, the molecular weight (Mn) and degree of polymerization (DP)
of the PLA arms were found to be about 936 Da and 13, respectively. The average number
of arms per H40-PLA molecule was estimated via comparing the molecular weights of H40
and H40-PLA as determined by a GPC equipped with triple detectors, which is shown in
Table 1. The average number of arms per H40-PLA molecule was estimated to be 25 based
on the molecular weight measurements shown in Table 1.42 This result agrees well with
those reported by Kreutzer et al. and our previous studies.31, 43-45

The hydroxyl terminal groups of H40-PLA were subsequently converted into carboxyl
terminal groups by reacting H40-PLA with succinic anhydride in the presence of DMAP as
the catalyst. The product was precipitated with diethyl ether and dialyzed against deionized
water for purification. The 1H NMR spectrum of H40-PLA-COOH (Fig. 2B) showed a new
peak at 2.65 ppm (methylene groups of succinic anhydride, e, f), which confirmed the
formation of H40-PLA-COOH. Lastly, in order to conjugate the OCT for NET-specific
targeting, OCT was first conjugated onto a heterobifunctional PEG derivative, i.e., OH-
PEG-NHS (Mw: 5000 Da), to form OH-PEG-OCT. Then, OH-PEG-OCT was conjugated
onto H40-PLA-COOH via an esterification reaction between the hydroxyl group and the
carboxyl group in the presence of DCC and DMAP. The feed molar ratio of MPEG, HO-
PEG-OCT, and H40-PLA-COOH was set at 7:3:1. In the 1H NMR spectrum of H40-PLA-
PEG-OCH3/OCT (Fig. 2C), in addition to the peaks from PLA, peaks at (g) 3.65 ppm and
(h) 3.38 ppm were observed due to the methylene protons of oxyethylene units and methyl
protons of MPEG, respectively. The appearance of a group of NMR peaks ranging from 6.8
to 8.0 ppm can be attributed to the protons of octreotide.

Fourier transform infrared spectroscopy (FTIR) analyses provided additional information
about the hyperbranched amphiphilic block copolymer H40-PLA-PEG-OCH3/OCT. As
shown in Fig. 3, the peak at 2891 cm−1 was assigned to the antisymmetric C–H stretching of
CH2. The strong peak at 1760 cm−1 was attributed to the characteristic absorption of C=O
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stretching due to the presence of a hyperbranched polyester H40 core and PLA blocks. The
absorption peak located at 1342 cm−1 could be attributed to CH2 wagging and C–C
stretching in the PEG blocks. The strongest peak at 1105 cm−1 was assigned to C–O–C
stretching. The C–O–C stretching was also verified at 962 cm−1. The FTIR results further
testified to the successful formation of H40-PLA-PEG-OCH3/OCT.46

Micellar properties of hyperbranched H40-PLA-PEG-OCT copolymers
The resveratrol-loaded H40-PLA-PEG-OCT copolymers formed stable unimolecular
micelles in an aqueous solution due to their large number of amphiphilic arms (∼25) and
their globular architecture. An inner hydrophobic core was formed by hydrophobic H40-
PLA and an outer hydrophilic shell was formed by the hydrophilic PEG layer. Previous
studies indicate that the cellular internalization process and in vivo performance of drug
nanocarriers depend in large part on the stability and size of the nanoparticles.10 The size
distribution histogram of the targeted H40-PLA-PEG-OCT micelles measured by DLS is
shown in Fig. 4A. The average hydrodynamic diameter of the targeted micelles was about
68 nm. Fig. 4B shows the TEM images of the unimolecular micelles stained by
phosphotungstic acid. The diameter of the dried spherical unimolecular micelles ranged
from 18 to 30 nm.

