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a b s t r a c t

We report a nanocarrier based on A2B type miktoarm polymers (A¼ polyethylene glycol (PEG);
B¼ polycaprolactone (PCL)) for nimodipine (NIM), a hydrophobic drug with very poor aqueous solubility
that is commonly prescribed for the prevention and treatment of delayed ischemic neurological disor-
ders. The A2B star polymers were constructed on a core with orthogonal functionalities that facilitated
the performance of “click” chemistry followed by ring-opening polymerization. These star polymers
assemble into spherical micelles into which NIM can be easily loaded by the co-solvent evaporation
method. The micelles obtained from the star polymer PEG7752ePCL5800 showed NIM encapsulation
efficiency of up to 78 wt% at a feed weight ratio of 5.0%. The loading efficiency of the micelles was
dependent on the length of the PCL arm in the A2B miktoarm polymers. Aqueous solubility of NIM was
increased by w200 fold via micellar encapsulation. The in vitro release of NIM from the micelles
was found to occur at a much slower rate than from its solution. Lipopolysaccharide induced nitric oxide
production in N9 microglia cells was reduced in the presence of micelle-encapsulated NIM, as well as in
the presence of micelles alone. The treatment of microglia with micelle-encapsulated NIM reduced the
release of TNF-a, a pro-inflammatory cytokine. These results suggest that NIM-loaded miktoarm micelles
could be useful in the treatment of neuroinflammation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

There is increasing evidence that neuroinflammation plays an
important role in the pathogenesis of many neurodegenerative
diseases of the central nervous system (CNS), including Parkinson’s
disease, Alzheimer’s disease, Huntington’s disease,multiple sclerosis,
and amyotrophic lateral sclerosis [1]. Neuroinflammation is initiated
andmaintained by the plethora of glial cellswhich surroundneurons
in the brain. Microglia, a specific type of glial cells, havemacrophagic
functions in the CNS and are rapidly activated upon relatively minor
changes in their microenvironment [2]. Uncontrolled and excessive
activation of microglia will result in the accumulation of the inflam-
matory factors and cytokines they secrete, which increases the
duration and extent of the neuroinflammation, ultimately inducing
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irreversible damage to neurons and causing lasting impairments in
neural functions.

Nimodipine (NIM) is a 1,4-dihydropyridine calcium channel
blocker; it isused toselectively regulate calciumchannelsandthereby
to increase cerebral blood flow. The major therapeutic use of NIM is
the prevention and treatment of delayed ischemic neurological
disorders, which often occur in patients with subarachnoid hemor-
rhages [3]. NIM has also showed beneficial effects in other cerebro-
vascular disorders, such as ischemic stroke, multi-infarct dementia
and hypotension-induced memory impairment [4e8]. The clinical
usefulness of NIM, however, is limited by several unfavorable prop-
erties. For instance, orally administeredNIM is subjected to extensive
first pass metabolism in the liver resulting in oral bioavailability as
low as 10%. Thus, only a small fraction of the administered dose is
actually delivered to the brain. NIM has very low aqueous solubility
(3.86 mg/mL), which necessitates its administration in injectable
formulations containing organic solvents, such as ethanol [9]. NIM
ethanolic injections may lead to local adverse reactions, such as pain
and inflammation at the administration site. Furthermore, NIM

mailto:ashok.kakkar@mcgill.ca
mailto:dusica.maysinger@mcgill.ca
mailto:dusica.maysinger@mcgill.ca
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2010.07.039
http://dx.doi.org/10.1016/j.biomaterials.2010.07.039
http://dx.doi.org/10.1016/j.biomaterials.2010.07.039


G.M. Soliman et al. / Biomaterials 31 (2010) 8382e8392 8383
targeting to inflamed tissue is not possible with NIM ethanolic
injections. New means of NIM delivery are therefore needed to
facilitate targeting to the brain.

