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Miktoarm Star Polymer Based Multifunctional
Traceable Nanocarriers for Efficient Delivery
of Poorly Water Soluble Pharmacological
Agents®

Ghareb M. Soliman, Rocio Redon, Anjali Sharma, Diana Mejia,
Dusica Maysinger,” Ashok Kakkar*

A versatile methodology to develop an inherently fluorescent and thus traceable
multifunctional nanodelivery platform based on miktoarm polymers is reported. Miktoarm
stars containing covalently linked tetraiodofluorescein dye, polyethylene glycol, and
polycaprolactone self-assemble into micelles, and integrate multiple functions including
fluorescent tags for imaging, a hydrophobic core for drug incorporation, and a hydrophilic
corona for micelle stabilization. Curcumin, a pleiotropic but very poorly water-soluble drug, is
loaded into these micelles with an efficiency of 25-60 wt%. It leads to a 25 000-fold increase in
its aqueous solubility, and a sustained release over a period of 7 d. These micelles are rapidly
internalized into murine J774A.1 macrophages, and accumulated into discrete cellular
compartments, whereas the free and physically encapsulated dye is diffused in the cytoplasm.
Curcumin-loaded micelles reduce lipopolysaccharide-induced nitric oxide release. The studies
establish miktoarm star based nanocarriers as highly efficient in tracking their fate and
expanding the scope of pharmacological agents Spctc diuion

with limited utility in experimental medicine. .3‘1;{2%}:” - ~ .;%
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1. Introduction

Multifunctional nanocarriers that can physically entrap
hydrophobic drugs and other biologically active molecules,
enhance their solubility, provide a controlled and sustained
release, as well as help trace their cellular localization,
constitute a topical area of research.*™! Amphiphilic
macromolecules self-assembled into nanoparticles have
been widely studied in this regard.*”) To monitor their
accumulation at targeted sites, fluorescent dyes are often
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co-encapsulated into the hydrophobic core.!® For efficiently
tracing drug carriers, fluorescent dyes must be covalently
bound to the micelle-forming macromolecules. Miktoarm
polymers are a fairly recent addition to the polymer family
and offer distinct advantages for pharmaceutical applica-
tions.®?! These star-shaped polymers self-assemble into a
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unique architecture, where covalently bound hydrophilic
arms constitute the corona and hydrophobic arms form the
core of the micelles. The ease in synthetic articulation of the
branched architecture of miktoarm stars makes them an
attractive platform for developing multifunctional nano-
materials in which a fluorescent dye can be covalently
stitched to the core. The self-assembled structures from
these miktoarm stars can be used to encapsulate therapeu-
tic agents with poor pharmacokinetic properties, while
their inherent fluorescence can help track and determine
the fate of these nanocarriers.

Curcumin is a low molecular weight hydrophobic
polyphenol derived from the rhizome of turmeric (Curcuma
longa L.), and is widely used as a yellow coloring agent for
food and cosmetics.*>*4! The pharmaceutical interest in
curcumin is driven by its broad spectrum of pharmacologi-
cal and biological activities, such as antioxidant, anti-
inflammatory, antimicrobial, anti-tumor, antidepressant
and anti-HIV."'®! Curcumin has many different targets,
including the inflammatory enzymes COX-2 and iNOS, and
is known to inhibit the IKK signaling pathway that is
responsible for the phosphorylation of IKB-, an integral
step in the activation of the pro-inflammatory transcriptor
NF-kB.**¢! Curcumin has also been shown to inhibit
the activity of iNOS in macrophages in the concentration
range of 1-20 um.l*”]

Clinical studies have established the safety of curcumin
for human use even at very large doses, as high as
12 g d~1*#23] Despite these promising properties, clinical
utility of curcumin is limited due to its poor physico-
chemical properties including very low water solubility
(11ngmL™?) and poor stability at alkaline pH.*#?°! In
addition, extensive intestinal and hepatic metabolism and
rapid elimination from the circulation result in poor
bioavailability.?*) There has been tremendous interest
in overcoming these pharmacokinetic limitations in
order to improve the clinical efficacy of curcumin, and
a variety of delivery systems, including polymeric
micelles, solid lipid nanoparticles, liposomes, cyclodextrins,
biodegradable hydrogels, and solid dispersions have been
investigated.?>72°]

We report herein the design and construction of a
traceable nanodelivery platform based on ABC type
miktoarm stars in which the fluorescent dye tetraiodo-
fluorescein (TIF) was covalently linked to a branched core
together with polyethylene glycol (PEG) and polycapro-
lactone (PCL). These miktoarm stars self-assemble into
micelles in an aqueous medium, into which curcumin
was physically encapsulated with high efficiency. We
demonstrate that there is a 25000-fold increase in
curcumin solubility upon loading into these nanocarriers,
and its release is sustained over a period of 7 d. The
inherently fluorescent nanocarriers were rapidly internal-
ized into J774A.1 murine macrophages, and were seen as
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distinct puncta as compared to the diffused free and
physically incorporated dye. The anti-inflammatory prop-
erties of curcumin-loaded micelles were evaluated in
macrophages activated by lipopolysaccharides (LPS). LPS
is an endotoxin produced by Gram-negative bacteria, and
it is commonly used to induce inflammation in vivo and
to stimulate production of inflammatory biomarkers in
vitro.!*®3!l The nanocarriers loaded with curcumin reduce
LPS induced nitric oxide release in stressed macrophages,
suggesting the retention of curcumin anti-inflammatory

property.

2. Experimental Section

2.1. Materials

Water was deionized using a Millipore Milli-Q system. Curcumin,
lipopolysaccharides (L2630 Lot# 012M4098V), 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), e-caprolactone
(99%), tin (II) 2-ethylhexanoate (95%), copper (II) sulfate pentahy-
drate (CuSO,4-5H,0) (>98.0%), sodium ascorbate (NaAsc, crystal-
line, 98%), tetrabutylammonium fluoride (Bu,NF; 1m in THE),
11-bromo-1-undecanol (98%), tetrabromomethane (CBrg; 99%),
sodium azide (NaNs; >99.5%), and propargyl bromide solution
(80 wit% in toluene) were purchased from Sigma—Aldrich, St. Louis,
MO, and used as received. Tetraiodofluorescein (TIF) was purchased
from TCI (Tokyo Chemical Industry Co. Ltd.). All reactions were
performed under dry conditions in an inert atmosphere using
distilled solvents. Flash chromatography was performed using
60 A (230-400mesh) silica gel from EMD Chemicals Inc.
Dialysis membranes (Spectra/por, MWCO: 6—8 kDa, unless otherwise
indicated) were purchased from Fisher Scientific (Rancho Dominguez,
CA). Penicillin, streptomycin, Griess reagent (1% sulfanilamide, 0.1%
N-(1-naphthyl)-ethylenediaminedihydrochloride, and 5% phospho-
ric acid), and fetal bovine serum were purchased from Invitrogen
(Carlsbad, CA).e-Caprolactone was dried over calcium hydride for24 h
and distilled under reduced pressure prior to use.