Drug loading level and in vitro drug release
The amount of resveratrol incorporated into the unimolecular micelles was 12.1 wt.% as
measured by HPLC analysis using the absorption peak of resveratrol at 306 nm. Resveratrol
release behaviors from the H40-PLA-PEG-OCT unimolecular micelles were studied in
either an acetate buffer (pH 5.3) or a phosphate buffer (pH 7.4) solution at 37 °C. pH 7.4
mimics the physiological conditions in the bloodstream during circulation; while pH 5.3
mimics the acidic endosome/lysosome compartments after the unimolecular micelles are
taken up by the cells via endocytosis. As shown in Fig. 5, the release profiles at both pH 7.4
and pH 5.3 exhibited an initial rapid release followed by a sustained slow release over a
prolonged time (nearly one week). During the first 8 h, 35.8 and 30.1% of resveratrol was
released from the micelles at a pH 7.4 and 5.3, respectively. Thereafter, resveratrol was
released in a more sustained manner from the micelles. After four days, 81.1 and 72.5% of
resveratrol was released at pH 7.4 and pH 5.3, respectively. It has been reported that
resveratrol in its original free form is metabolized quickly in vivo.39 Encapsulating
resveratrol inside of the hydrophobic cores of the unimolecular micelles can enhance the in
vivo stability of resveratrol while providing controlled and sustained drug release.

Micelle cellular uptake
The proficiency of micelle intracellular uptake was studied using flow cytometry. Based on
DOX's fluorescent properties, these experiments were conducted to monitor micelle–cellular
interactions and were not related to the anticancer properties of the micelles. Flow cytometry
results were analyzed to select the live, single-cell population, and the DOX-positive
population was determined based on unlabeled media controls. These controls showed
minimal fluorescence levels at both time points, consistent with background fluorescence.
After 4 h of treatment, targeted micelles showed a nearly 3-fold greater uptake compared to
non-targeted micelles (Fig. 6). Similarly, cells treated for 6 h showed a nearly 3-fold greater
uptake of targeted vs. non-targeted micelles (Fig. 6). Furthermore, longer treatment resulted
in a higher uptake of targeted micelles compared to the control, with a 12-fold higher uptake
at 6 h compared to only a 4-fold higher uptake at 4 h (Fig. 6). These findings indicate that
octreotide conjugation on micelles improved the cellular uptake in TT cells considerably,
with this difference being more dramatic after a longer period of treatment. Previous studies
have shown that non-targeted micelles were taken up by the cells through non-specific
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endocytosis, while targeted micelles were taken up by the cells via receptor-mediated
endocytosis.24, 45, 47 OCT-targeted micelles executed their cellular uptake by binding to the
over expressed somatostatin receptors on the membranes of TT cells.

Cellular growth suppression with resveratrol-loaded micelle treatment
The ability of resveratrol-loaded micelles to limit TT cell proliferation was assessed using
MTT assays. Resveratrol-loaded micelles (targeted and non-targeted) were compared to
three controls: empty targeted micelles, free resveratrol, and culture media, at two
concentrations (50 μM and 100 μM). Resveratrol-loaded targeted micelles suppressed cell
growth significantly more than non-targeted resveratrol-loaded micelles with 6 days of
treatment (50 μM, p=0.02; 100 μM, p=0.04) (Fig. 7). At days 4 and 6, targeted resveratrol-
loaded micelles suppressed cell growth to equivalent levels as free resveratrol (p=1.00),
while non-targeted resveratrol-loaded micelles at 50 μM had significantly weaker growth
suppression than free resveratrol at 6 days (p=0.003; 100 μM, p=0.13) (Fig. 7). These
compiled results indicate that resveratrol-loaded targeted micelles have anti-tumor growth
properties equivalent to free resveratrol in vitro, which are significantly greater than all other
micelle formulations by day 6 of treatment.