Among several drug carriers currently under investigation for
improved drug efficacy and reduced toxicity, nanoparticles hold the
greatest promise [10,11]. Polymeric micelles, which are formed by
the self-assembly of amphiphilic polymers, have a segregated core-
corona architecture which makes them a unique class of colloidal
drug carriers [12,13]. The micelle core is made up of the hydro-
phobic segments of the polymer and serves as a reservoir to solu-
bilise hydrophobic drugs, protects them against degradation, in
vitro and in vivo, and controls their release [14,15]. The micelle
corona, made up by the hydrophilic polymer segments, maintains
the colloidal stability and aqueous solubility of the micelle. Poly-
meric micelles have shown excellent performance as drug delivery
systems and several formulations are now undergoing clinical trials
[16]. Miktoarm polymers are branched macromolecules consisting
of polymeric arms emanating from their core. This architecture
offers great opportunities for the tailoring of nanocarriers, as the
chemistry of both the core and the arms can be finely tuned in order
to trigger their controlled self-assembly in aqueous media [17e19].
These unique properties of miktoarm polymers are actively inves-
tigated currently, particularly in small molecule encapsulation and
release [20e24]. A significant challenge in the development of
miktoarm polymers for therapeutics relates in the development of
efficient synthetic methodologies using simple, versatile and highly
efficient chemical reactions, such as the CuI catalyzed cycloaddition
of an azide to an alkyne, the so-called “click” reaction, recently
introduced as a tool to the scientific community [25e27].

The objective of this study was to develop a nanodelivery
system using a new series of A2B type miktoarm polymers that can
solubilise NIM in aqueous media at clinically relevant concentra-
tions, sustain its release, and eventually target it to inflamed tissue
in the brain. NIM-loaded miktoarm micelles were evaluated using
a variety of techniques for drug loading capacity, in vitro drug
release kinetics, micelles size and stability. The anti-inflammatory
properties of NIM-loaded micelles were evaluated in a murine
microglia cell line activated by lipopolysaccharides, which served
as an in vitro model of inflammation.

2. Materials and methods

2.1. Materials

Water was deionized using a Millipore MilliQ system. Nimodipine, phosphate-
buffered saline (PBS), lipopolysaccharides, and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) were purchased from Sigma Aldrich, St. Louis,
MO. 3-Caprolactone (Sigma Aldrich, �99%) was dried over calcium hydride for 24 h
and distilled under reduced pressure prior to use. Triethylamine was dried over
potassium hydroxide and distilled before use. All other reagents were used as
received from Sigma Aldrich. All reactions were performed under dry conditions in
and inert environment using dry and distilled solvents. Flash chromatography was
performed using 60�A (230e400 mesh) silica gel from EMD Chemicals Inc. Dialysis
membranes (Spectra/por, MWCO: 6e8 kDa, unless otherwise indicated) were
purchased from Fisher Scientific (Rancho Dominguez, CA). Penicillin, streptomycin
and Griess Reagent (1% sulphanilamide, 0.1% N-(1-naphthyl)-ethylenediamine
dihydrochloride, 5% phosphoric acid) and fetal bovine serum were purchased from
Invitrogen (Carlsbad, CA). Murine microglia (N9) cell lines were from ATCC.

2.2. General procedure for the synthesis of miktoarm polymers

Star polymers were prepared using a general procedure described below for the
synthesis of PEG7752ePCL5800. Detailed procedure for the syntheses of other
miktoarm polymers is given as supplementary data.

2.2.1. Synthesis of 3,5- bis(prop-2-ynyloxy)phenyl methanol (1)
To a stirred solution of propargyl bromide (1.59 mL, 17.85 mmol) and dihydroxy

benzyl alcohol (1 g, 7.14 mmol) in acetone (30 mL), potassium carbonate (1.28 g,
9.28 mmol) and 18-crown-6 (catalytic amount) were added. The reaction mixture
was refluxed under nitrogen for 24 h, then filtered, evaporated to dryness and
partitioned between water and dichloromethane (DCM). The aqueous layer was
extracted with dichloromethane (3� 30 mL) and combined organic extracts were
dried with anhydrous Na2SO4 and evaporated under reduced pressure. The crude
product was purified by column chromatography. Pure fractions were obtained
using 1:1 hexanes and ethyl acetate. After evaporation of solvents, the product was
recovered as white solid. Yield: 80% (1.26 g). 1H NMR (300 MHz, CDCl3): d (ppm) 1.87
(br s, 1H, eOH), 2.52(t, 2H, J¼ 2.4 Hz, eOCCCH), 4.65 (s, 2H, eCH2OH), 4.67 (s, 4H,
eOCH2), 6.52 (t, 1H, J¼ 2.4 Hz, Ar H), 6.62 (s, 2H, Ar H). 13C {1H} NMR (400 MHz,
CDCl3): d (ppm) 55.9, 65.1, 75.6, 78.3, 101.5, 106.2, 143.5 and 158.8.