2.2. Synthesis and Characterization of ABC Miktoarm
Polymers

Compounds 1 and 2 were synthesized by an adaptation of our
previously published procedures.*!! Monopropargylated tetraio-
dofluorescein was synthesized using a literature procedure.*23?!

2.2.1. Compound 3a

Toasolution of compound 2 with PEG chainlength of 750D (0.725 g,
0.630mmol) in DMF (1ml), sodium azide (NaN; 0.205g,
3.168 mmol) and NBut,I (0.936g, 0.025 mmol) were added. The
reaction mixture was left to stir at room temperature overnight. It
was subsequently diluted with H,O (5 mL) and extracted with DCM
(3x10mlL), and the organic phase was washed with brine
(2 x 10 mL). The organic layer was then dried over Na,SO, and
filtered. The solvent was removed under vacuum. The crude was
then washed several times with hexanes and diethylether to
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remove excess of DMF. (0.57g, 77% yield). 'H NMR (400 MHz,
CDCls): 88 (ppm) 1.00-1.30 (m, 14H, —CH,—), 1.40-1.49 (m, 2H,
—CH,), 1.58-1.64 (m, 2H, —CH},), 1.70-1.85 (m, 2H, —CH,), 3.11 (t,
—CH,N3), 3.23 (s, 3H, —OCHs), 3.37-3.52 (m, (—OCH,CH,—),.), 3.78
(t, 2H, —CH, OCHs), 4.25 (t, 2H, —OCH,CH,triazole), 4.46 (br t, 2H,
—OCH,CH,triazole), 4.62 (br s 2H, —CH,0H), 7.67 (s, 1H, ArH), 7.70
(s, 1H, ArH), 7.82 (s, 1H, ArH), 8.02 (s, 1H, triazoleH), and 8.06 (s, 1H,
triazoleH). **C{*H} NMR (500 MHz, CDCl,): 5 (ppm) 26.47, 26.67,
26.84, 28.80, 28.82, 28.99, 29.09, 29.31, 29.36, 30.31, 32.60, 45.20,
50.43, 50.47, 51.44, 59.05, 62.70, 69.43, 70.44, 70.51, 71.59, 71.91,
119.96, 121.57, 121.74, 123.48, 123.61, 13142, 131.53, 142.72,
147.25, and 147.33.

2.2.2. Compound 3b

Compound 2 with PEG chainlength of 2KD (0.221 g, 0.098 mmol) in
DMF (1 mL), sodium azide (NaNs, 0.031 g, 0.484 mmol) and NBut,I
(1.43 mg, 0.004 mmol) were reacted together using similar proce-
dure as described above. (0.1g, 44% yield). 'H NMR (400 MHz,
CDCls): 8 (ppm) 1.23-1.30 (m, 16H, —CH,—), 1.54 (m, 2H, —CH,),
191 (m, 2H, —CH,CH,triazole), 3.20 (t, —CH,N3), 3.33 (s, 3H,
—OCH3), 3.40-3.60 (m, (—OCH,CH,—),), 3.77 (t, 2H, —CH,OCHs),
3.88 (t, 2H, —CH,OCHS,), 4.36 (t, 2H, —OCH,CH,triazole), 4.56 (brt,
2H, —OCH,CHj,triazole), 4.74 (br s 2H, —CH,0H), 7.78 (s, 1H, ArH),
7.82 (s, 1H, ArH), 7.88 (s, 1H, ArH), 8.12 (s, 1H, triazoleH), and 8.19 (s,
1H, triazoleH). **C{*H} NMR (500 MHz, CDCl5): 85 (ppm) 14.11, 22.61,
25.23, 26.44, 26.64, 28.77, 29.00, 29.06, 29.28, 29.33, 30.27, 31.54,
50.39, 50.42, 51.40, 59.02, 64.54, 69.40, 70.33, 70.41, 70.44, 70.51,
70.68,71.88,119.98,121.53,121.61, 123.43,123.54, 131.35, 131.45,
142.82,147.21, 147.30, and 161.16.

2.2.3. Compound 4a (PEG750'PCL5700'N3)

A solution of compound 3a (98 mg, 0.089 mmol) in dry toluene
(2mL) was placed in a flame-dried two neck round bottom flask
fitted with a condenser. The solution was degassed by evacuation,
and distilled e-caprolactone (0.31 mL, 2.66 mmol) was added under
nitrogen with a syringe through the rubber septum. A nitrogen
purged solution of Sn(II) 2-ethylhexanoate (2 mg, 0.005 mmol) in
toluene (1 mlL) was then added to the reaction flask, and the
mixture was refluxed for 24 h. The reaction mixture was then
cooled to room temperature, and the solvent was removed under
vacuum. The product was dissolved in dichloromethane and
precipitated in cold methanol. The polymer was filtered and
washed with diethylether to yield a white powder (0.82 g, 76%
yield). GPC: M, = 6 850 gmol %, Polydispersity Index (PDI) = 1.30.
H NMR (300 MHz, CDCl3): § (ppm) 0.80-1.68 (m, 20H, —CH,—) and
(m, —CH, PCL), 2.10-2.34 (m, —CH, PCL), 3.14 (t, —CH, N33), 3.31 (s,
3H, —OCH3), 3.38-3.87 (m, (—OCH,CH,-)n), 4.17 (t, 2H, —CH,PCL),
429 (t, 2H, —OCH,CH,triazole), 4.36 (t, 2H, —OCH,CH,tria-
zole),5.13 (s, 2H, —CH, PCL), 7.77 (s, 1H, ArH), 7.80 (s, 1H, ArH),
7.90 (s, 1H, ArH), 8.08 (s, 1H, triazoleH), and 8.19 (s, 1H, triazoleH).
3C{*H} NMR (300 MHz, CDCl,): § (ppm) 0.94, 11.81, 13.90, 15.18,
22.54, 22.61, 24.50, 25.26, 25.33, 25.38, 25.45, 25.49, 25.51, 28.03,
28.19, 28.26, 28.33, 29.30, 29.56, 31.74, 34.03, 34.16, 34.25, 34.47,
36.46, 39.45, 45.08, 47.30, 50.41, 58.94, 62.16, 62.34, 62.93, 63.74,
63.87, 63.97, 64.07, 64.22, 65.55, 65.78, 69.40, 70.23, 70.46, 71.82,
76.67,77.70,120.09,121.54,122.59,124.82,124.92,131.59, 137.29,
146.81, and 146.92.