Reduction of neuroendocrine tumor marker production
After demonstrating cell growth suppression, the ability of resveratrol-loaded micelle
treatments to limit production of NET markers was evaluated using standard Western blot
analysis. Previous studies have shown that achaete-scute complex-like1 (ASCL1) is a highly
expressed NET marker that is important for determining cell fate and hormone production in
TT cells.48-50 The NET marker chromogranin A (CgA) is a secretory glycoprotein, and
changes in the expression levels of this protein correspond closely with changes in the
expression levels of other NET markers.51, 52 Therefore, these markers can be used as an
indication of the broader hormone-producing activity of TT cells. As expected, free
resveratrol treatment in TT cells after four days resulted in decreased expression of both
ASCL1 and CgA (Fig. 8). Both targeted and non-targeted resveratrol-loaded micelles also
decreased ASCL1 and CgA expression on par with free resveratrol (Fig. 8). Targeted empty
micelle treatments did not show any reduction of NET marker expression compared to
control cells, indicating that somatostatin receptor activation via OCT was not sufficient to
suppress NET marker production alone. Combined with demonstrated tumor cell growth
suppression, this reduction in NET marker production in vitro suggests that resveratrol-
loaded micelles could reduce both tumor growth and symptom-inducing endocrine hormone
production in MTC effectively.

Experimental
Materials

Boltorn H40 (a hyperbranched polyester with 64 hydroxyl terminal groups per molecule;
Mn: 2833 Da) was provided by PerstorpPolyols Inc., USA, and purified with acetone and
tetrahydrofuran (THF). L-lactide was purchased from Sigma-Aldrich and recrystallized from
ethyl acetate before use. Succinic anhydride, 4-dimethylamino pyridine (DMAP), N-
hydroxysuccinimide (NHS), 1,3-dicyclohexylcarbodiimide (DCC), and dichloromethane
(DCM) were purchased from Sigma-Aldrich (Milwaukee, WI, USA) and used without
further purification. THF, triethylamine (TEA), dimethyl sulfoxide (DMSO), and dimethyl
formamide (DMF) were purchased from Sigma-Aldrich and were distilled before use. The
heterobifunctional PEG derivatives, succinimidyl (NHS)-PEG114-OH or methoxy (-OCH3))-
PEG114-OH, both of which have a Mw of 5000, were acquired from JenKem Technology
(Allen, TX, USA). Doxorubicin hydrochloride (DOX·HCl) (Tecoland Corporation, Irvine,
CA, USA), resveratrol (Enzo Life Sciences International, Inc.) and octreotide acetate (Aroz
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Technologies, USA) are commercially available. Human TT MTC cells were obtained from
the Biochemistry Department of the Medical College of Wisconsin. The cell culture media
included RPMI 1640 (Invitrogen Life Technologies, Carlsbad, CA), Fetal Bovine Serum
(Sigma, St. Louis, MO), Penicillin (10,000 IU/mL), and Streptomycin (10,000 μg/mL;
Invitrogen). Trypsin (Invitrogen) in phosphate buffered saline (Invitrogen) or Cellstripper™
(Mediatech, Inc, Manassas, VA) were used as cell dissociation buffers. Cell proliferation
assays were performed using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) (Sigma) and DMSO (Fischer Scientific, Pittsburg, PA), and measured with a μQuant
spectrophotometer (Bio-Tek Instruments, Winooski, VT). Cellular uptake of micelles was
measured using flow cytometry on an LSR II flow cytometer (BD Biosciences, San Jose,
CA) with FACSDiva (version 6.2, BD Biosciences) and FlowJo (v. 9.6.2 for Mac (2013),
Treestar, Inc., Ashland, OR). Immunoblot assays were performed using the following mouse
and rabbit antibodies: MASH for ASCL1 (BD Pharmingen, San Diego, CA), CgA (Zymed
Laboratories, San Francisco, CA), and G3PDH (Trevigen, Gaithersburg, MD). The
secondary horseradish peroxidase-linked goat anti-rabbit and anti-mouse antibodies were
purchased from Cell Signaling Technology, Beverly, MA. Proteins were detected with the
Immun-star (Bio-Rad Laboratories, Hercules, CA), Pico, or Femto (Pierce Protein Research
Products, Rockford, IL) chemiluminescence kits.