Macromolecular
» Journals

Macromol. Biosci. 2014, 14, 1312-1324
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

G. M. Soliman, R. Redon, A. Sharma, D. Mejia, D. Maysinger, A. Kakkar

2.2.4, Compound 4b (PEG2OOO'PCL5200'N3)

Compound 3b (66.3 mg, 0.029 mmol) and e-caprolactone (0.10 mL,
0.87mmol) were reacted together using the above mentioned
procedure for ring opening polymerization. (49 mg, 70% yield) GPC:
My =7 600gmol *, PDI = 1.34. *H NMR (300 MHz, CDCls): § (ppm)
0.80-1.68 (m, 20H, —CH,—) and (m, —CH, PCL), 2.10-2.34 (m,
—CH, PCL), 3.14 (t, —CH; N3), 3.31 (s, 3H, —OCH3), 3.38 — 3.87 (m,
(—OCH,CH,—)n), 4.17 (t, 2H, —CH,PCL), 4.29 (t, 2H, —OCH,CH,.
triazole), 4.36 (t, 2H, —OCH,CH,triazole),5.13 (s, 2H, —CH, PCL), 7.77
(s, 1H, ArH), 7.80 (s, 1H, ArH), 7.90 (s, 1H, ArH), 8.08 (s, 1H, triazoleH),
and 8.19 (s, 1H, triazoleH). **C{*H} NMR (300 MHz, CDCl5): § (ppm)
0.94, 11.81, 13.90, 15.18, 22.54, 22.61, 24.50, 25.26, 25.33, 25.38,
25.45, 25.49, 25.51, 28.03, 28.19, 28.26, 28.33, 29.30, 29.56, 31.74,
34.03, 34.16, 34.25, 34.47, 36.46, 39.45, 45.08, 47.30, 50.41, 58.94,
62.16, 62.34, 62.93, 63.74, 63.87, 63.97, 64.07, 64.22, 65.55, 65.78,
69.40, 70.23, 70.46, 71.82, 76.67, 77.70, 120.09, 121.54, 122.59,
124.82,124.92,131.59, 137.29, 146.81, and 146.92.

2.2.5. Compound 4c (PEGZOOO_PCLZZLOOO_NB)

Compound 3b (73.7mg, 0.03 mmol) and e-caprolactone (0.5mlL,
4.510 mmol) were reacted together using the above mentioned
procedure for ring opening polymerization. (0.63 g, 86% yield). GPC:
M, =22720gmol %, PDI = 1.44. "H NMR (300 MHz, CDCls): § (ppm)
0.80-1.78 (m, 20H, —CH,—) and (m, —CH, PCL), 2.13-2.47
(m, —CH, PCL), 3.25 (t, —CH, N3), 3.36 (s, 3H, —OCH,), 3.51-4.08
(m, (—OCH,CH,—)n), 4.28 (t, 2H, —CH,PCL), 4.41 (t 2H,
—OCH,CH,triazole), 4.61 (t, 2H, —OCH,CH,triazole),5.18 (s, 2H,
—CH, PCL), 7.80 (s, 1H, ArH), 7.84 (s, 1H, ArH), 7.89 (s, 1H, ArH), 8.09
(s, 1H, triazoleH), and 8.22 (s, 1H, triazoleH). **C{*H} NMR (300 MHz,
CDCls): & (ppm) 0.94, 11.81, 13.90, 13.93, 15.18, 22.55, 22.66, 24.50,
25.26, 25.39, 25.45, 25.49, 28.26, 28.19, 28.26, 28.33, 29.30, 29.56,
31.74, 34.04, 34.16, 36.46, 39.45, 45.08, 47.31, 50.44, 58.95, 62.16,
62.34, 62.93, 63.97, 64.01, 64.08, 65.55, 65.79, 69.40, 70.46, 70.50,
71.82,76.67,120.09, 121.54, 122.59, 124.82,124.92, 131.59, 137.29,
146.81, and 146.92.

2.2.6. Compound 5a (PEG75¢-PCLs700-TIF)

Compound 4a (42.6mg, 0.003mmol) and monopropargylated
tetraiodofluorescein (2.61mg, 0.003mmol) were dissolved in
3mL of DMF, followed by the addition of sodium ascorbate
(0.5mg, 0.002 mmol). An aqueous solution (1 mL) of CuSO, - 5H,0
(0.5mg, 0.002mmol) was added dropwise to the solution. The
reaction mixture was left to stir overnight at room temperature.
Approximately, 30 g of ice was added to the remaining solution,
and centrifuged at 4°C for 15min, after which, the solid was
decanted and washed with diethylether (3 x 30mL) and centri-
fuged after each diethylether addition, and upon decantation the
solvent was evaporated to yield the product as a purple solid
(25 mg, 55% yield). *H NMR (300 MHz, CDCI3): § (ppm) 0.87 — 1.64
(m, 20H, —CH,—) and (m, —CH, PCL), 2.09-2.51 (m, — CH, PCL), 3.21
(t, —CH, PCL), 3.37 (s, 3H, —OCHs), 3.46—3.66 (m, (—OCH,CH,—)n),
3.81 (t, 2H, —CH,0-Dye), 4.29 (t, 2H, —CH,PCL), 441 (t, 2H,
—OCH,CH,triazole), 4.61 (t, 2H, —OCH,CH,triazole), 5.19 (s, 2H,
—CH, PCL), 5.30 (s, 2H, —OCH, PCL), 6.91 (s, 1H, ArH), 7.05 (s, 1H,
ArH),7.19 (s, 1H, ArH), 7.28 (s, 1H, ArH), 7.45 (s, 1H, ArH), 7.61 (s, 2H,
ArH), 7.83 (s, 1H, ArH), 7.85 (s, 1H, ArH), 7.89 (s, 1H, ArH), 8.10 (s, 1H,
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triazoleH), and 8.23 (s, 1H, triazoleH). **C{*H} NMR (300 MHz,
CDCls): § (ppm) 0.99, 11.85, 13.95, 15.26, 22.60, 24.40, 24.54, 24.66,
25.28, 25.35, 25.37, 25.50, 25.62, 25.65, 26.43, 26.81, 26.87, 28.18,
28.31, 28.38, 28.45, 28.80, 29.22, 29.29, 29.35, 29.42, 29.60, 31.78,
32.30, 32.58, 33.84, 33.94, 34.08, 34.20, 34.22, 34.30, 36.57, 3947,
45.17, 47.34, 63.78, 63.96, 64.12, 64.27, 65.84, 69.47, 70.49, 70.53,
71.89,119.21,119.98,121.46,122.60,124.87,124.98,131.63,131.71,
137.32, 146.89, 147.00, 173.30, 173.54, 173.63, 174.00, and 176.47.