Synthesis of H40-PLA
H40-PLA was prepared by the ring-opening polymerization of L-lactide using H40 as a
macroinitiator and Sn(Oct)2 as a catalyst. A 50 mL Schlenk flask was charged with H40
(400 mg, 9.04 mmol of hydroxyl groups) under an inert atmosphere and placed in an oil bath
at 120 °C in order to melt it and facilitate its mixing with L-lactide. L-lactide (4.00 g, 27.8
mmol) was slowly introduced into the flask and a catalytic amount ([catalyst]/[monomer] of
1:1000) of Sn(Oct)2 (9 μL, 27.8 μmol) was added afterwards. The polymerization reaction
mixture was stirred for 24 h. The resulting mixture was dissolved in THF and passed
through a neutral alumina column. Next, the mixture was concentrated and precipitated into
cold diethyl ether to yield a white H40-PLA powder. The final product was dried under
vacuum for 24 h.

Synthesis of carboxyl-functionalized H40-PLA (H40-PLA-COOH)
H40-PLA-COOH was prepared by reacting H40-PLA (1.00g, 38.1 μmol) with succinic
anhydride (0.38 g, 3.8 mmol) in the presence of DMAP (0.70 g, 5.7 mmol) as a catalyst. The
reaction was carried out in anhydrous DCM (10 mL) for 48 h at room temperature with
constant stirring. Thereafter, the formed product was precipitated with cold diethyl ether and
dried under a vacuum. The impurities and unreacted materials of the product were removed
by dialysis against deionized water using cellulose tubing (molecular weight cut-off of 3500
Da). After 48 h of dialysis, the product was separated out using the freeze-drying method.

Synthesis of HO-PEG-OCT
The reaction was conducted by reacting HO-PEG-NHS (111.5 mg, 0.022 mmol) with OCT
(25 mg, 0.025 mmol) in the presence of TEA (200 μL) in freshly distilled anhydrous DMF
for 24 h. Afterwards, the products were dialyzed against DI water and then freeze-dried.

Synthesis of H40-PLA-PEG-OCH3 (Non-targeted micelles)
H40-PLA-COOH (30 mg, 1.04 μmol) and MPEG-OH (methoxy (-OCH3) PEG, 157 mg,
31.3 μmol) were dissolved in 10 mL anhydrous DCM, which was treated with DCC (6.5 mg,
31.3 μmol) and DMAP (0.4 mg, 3.1 μmol) at about 0°C. The reaction was carried out at
room temperature for 48 h under stirring. After the by-product dicyclohexylcarbodiurea was
removed by filtration, the product was precipitated with cold diethyl ether. The precipitate
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was then dialyzed against deionized water for 48 h using cellulose tubing (molecular weight
cut-off, 12 kDa) and freeze-dried.

Synthesis of H40-PLA-PEG-OCH3/Octreotide (Targeted micelles)
H40-PLA-COOH (30 mg, 1.04 μmol), MPEG-OH (109.2 mg, 21.84 μmol), and OCT-PEG-
OH (55.3 mg, 9.4 μmol) were dissolved in 10 mL anhydrous DCM, which was treated with
DCC (19.2 mg, 31.3 μmol) and DMAP (0.4 mg, 3.1 μmol) at about 0° C. The reaction was
carried out at room temperature for 24 h under stirring. After the by-product
dicyclohexylcarbodiurea was removed by filtration, the product was precipitated with cold
diethyl ether. The products were dialyzed against DI water, followed by freeze drying.

Preparation of resveratrol-loaded targeted micelles
The polymer (H40-PLA-MPEG/OCT) (50 mg) and resveratrol (20 mg) were dissolved in 5
mL of CH3CN under stirring. With this mixture, 15 mL of deionized water was added
dropwise and stirred for 24 h in darkness. Thereafter, the mixture was dialyzed against
deionized water using dialysis tubing with a molecular weight cut-off of 2 kDa for 24 h
followed by freeze drying. Resveratrol-loaded non-targeted micelles were prepared
following a similar procedure using H40-PLA-MPEG polymers.

Preparation of DOX-loaded targeted micelles
DOX-loaded micelles were created to take advantage of DOX's fluorescent properties in
experiments measuring cellular uptake. These micelles were used only in experiments that
did not assess the anti-tumor properties of the micelles or resveratrol. Doxorubicin∙HCl (15
mg) was first treated with 2 moles excess of triethylamine. Afterwards, these were mixed
with the hyperbranched amphiphilic block copolymer (H40-PLA-PEG-OCT, 50 mg) and
dissolved in 5 mL of DMF while stirring. With this mixture, 15 mL of deionized water was
added dropwise. Thereafter, the mixture was dialyzed against deionized water using a
dialysis tubing (molecular weight cut-off of 2 kDa) for 24 h and then freeze-dried. DOX-
loaded non-targeted micelles were prepared following a similar procedure using H40-PLA-
MPEG polymers.

Characterization
The hyperbranched amphiphilic block copolymers and the resulting unimolecular micelles
were characterized using various techniques.24 The structures of the intermediate and final
polymer products were confirmed by nuclear magnetic resonance (NMR) spectroscopy. 1H
NMR spectra were recorded at 25 °C on a Bruker DPX 300 spectrometer using D2O,
CDCl3, or DMSO as the solvent. The molecular weight of the polymers was determined at
35 °C using gel permeation chromatography (GPC) equipped with a refractive index
detector, a viscometer detector, and a light scattering detector (Viscotek, USA). DMF (with
10 mmol/L LiBr) was used as a mobile phase with a flow rate of 1 mL/min. The
hydrodynamic size and size distribution of the unimolecular micelles were determined by
dynamic light scattering (DLS) (ZetaSizer Nano ZS90, Malvern Instrument, USA), at a
polymer concentration of 0.05 mg/mL. The morphology and size of the dried unimolecular
micelles were measured using a transmission electron microscope (TEM) at 75 kV (Hitachi
H-600, Japan). The TEM samples were prepared by depositing a drop of micelle solution
(0.05 mg/mL) containing 0.8 wt.% of phosphotungstic acid onto a 200 mesh copper grid
coated with carbon and dried at room temperature. The drug loading content of resveratrol,
defined as the weight percentage of resveratrol in the resveratrol-loaded unimolecular
micelles, was measured by high performance liquid chromatography (HPLC, Hitachi) in
triplicate. A standard curve for quantification of the amount of resveratrol was determined
by HPLC. The Hitachi HPLC was equipped with a UV detector and a reverse-phase C18

Xu et al. Page 7

Nanoscale. Author manuscript; available in PMC 2014 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



column (150×4.6 mm) with a non-gradient mobile phase of water (0.1% H3PO4) and
acetonitrile (v/v 60/40) at a constant flow rate of 0.6 mL/min. The resveratrol peak was
measured at a wavelength of 306 nm. The DOX loading content in the DOX-loaded
unimolecular micelles was quantified by a Varian Cary 300 Bio UV-visible
spectrophotometer in triplicate. The calibration curve of absorbance for different
concentrations of DOX was determined at 485 nm. To determine the DOX loading content,
a weighed quantity (25 mg) of DOX-loaded micelles was extracted with ethanol at room
temperature for 48 h under uniform stirring. After centrifugation, the supernatant containing
DOX was assayed by a UV–visible spectrophotometer at a wavelength of 485 nm.

In vitro drug release study
Drug release studies were performed in either an acetate buffer (pH 5.3) or a phosphate
buffer (pH 7.4) solution by a dialysis method. Briefly, 5 mg of freeze-dried resveratrol-
loaded unimolecular micelles were suspended in 10 mL of donor medium (an acetate buffer
(pH 5.3) or a phosphate buffer (pH 7.4)) and placed in a dialysis bag with a molecular
weight cut-off of 100-500 Da. The dialysis bag was immersed in 100 mL of the receptor
medium (an acetate buffer (pH 5.3) or a phosphate buffer (pH 7.4) containing 0.2% Tween
80) and kept in a horizontal laboratory shaker with continuous stirring (100 rpm) at 37 °C.
At selected time points, samples of 10 mL of release medium were withdrawn and used to
quantify the amount of resveratrol released using HPLC. The same amount of fresh medium
was added back to the release medium. The drug release studies were performed in triplicate
for each sample. The cumulative amount of drug released was calculated and plotted against
time.