2.2.7. Compound 5b (PEG0p9-PCLs200-TIF)

Compounds 4b (49.7 mg, 0.003 mmol), monopropargylated tetraio-
dofluorescein (2.22mg, 0.002 mmol), sodium ascorbate (0.5mg,
0.002 mmol), and CuSO,- 5H,0 (0.5 mg, 0.002 mmol) were reacted
together using above mentioned procedure. (0.32 g, 63% yield)."H
NMR (300 MHz, CDCl5): § (ppm) 0.90-1.58 (m, 20H, —CH,—) and (m,
—CH, PCL), 2.09-2.69 (m, —CH, PCL), 2.88 (t, —CH, PCL), 3.02 (s, 3H,
—OCHS,), 3.22-4.09 (m, (—OCH,CH,—),), (m, 2H,—CH,Br), 4.32 (t,
2H, —CH,0—Dye), 4.37(t, 2H, —CH, PCL), 4.57 (t, 2H, —OCH,CH,.
triazole), 4.66 (t, 2H, —OCH,CH,triazole), 5.15 (s, 2H, —CH, PCL),
7.45 (s, 1H, ArH), 7.76 (s, 1H, ArH), 7.85 (s, 1H, ArH), 7.92 (s, 1H, ArH),
8.11 (s, 1H, ArH), 8.17 (s, 3H, ArH), 8.23 (s, 1H, ArH), 8.25 (s, 1H, ArH),
8.42 (s, 1H, ArH), 8.54 (s, 1H, triazoleH), and 8.58 (s, 1H, triazoleH). *3C
{*H} NMR (300 MHz, CDCl,): § (ppm) 15.57,15.73,22.50, 22.96, 24.51,
25.35, 28.26, 29.51, 31.21, 31.73, 33.82, 36.26, 39.43, 39.60, 39.76,
39.93, 40.01, 40.09, 40.19, 40.26, 40.35, 40.43, 49.07, 63.88, 65.25,
65.41, 65.57, 70.26, 124.30, 162.67, and 173.06.

2.3. Preparation of Blank and Curcumin-Loaded
Micelles

Blank and curcumin-loaded miktoarm micelles were prepared by a
co-solvent evaporation method.**! Specific weights of the polymer
and drug (drug/polymer ratio of 0-40 wt%) were dissolvedin 1.5 mL
of acetone. The solution was added dropwise (1 drop/105s)to 3 mLof
magnetically stirred deionized water. The mixture was stirred in
the dark for 24 h to remove acetone and trigger micelle formation.
The mixture was filtered through a 0.45 pm PVDF filter to remove
the free (non-incorporated) drug. Aliquots of the micellar solutions
were tested by dynamic light scattering (DLS) to determine the
hydrodynamic diameter (Dy) and polydispersity index (PDI) of the
micelles. Aliquots of the solution were diluted 10 times by
acetonitrile and used to determine drug content of the micelles
by an HPLC assay.

2.4. Characterization

NMR spectra were recorded on a 300 or 400 MHz (as specified)
Varian spectrometers at ambient temperatures. The chemical
shifts in ppm are reported relative to tetramethylsilane as an
internal standard for *H and *3C {*H} NMR spectra. Molecular
weight and polydispersity index (PDI) were characterized by GPC
(Waters Breeze) using THF as the mobile phase. The GPC was
equipped with three Waters Styragel HR columns (molecular
weight measurement ranges: HR1: 10°-5 x 10°gmol *, HR2:
5 x 10°—2 x 10*gmol %, HR3: 5 x 10°—6 x 10° gmol *) and a guard
column. The columns were operated at 40 °C and a mobile phase
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flow rate of 0.3mLmin* during analysis. The GPC was also
equipped with both ultraviolet (UV 2487) and differential refractive
index (RI 2410) detectors. The molecular weight measurements
were calibrated relative to poly(styrene) narrow molecular weight
standards in THF at 40 °C.

The dynamic light scattering measurements were performed
using a Malvern ZetaSizer (Nano-ZS, Malvern Instruments,
Worcestershire, UK). The instrument was equipped with a
He—Ne laser operating at 633 nm and an avalanche photodiode
detector. Samples were filtered through a 0.45pm Millex
Millipore PVDF membrane prior to measurements. The mean
hydrodynamic diameter, polydispersity index, and scattering
intensity of the micelles were determined. Measurements
were performed in triplicate at room temperature. Cumulant
analysis was applied to obtain the hydrodynamic diameter
and polydispersity index of the nanoparticles. The constrained
regularized CONTIN method was used to obtain the particle size
distribution.

UV-Vis absorption spectra were recorded with an Agilent
8452A photodiode array spectrometer. Steady-state fluorescence
spectra were recorded using a Varian Cary Eclipse fluorescence
spectrophotometer.

HPLC analysis of curcumin was performed on a Waters
chromatography system equipped with Waters 1525 . binary
HPLC pump, Waters 717plus autosampler, Waters Symmetry C18
5pm and 4.6 x 150 mm column, Waters 2487 dual \ absorbance
detector, and an IBM computer equipped with the Breeze
software. The assay was carried out at 25°C using a 7:3v/v
mixture of acetonitrile-0.5% w/v citric acid solution adjusted
to pH 3.0 by 50% w/v aqueous KOH solution. The flow rate was
1.2mLmin"*. The injection volume was 20 pL and the run time
was 9 min. Curcumin, monitored by its absorbance at 420 nm,
had a retention time ~7.1 min. A calibration curve (r? > 0.999) of
curcumin was prepared using standard solutions ranging in
concentration from 10 to 50 pgmL™' prepared immediately
prior to the assay. To assay curcumin content of different
miktoarm micelles, a given volume of aqueous micellar solution
was diluted 10 times by acetonitrile to break the micelle
structure. The solution was filtered through 0.2 pm Millex
Millipore nylon filters and assayed by HPLC. Given volume of
blank polymeric micelles was treated similarly and used as a
control. Curcumin encapsulation efficiency and loading capacity
were calculated from:

CUR encapsulation efficiency (wt%)
Weight of CUR in the micelles

~ Total weight of CUR used initially

100 (1)

CUR loading capacity (wt%)
Weight of CUR in micelles

~ Total weight of micelles tested

100 (2)

2.5. UV-Vis Absorption Measurements

Aliquots of TIF-monoacetylene, PEGy50-PCLs700-TIF, PEGq00-
PCLs700-TIF solution in acetone (5mgmL™') were diluted in
deionized water to reach concentration of 0.005 mg mL™*. Micelles
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of PEG750-PCLs700-TIF, PEG2000-PCLs700-TIF were prepared following
the general procedure described above and diluted with deionized
water to reach a polymer concentration of 0.08 mgmL™*. The UV—
vis absorption spectra of aliquots of these solutions were recorded
in the range of 200-800 nm.