Cell culture
TT cells were maintained in 1640 RPMI media with 16% fetal bovine serum, 100 IU/mL
penicillin, and 100 μg/mL streptomycin at 37 °C with 5% carbon dioxide in a humidified
environment. Cells were passaged using 0.05% Trypsin in phosphate buffered saline.

Cellular uptake of micelles
The cellular uptake of control cell media only and DOX-loaded targeted and non-targeted
micelles was measured using flow cytometry. TT cells were plated into 100 mm culture
dishes in standard media and incubated overnight. They were then treated in serum-free
RPMI 1640 media with DOX-loaded targeted and non-targeted micelles (2 μg/mL DOX).
Prior to application to cells, the micelles in media, along with the micelle-free media control,
were sonicated for 30 minutes at 40 kHz with the temperature maintained between 23 and 27
°C (Bransonic 3510R-DTH, Branson Ultrasonics Corporation, Danbury, CT). Cells were
then treated for 4 or 6 h. After treatment, cells were washed with phosphate buffered saline
and then removed from culture plates with Cellstripper™ and concentrated by centrifugation
to 5-10 × 105 cells/mL. Using the LSRII Flow Cytometer, a minimum of 5 × 104 cells were
analyzed for each treatment, and DOX-positive cells were detected using 530LP and 585/42
filters on a log scale compared to media controls.

Cell proliferation assay
The ability of resveratrol-loaded unimolecular micelles to suppress cell proliferation was
measured using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assays. TT cells were seeded into 96-well culture plates with 1.3 × 104 cells per well and
incubated overnight to allow cell adhesion. Cells were then treated with resveratrol-loaded
targeted and non-targeted micelles, and three controls:empty targeted micelles, free
resveratrol, and media. In free resveratrol and resveratrol-loaded micelle aliquots, the
concentration of resveratrol was either 50 or 100 μM. These doses were chosen based on the
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half-maximal inhibition concentration (IC50) in TT cell proliferation assays performed with
resveratrol alone after 4 or 6 days of treatment (data not shown). In the resveratrol-free
aliquot, the micelle concentration was set to be equivalent to the resveratrol-loaded samples.
Treatment media was changed every 2 days, and MTT assays were performed on day 0, 2, 4,
and 6. At each time point, treatment media was removed from the plates, and 50 μL of
serum-free RPMI 1640 with 0.25 mg/mL MTT was applied for 3.5 h. Following incubation,
150 μL of DMSO was added to each well and mixed for 5 minutes. Absorbance at 540 nm
was read for each well with a μQuant spectrophotometer, and the average absorbance and
percent growth compared to controls were calculated.

Immunoblot analysis
TT cells were seeded into 100 mm culture plates and incubated overnight. Culture media
was removed and replaced with aliquots of resveratrol-loaded non-targeted and targeted
micelles, empty targeted micelles, free resveratrol, and media controls, at a concentration of
50 μM of resveratrol or the equivalent, as described above. Plates were incubated for 4 days,
with treatment media changed after 2 days. Total cellular protein lysates were isolated and
concentrations were quantified using a bicinchoninic acid assay (Thermo Scientific,
Waltham, MA) per the manufacturer's instructions. Protein lysates (30 μg) were denatured
and resolved on 10% SDS-PAGE, and Western blot analysis was carried out as previously
described.53 Briefly, separated proteins were transferred to nitrocellulose membranes (Bio-
Rad Laboratories, Hercules, CA), blocked in milk (5% nonfat dry milk, 0.05% Tween 20 in
phosphate buffered saline), and incubated with primary antibodies. The primary antibody
dilutions were as follows: MASH for ASCL1 (1:2000), CgA (1:3000), and G3PDH
(1:3000). Blot membranes were then incubated in the appropriate amounts of secondary
antibodies— horseradish peroxidase goat anti-rabbit or anti-mouse—that were then detected
using Immun-star, Pico, or Femto kits per the manufacturer's instructions.