2.6. Critical Association Concentration (CAC) of ABC
Miktoarm Micelles

Given volumes of pyrene stock solution in acetone (180 pm) were
added to a series of 4mL vials and the acetone was allowed to
evaporate overnight in the dark. Blank miktoarm micelles were
prepared following the general procedure described above.
Specified volumes of the micellar solutions were added to the
vials having pyrene so that polymer concentration varied from
0.025 to 200pgmL ' while pyrene concentration was kept
constant at 6 um. The pyrene versus micellar solutions were
equilibrated overnight in the dark. Excitation spectra wererecorded
from 260 to 360nm at Ay, =390nm (excitation and emission
bandpass, 5 nm, respectively). The ratios of the pyrene fluorescence
intensities at A =338 and 333 nm ([335/I333) Were calculated and
plotted versus polymer concentration. The critical association
concentration (CAC) values were determined from the graphsasthe
intersections of two straight lines (the horizontal line with an
almost constant value of the ratio I;55/I533 and the vertical line with
a steady increase in the ratio value).

2.7. Micelle Colloidal Stability

Curcumin-loaded micelles were prepared by the co-solvent
evaporation method in deionized water and stored at 4 °C for 45
d. The particle size and polydispersity index of micelles were
measured on the freshly prepared sample and on weekly intervals
after storage. The micelles were also periodically examined for
signs of aggregation/precipitation.

2.8. Drug Release Studies

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

J774A.1 murine macrophages were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Gibco #11995-073) containing 1% v/v Pen-
Strep (Gibco #15140-122) in 10% v/v fetal bovine serum (FBS, Gibco
#26140-079) media solution. Cells were seeded 24h prior to
treatment. Treatments were performed in 2% serum-containing
media for nitric oxide, mitochondrial activity and cell count and in
serum-free media for uptake, fluorescence and cell imaging. Cell
were grown and treated at 37 °C with 5% CO, and >95% relative
humidity.

2.10. Fluorescence Measurements

Fluorescence intensity measurements were carried out using a
BMG spectrofluorometer. Macrophages were seeded in a 96 well
black plate (Sarstedt) at a density of 1 x 10 cells per well and grown
for 24h at 37°C. Cells were treated with fluorescent curcumin
micelles (500 nm—5pum) for indicated amounts of time. Cells
were immediately washed in PBS pH 5.5 at treatment end-time
followed by two additional washes with neutral PBS. Fluorescence
was measured using a BMG spectrofluorometer (ex 544 nm/em
590 nm).

2.11. Imaging

To acquire representative images, J774A.1 macrophages were
seeded in a chamber slide at a density of 1 x 10* cells per well and
grown for 24 h at 37 °C. They were treated with fluorescent micelles
(5um TIF) for 1h, after which cells were fixed with 4%
paraformaldehyde and stained with Hoechst 33342 (10 pum,
10min, Sigma). The cells were imaged directly using a Leica
DMI4000B inverted fluorescence microscope at 63 x magnification.
Images were captured with the Leica DFC350FX digital camera
using a UV filter (ex 350/em 461 nm) and Cy3 filter (ex 543/em
593 nm) and analyzed using the Leica Application Suite software
for image acquisition.

2.12. Nitric Oxide Release

NO release was assessed by measuring nitrite concentration (NOy)
in cell media using Griess reagent. J774A.1 macrophages
were seeded in 24-well cell culture plate (Sarstedt) at a density
of 1x10° cells per well in 500 uL. Cells were pre-treated with
curcumin or curcumin micelles for 2h before the addition of
lipopolysaccharides (LPS) from E. coli (L2880). LPS was solubilized in
PBS to 1mgmL ™" and used to activate microglia at an effective
concentration of 100 ng mL . Twenty hours after the addition of
curcumin, triplicate samples of supernatant (50 uL) were placed
into a 96 well plate (Sarstedt). A standard curve (0-100 pm) was
generated using sodium nitrite in serum-free cell media. Griess
reagent (1% sulfanilamide, 0.1% N-[1-naphthyl]-ethyleneaminedi-
hydrochloride, 5% phosphoric acid) (Sigma, G-4410) was added to
samples and standards, and incubated at room temperature for
15 min. Absorbance was measured at 540 nm using a microplate
reader (ASYS UVM 340).
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2.13. Mitochondrial Activity

J774A.1 macrophages were seeded and treated as above. At
treatment end time point, 50 L of 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution in PBS (5mgmL™")
was added tothe cells and incubated at 37 °C with 5% CO, and >95%
relative humidity for 30-35min. Five hundred microliters of
dimethyl sulfoxide (DMSO) was added to lyse the cells and dissolve
the formazan crystals. Aliquots of 100 nL were collected from each
well and transferred in triplicate to a 96 well plate (Sarstedt).
Absorbance was measured at 595nm using a microplate reader
(ASYS UVM 340).

2.14. Cell Count

Macrophages were seeded in 12 well plates (Milipore) at a density
of 1.5 x 10° cells per well in 1 mL of media. Cells were pre-treated
with curcumin or curcumin micelles (10 pm) for 2 h before addition
of LPS (100 ng mL %) for a total treatment time of 20 h. At treatment
end-time point, cells were mechanically detached from plate
bottom, collected, centrifuged and resuspended in 200-300 pL of
trypan blue solution (1:4 trypan:PBS). Live cells were counted for
each condition from two independent experiments (n = 6-8).

3. Results and Discussion

3.1. Synthesis of ABC Miktoarm Polymers

The design of ABC miktoarm star polymers was based on a
tri-functional core containing orthogonal functional groups
including a protected and a free acetylene.**] The PEG-azide

HO
Ns\,(/\)/B"
9
N__N —_—
fll / \\ CuS0,4.5H,0
NaAsc,
THF/H,0

o\ ¢
1 12H o{ 2
)
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was covalently attached onto the free acetylene arm of the
core using Cu(l) catalyzed alkyne-azide click chemistry,
which was followed by the deprotection of the second
acetylene group to afford compound 1 (Scheme 1).2¢*”) PEG
was chosen to provide stability, biocompatibility and
aqueous solubility to the micelles. The second acetylene
group of compound 1 was subsequently used to perform
another click reaction with a linker containing an azido
focal point and a bromo terminus to yield compound 2.
Completion of this reaction was easily confirmed by
H NMR, which showed disappearance of the signal
corresponding to the alkyne, and the appearance of a
new signal for the triazole proton. The bromo group was
then converted to an azide via a simple azidation reaction to
yield compound 3. The azidation was monitored by a small
shift in methylene protons next to azide group in its
proton NMR spectrum. Compound 3 contains a PEG chain,
an azide group to participate in a click reaction for the
attachment of propargylated dye, and a hydroxyl group to
undergo ring opening polymerization (ROP) with capro-
lactone to yield the desired hydrophobic segment of the
miktoarm polymer (Scheme 1). The choice of polycapro-
lactone was based on its biodegradability, hydrophobicity,
as well as its ability to protect hydrophobic drugs against
degradation by solubilizing them in the core of the micelles.
Compound 4 with PEG and PCL arms was used to perform a
final click reaction with mono-propargylated tetraiodo-
fluorescein dye to yield traceable ABC miktoarm polymers
(5, Scheme 1, Figure 1). The excess dye was removed by
washing the polymer several times with diethylether.

Sn(ll) 2-ethylhexanoate|
Toluene, Reflux, 24 H

| ROP
I
N OH
0 o) \\\/0 o
Il Il o 0
01~ C—(CHg)s—0~-—C—(CH,)s—OH I I Il |
" o) O 01-C—(CHy)s—0-—C—(CH,)s—OH
m
N N ©
N+ <N - N N
N/ \_¢ CuSO,5H0  N* N
\—P’\—-N'N:N I 1 NaAsc, N-Y NN
R‘\ = OH DMF/H,0 \ \Fj\,N
9 (o) (o} 2 3
AE.0 o \"‘K/ O O 24 H 9
o\ ©
o I I
| 5 o o 4

o

®

B Scheme 1. Synthesis of ABC miktoarm polymers: A=PEG, B=PCL, and C =tetraiodofluorescein.
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I Figure 1. A) Chemical structure of curcumin. B) Structure of ABC

o

type miktoarm star polymer having A: Polyethyleneglycol (PEG),
B: Polycaprolactone (PCL), and C: Tetraiodofluorescein (TIF).

Tetraiodofluorescein was chosen as a model fluorescent
agent to develop the chemistry since it is cheap and
commercially available.

3.2. UV-Vis Absorption Measurements

UV-Vis absorption spectra of miktoarm polymers contain-
ing TIF dye, either free in solution or self-assembled into
micelles were recorded to determine changes in TIF
photophysical properties upon conjugation to the mik-
toarm polymers, and their subsequent self-assembly into
micelles. Figure 2A shows that TIF has an absorption band at
531 nm, which shifts to ~547nm upon conjugation to
miktoarm stars, and to 543 nm upon micellization. The red
shift might be attributed to change in the environment of
the dye after conjugation to the polymer or self-assembly
into micelles. Song et al.,[as] reported a similar red shift in
the UV-Vis absorption spectra of fluorescein upon binding
to cetyltrimethylammonium bromide micelles, and it was
attributed to a more stabilized excited state of fluorescein
upon conjugation.

3.3. Preparation and Characterization of Miktoarm
Micelles

Micelles, with and without curcumin, were prepared in
deionized water by the co-solvent evaporation method,
which is simple, fast and efficient. It also allows precise
control over the final polymer concentration in solution, in
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contrast to the dialysis method where the polymer
concentration cannot be controlled due to water flux
through the dialysis membrane. Figure 2B shows that
PEG750-PCLs700-TIF miktoarm polymer forms micelles with
unimodal size distribution and a hydrodynamic diameter of
~116 nm. The size and its distribution remained unaffected
by the incorporation of ~4wt% curcumin (Figure 2C). In
addition to the traceable polymers with covalently linked
TIF, self-assembly behavior of polymers without any TIF
moiety and containing azide groups instead (Table 1) was
also investigated. There was no significant difference in
micelle size between the traceable polymers and those
having azide groups (Table 2). The size of the micelles from
polymers containing PEG,q00 Was generally smaller than
those with PEGys, (Table 2). It is an intriguing observation
since it has been reported that bigger micelles are formed
upon increasing the chain length of PEG or PCL[3940
Curcumin-loaded micelles of these polymers were prepared
at an initial curcumin versus polymer weight ratio of 10%.
The size of curcumin-loaded micelles was larger than that of
the empty micelles which suggested curcumin incorpo-
ration into the micelle core (Table 2).*Y Curcumin loading
in these micelles was ~3-5wt% with an encapsulation
efficiency of 27-55wt% which is comparable to other
miktoarm polymer micelles with similar drug loading
capacities.*>*!] Polymers with PEGop0 and PCLyigoo
precipitated in aqueous solution and did not form micelles.
This is most probably because the chain length of PEG is not
big enough to stabilize a micelle with high molecular
weight of PCL[*?

3.4. Micelle Critical Association Concentration (CAC)

The CAC is a crucial parameter of polymeric micelles that
characterizes their stability upon dilution. Low CAC values
help prevent premature drug release upon extensive
dilution following in vivo administration. CAC of
PEG;59-PCLs700-N3 and PEG;s5o-PCLs700-TIF was measured
using pyrene as a fluorescent probe. This method is widely
used in the determination of polymeric micelle CAC due
to its ease in application, versatility and reliability.[*>4°]
Excitation spectra of aqueous polymer solutions containing
pyrene (6pm) and different polymer concentrations
were recorded from 260 to 360 nm at Aem = 390 nm. Pyrene
has unique photophysical properties as it undergoes a red
shift in the excitation spectrum and a blue shift in the
emission spectrum, when it passes from hydrophilic to
hydrophobic media.*¥ Semilogarithmic plots of the I35/
I35 ratios versus the concentration of PEG;so-PCLs700-N3
and PEGy;50-PCLs700-TIF miktoarm polymers are shown in
Figure 2D. The I33g/I333 ratio remained almost constant at
low polymer concentration and increased sharply when the
polymer concentration reached its CAC. The CAC values
for PEG;59-PCLs700-N3 and PEG;5o-PCLs70o-TIF miktoarm
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Figure 2. A) UV-Vis absorption spectra of TIF-monoacetylene dye, PEG;50-PCls;00-TIF polymer solution and micelles, PEG,000-PClss00-TIF
polymer solution and micelles. B) Distribution of the hydrodynamic diameter (Dy;) of PEGco-PCLs;00-TIF micelles (deionized water; polymer

concentration, o.5gL™
polymer concentration, o.5gL™"; 6, 90°;

'; 6, 90°). C) Distribution of the hydrodynamic diameter (Dyy) of CUR/PEG;5o-PCLg;00-TIF micelles (deionized water;
curcumin loading, 4 wt%).