Statistical analysis
Continuous variables in the MTT analysis were compared using one-way analysis of
variance (ANOVA) with Tukey HSD correction for between-group comparisons (IBM
SPSS, version 20.0; SPSS Inc., Chicago, IL). P-values less than or equal to 0.05 were
considered significant.

Conclusions
OCT-conjugated unimolecular micelles formed by amphiphilic hyperbranched block
copolymers have been developed as nanocarriers for targeted neuroendocrine tumor therapy.
Resveratrol, a hydrophobic anticancer drug, has been physically loaded into the hydrophobic
segments of micelles in order to improve its solubility and bioavailability. Cellular uptake,
cellular proliferation, and NET marker expression studies revealed that the resveratrol-
loaded targeted micelles showed higher cellular uptake and suppressed growth significantly
more than resveratrol-loaded non-targeted micelles. We envision that this OCT-conjugated
unimolecular micelle would serve as a new therapeutic nanoplatform for effective NET-
targeted delivery of a variety of hydrophobic therapeutic agents.
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Fig. 1.
A schematic illustration of the H40-PLA-PEG-OCT nanocarriers for NET-targeted drug
delivery.
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Fig. 2.
1H NMR spectrum of (A) H40-PLA, (B) H40-PLA-COOH, and (C) H40-PLA-PEG-OCH3/
OCT.
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Fig. 3.
FTIR spectra ofH40-PLA-PEG-OCH3/OCT.
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Fig. 4.
The (A) size distribution and (B) morphology of unimolecular micelles as measured by DLS
and TEM, respectively.
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Fig. 5.
In vitro resveratrol release profiles of resveratrol-loaded unimolecular micelles at a pH of
5.3 and 7.4.
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Fig. 6.
Flow cytometry analysis of TT medullary thyroid cancer cells treated with control media
and DOX-labeled targeted and non-targeted micelles, both with an equal dose of DOX (2
ug/mL). Cells were treated for (A) 4 h or (B) 6 h, and then analyzed on an LSRII flow
cytometer. The control media results were used to set the gate for DOX+ cells, and this gate
was used to assess DOX positive cells, indicating micelle uptake. Percentages of single, live
cells included within the DOX-positive gate are reported.
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Fig. 7.
MTT analysis of TT cells treated with control media, DMSO, targeted empty micelles (M-T
Empty), resveratrol-loaded non-targeted micelles (M-NT Resv), resveratrol-loaded targeted
micelles (M-T Resv), and free resveratrol (Resv) at a concentration of (A) 50 μM or (B) 100
uM in all treatments containing resveratrol. The concentration of targeted empty micelles
was calculated to be the same in micelles/mL as the treatments containing resveratrol. M-T
Resv treatments suppressed growth significantly more than M-NT Resv at day 6 at both
concentrations (50 μM, * p = 0.02; 100 μM, # p = 0.04).
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Fig. 8.
Western blot analysis of TT cells treated for 4 days with control media, targeted empty
micelles (M-T Empty), resveratrol-loaded non-targeted micelles (M-NT Resv), resveratrol-
loaded targeted micelles (M-T Resv), and free resveratrol (Resv) at a concentration of 50
μM in all treatments containing resveratrol and at equivalent micelles/mL concentration in
the targeted empty micelles.
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Scheme 1.
The synthesis scheme of the hyperbranched H40-PLA-PEG-OCT amphiphilic block
copolymers.
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Table 1
Gel permeation chromatography of H40, H40-PLA and H40-PLA-MPEG

Sample Mn Mw Mw/Mn

H40a 2833 5100 1.80

H40-PLA 26208 36456 1.39

H40-PLA-MPEG 150310 248949 1.66

a
Perstorp data sheet.
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