D) Plots of intensity ratio (l3;8//535) of pyrene excitation spectra

(rem =390 nm) versus concentration of different PEG;50-PCls;00-N3 and PEG,go-PCLg;00-TIF miktoarm polymers in water.

polymers were 0.42 and 0.43 ugmL™?, respectively. This
confirms that the presence of TIF dye did not affect the self-
assembly behavior of these polymers.

3.5. Effect of Curcumin versus Polymer Weight Feed
Ratio on Micelle Size and Drug Loading

In order to achieve maximum curcumin loading while
minimizing the concentration of miktoarm polymers,

I Table 1. GPC analysis of ABC miktoarm polymers.

Polymer M,? [kDa] PDI”

PEG750-PCLs700-N3 (4a) 6.85 1.30

PEG2000-PCLs200-N3 (4b) 7.60 1.34
¥Determined from GPC measurements. ®Polydispersity index.
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micelles were prepared at different curcumin versus
polymer weight ratios (varying from 0 to 40%). Incorpo-
ration of curcumin into the micelles did not have a
noticeable effect on their size at curcumin to polymer
ratios of up to 20 wt%, after which there was a significant
change in size (Figure 3A). For instance, the micelle
hydrodynamic diameter increased from 116.3+1.5 to
126 £1.2nm as the curcumin versus polymer ratio was
increased from 0 to 40%. Drug incorporation into micelle
core usually results in increased size due to core expansion
toaccommodate the guest drug molecules.*+# The level of
curcumin loading was found to increase proportionally to
the curcumin versus polymer weight ratio. For example,
drug loading increased from 0 to ~12wt% when the
curcumin versus polymer ratio was increased from 0 to
20 wt%, after which it remained unchanged (Figure 3A). As
the curcumin versus polymer feed ratio increases, more
drug molecules get incorporated into micelle core until the
maximum loading capacity is achieved. The maximum
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l Table 2. Miktoarm polymer micelle properties with and without incorporated curcumin.

Micelle diameter®

cac?
Polymer Blank micelles CUR micelles %DL? %LEY [nwg mL™]
PEGy50-PCLs700-N5 (4a) 113.47+1.7 149.2 +1.45 2.70+0.24 27.0+24 0.42
PEGy50-PCLs700-TIF (5a) 116.3+15 115.3+2.0 3.92 +0.02 392402 0.43
PEG1000-PCLs200-N3 (4b) 79.3+3.7 95.0+0.65 452401 452+1.0 -
PEG000-PCLs200-TIF (5b) 71.0 + 2.0 170.2 +1.45 5.59 4+ 0.04 559404 -
PEG000-PCLy1000-N3 (4¢) PPT PPT - - -

AHydrodynamic diameter (nm), mean of three measurements + SD; ®Percent drug loading = weight of CUR in micelles x 100/weight of
micelles tested, mean of three measurements + SD; “Percent loading efficiency = weight of CUR in micelles x 100/weight of CUR used in
micelle preparation; ¥Critical association concentration of micelles in water; PPT: precipitated.

drug loading of a given polymeric micelle formulation is
dependent on many factors, the most important of which is
compatibility between the drug and the core forming block
of the copolymer. A similar trend has been observed for
other polymeric micelle formulations.**~**) The curcumin
encapsulation efficiency was in the range of 25—-60% and
was highest for curcumin versus polymer ratio of 20 wt%.
No drug precipitation was observed for micellar solutions
with curcumin versus polymer feed weight ratio of 20 wt%
after storage at 4 °C for 45 d. Furthermore, the micelle size
did not change either during this period, confirming micelle
stability.

3.6. Solubilization of Curcumin by PEG;5,—PCLs5700-
TIF Miktoarm Micelles

Curcumin has a very limited aqueous solubility of 11ng
mL ™! at pH 5.0 due to its hydrophobic nature (Figure 1A).1°)
Low drug solubility in water usually results in poor

CUR/polymer (wt. %)
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bioavailability and drug efficacy.*® The potential of ABC
miktoarm micelles to enhance curcumin aqueous solubility
was subsequently studied, and it was found to be
dependent on the curcumin versus polymer ratio
(Figure 3A) and on the polymer concentration. Thus, at
polymer concentration of 0.5mgmL™* curcumin aqueous
solubility increased from 19.6 +£0.12 to 62.2 + 0.1 pgmL™*
asthe curcumin versus polymer ratio was increased from 10
to 40wt%. The solubility dramatically increased to
279.4421pugmL ™" (0.75mm) at PEG;50-PCLs700-TIF poly-
mer concentration of 2mgmL ™! and curcumin versus
polymer initial ratio of 25wt%. This corresponds to a
25 000 fold increase in curcumin aqueous solubility.

3.7. In Vitro Curcumin Release from ABC Miktoarm
Micelles

The in vitro release of curcumin from ABC miktoarm
polymer based micelles was evaluated by the dialysis bag
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I Figure 3. A) Effect of drug versus polymer weight feed ratio on drug loading capacity and micelle hydrodynamic diameter of curcumin/

released from PEG,;o-PCls;00-N3 and PEG;5o-PCls;00-TIF micelles in PBS pH 7.4 having 1% v/v Tween 80 at 37°C.
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method, using a release medium of PBS at pH 7.4 in the
presence of 1% v/v Tween ™ 80. The latter is a low molecular
weight non-ionic surfactant that can be added to release
media to maintain sink conditions for hydrophobic
drugs.?®>Y Curcumin solubility in the release medium
was 240.8 pg mL~?, and it confirmed the maintenance of
sink conditions with a given release volume of 20 mL and
the curcumin amount in the micelles at 100-200 p.g. Free
curcumin rapidly diffused through the dialysis membrane,
and almost complete release was observed after 24h
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(Figure 3B). In contrast, curcumin encapsulation into the
miktoarm micelles significantly slowed down its release.
After 7 d of dialysis time, only ~70 and 66% of curcumin was
released from PEG;59-PCLs700-N3 and PEGyso-PCLs700-TIF
based micelles, respectively. The curcumin release pattern
was similar for both micellar systems and was not affected
by the presence of the TIF dye. These results suggest that
miktoarm micelles provide a sustained curcumin release,
which is favorable for reduced frequency of drug adminis-
tration and better patient compliance.

R cTL D
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Figure 4. J774A1 macrophages were treated with A) CUR/PEG ¢o-PCLg;00-TIF micelles, B) PEG,co-PCLg;00-TIF micelles, both with covalently
attached TIF, or C) TIF control at a concentration of 5 um for 1h in serum free media. Cells were fixed and nuclei were stained with Hoechst
33342 (10 um, 10 min). Fluorescent micrographs were obtained using an inverted fluorescence microscope (Cy3 543 nm/593 nm) and images
processed using ImageJ. Scale bars represent 20 and 10 um for inset. D) Macrophages were treated with micellar constructs or control,
where PEG;5o-PCLg,00/TIF has physically encapsulated TIF while PEG,.,-PCLg;0o-TIF has covalently attached TIF. Cells were treated with
(5 wm) of constructs for 1to 180 min in serum free media. At treatment end-time point cells were washed and RFI was measured using a
spectrofluorometer (544 nm/590 nm). E) Similarly, RFl was measured for cells treated for 1 h with constructs (500 nm—5 um) and uptake was
observed in a dose-dependent fashion. The data is presented as mean & SEM (n = 4). Statistically significant differences from control were
calculated using a t-test followed by Bonferroni correction for multiple comparisons and are indicated by *(p < 0.05), **(p < 0.01), and

***(p < 0.001).
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3.8. Biological Studies

Biological experiments were carried out in murine macro-
phages, selected because these cells are a first line of
response to foreign stimuli and are known to internalize
particulate matter both in vitro and in vivo. J774A.1
macrophages were treated with fluorescent micelles loaded
with curcumin (5 pm; Figure 4A) or micelles without the
drug in serum-free media for up to 3h (Figure 4B), and
relative fluorescence intensity (RFI) was measured at
various times (0-180 min; Figure 4D). The results suggest
rapid internalization of micelles since a strong fluorescent
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signal was detected within 5min, reaching maximum by
60 min. No further changes in fluorescence intensity were
observed after 3h. In addition, micelles (0-5 um) were
internalized in a dose-dependent manner (Figure 4E).
Photomicrographs were acquired using a fluorescence
microscope with optimal setting for Cy3 543/593. The
images were taken after 1-h treatment in J774A.1 macro-
phages seeded on chamber slides. Nuclei were labeled with
Hoechst 33342 (10 min, 10 um), and PEGso-PCLs700-TIF and
CUR/PEG750-PCLs700-TIF micelles were clearly seen as
distinct puncta (most likely associated with lysosomes).
Micelles that are not targeted to certain organelle are
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Figure 5. J774A.1 macrophages were pre-treated with curcumin (1-20 um) for 2 h followed by LPS (100 ngmL™", 18 h) for a total treatment
time of 20 h. Nitric oxide release was measured using Griess reagent. IC;,, for nitric oxide inhibition by curcumin was calculated to be ~11 um
(Figure SlI, Supporting information). A) Macrophages were similarly treated with curcumin or curcumin micelles (10 um) and nitrite release
was normalized to cell count. B) Live cells were treated as in A), collected at treatment end-time point, and counted under a bright-light
microscope using trypan blue. C) Curcumin alone or curcumin micelles without LPS do not significantly induce nitric oxide production. D) All
treatments significantly inhibit mitochondrial activity as compared to untreated control, but do not affect cell survival. The data is
presented as mean + SEM from at least two independent experiments (n=6-8). Statistically significant differences from control were
calculated using a t-test followed by Bonferroni correction for multiple comparisons and are indicated by **(p < 0.01) and ***(p < 0.001).
Abbreviations: CTL= untreated control; CUR = curcumin, LPS = lipopolysaccharides.
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commonly found in lysosomes after 60 min.l>2=>*! Micelles
are destined for degradation as revealed by gradual decline
of RFl after 60 min of treatment. TIF alone (Figure 4C), as well
as TIF physically incorporated into micelles (Figure SI,
Supporting Information) disperse throughout the cell,
suggesting superior traceability of micelles with a cova-
lently bound fluorophore. Overall, drug-loaded micelles
retain strong fluorescence intensity and are easily visual-
ized in vitro, making them useful traceable drug-delivery
systems.

The therapeutic effect of curcumin-loaded micelles was
studied in macrophages since these innate immune-
response cells mediate the inflammatory response by
releasing pro-inflammatory cytokines and small molecules
such as nitric oxide.*”) J774A.1 macrophages were pre-
treated with lipopolysaccharides (LPS) from E. coli (100 ng
mL %) for 2 h before treatment with micelles or controls for
18h. At treatment end-time point, nitric oxide (NO) was
measured in the cellular supernatant. LPS-induced NO
release was inhibited by curcumin alone in a dose-
dependent manner with an ICso of 10 um without affecting
mitochondrial metabolic activity (Figure SII, Supporting
Information). Micelles (10 um curcumin) were tested for
curcumin effectiveness to reduce NO release. NO release
was normalized to cell number as determined by perform-
ingalive cell count using trypan blue (Figure 5B). The results
indicate that CUR/PEG;sq-PCLs70o-TIF and CUR/PEG;se-
PCLs700-N3 micelles significantly inhibit NO release from
LPS activated macrophages while micelles without loaded
curcumin (PEGy50-PCLs700-TIF) do not (Figure 5A). This
suggests that curcumin was released from micelles and
exerted an inhibitory effect comparable to free curcumin.In
the absence of LPS treatment, micelles did not trigger the
release of NO (Figure 5C). None of the treatments fully
recovered mitochondrial metabolic activity in LPS-stimu-
lated macrophages (Figure 5D). Collectively, the results
presented in these studies clearly suggest that ABC star-
polymer based micelles provide an interesting platform
in developing nanocarriers, which can be tracked, and
can deliver hydrophobic drugs retaining their biological
activity.

4, Conclusion

Nanocarriers that can integrate multiple functions includ-
ing enhanced solubilization and tracing their fate during
the delivery of hydrophobic pharmaceutical agents, pro-
vide exciting opportunities for effective therapeutic
interventions, and miktoarm star polymers have offered
considerable potential in this regard. We have developed a
methodology to synthetically articulate the location of
different functional units into these branched structures.
ABC type miktoarm stars containing covalently linked
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tetraiodofluorescein, polyethylene glycol, and polycapro-
lactone self-assemble into micelles that incorporate an
imaging probe at the core. We have demonstrated that
these inherently fluorescent nanocarriers significantly
increased the solubility, loading, and sustained release
characteristics of hydrophobic drugs such as curcumin, and
more importantly help trace these micelles in live cells. Our
results provide a general platform on which one could
enable the construction of a variety of traceable nano-
carriers using simple and highly efficient chemistry, and
expand the scope of pharmacological agents with poor
aqueous solubility and chemical instability in biological
media.
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