2.2.2. Synthesis of azide-terminated poly(ethylene glycol) monomethyl ether,
Mnz 775 (PEG775-azide)

This compound was synthesized from commercially available monohydroxy
PEG form by adopting a literature procedure [28].

2.2.3. Synthesis of PEG7752eCH2OH (2)
To a solution of PEG775-azide (1.43 g, 1.85 mmol) in dimethyl formamide (6 mL)

in a two neck round bottom flask, CuBr (157 mg, 1.1 mmol) was added. The solution
was degassed by 3 evacuation/refill cycles and placed under nitrogen after
which compound 1 (200 mg, 0.92 mmol) in DMF (4 mL) was added. Nitrogen purged
N,N,N0 ,N00 ,N00-pentamethyldiethylenetriamine (PMDETA) (0.23 mL, 1.1 mmol) was
added dropwise to the reaction mixture. The reaction mixture became dark green.
The solution was stirred for 24 h. The reaction time course was monitored by Gel
Permeation Chromatography (GPC) using aliquots taken at different time intervals.
Reaction completion was monitored also by FT-IR spectroscopy using the band at
2121 cm�1 (corresponding to the alkyne stretching) which disappeared upon
completion of the reaction. The DMF was removed under vacuum. The crude
product was purified by flash chromatography eluting the product in 9:1 v:v
DCM:Methanol. The product was obtained as transparent gel. Yield: 73% (1.2 g). 1H
NMR (400 MHz, CDCl3): d (ppm) 3.37 (s, 6H, eOCH3PEG), 3.55e3.75 (m, PEG H), 387
(t, 4H, J¼ 3.6 Hz, eCH2CH2 Triazole), 4.55 (t, 4H, J¼ 3.6 Hz, eCH2CH2 Triazole), 4.61
(s, 2H, eCH2OH), 5.17 (s, 4H, eOCH2 triazole), 6.57 (s, 1H, Ar H), 6.64 (s, 2H, Ar H),
7.86 (s, 2H, Triazole H). 13C {1H} NMR (CDCl3): d (ppm) 50.2, 58.9, 61.9, 64.6, 69.3,
70.4, 70.5, 71.8, 100.9, 105.7, 124.1, 143.6, 144.1,159.5, GPC:Mn¼ 2000 (polydispersity
index (PDI)¼ 1.1).

2.2.4. Synthesis of PEG7752ePCL5800 (3b)
A solution of compound 2 (300 mg, 0.16 mmol) in dry toluene (10 mL) was

placed in a flame-dried two neck round bottom flask fitted with a condenser. The
solution was degassed by evacuation, distilled 3-caprolactone (0.91 g, 8 mmol) was
added with a syringe through rubber septa. A nitrogen purged solution of Sn(II)
2-ethylhexanoate (2 mg, 0.005 mmol) in toluene (2 mL) was added to the reaction
flask and the solution was refluxed for 24 h. Samples were removed for analysis by
GPC at different time intervals. At completion the reaction mixture was cooled to
room temperature. The solvent was removed under vacuum. The product was dis-
solved in dichloromethane and precipitated in cold methanol. The precipitated
polymer was filtered and washed with diethylether to yield white powder. 1H NMR
(400 MHz, CDCl3): d (ppm) 1.30e1.40 (m, eCH2PCL), 1.46e1.65 (m, eCH2PCL), 2.27
(t, J¼ 7.6 MHz, eCH2PCL), 3.34 (s, 6H, eOCH3), 3.45e3.65 (m, PEG H), 3.85 (t, 4H,
J¼ 4.8 MHz, eCH2CH2 triazole), 4.02 (t, J¼ 6.4 MHz, eCH2PCL), 4.52 (t, J¼ 4.8 MHz,
eCH2CH2 triazole), 5.00 (s, 2H, eOCH2), 5.13 (s, 4H, eOCH2 triazole), 6.52 (s, 1H, Ar
H), 6.56 (s, 2H, Ar H), 7.81 (s, 2H, triazole H). 13C {1H} NMR (CDCl3) d ppm 24.5, 25.5,
28.3, 32.3, 34.0, 50.3, 59.0, 62.0, 62.5, 64.1, 65.8, 69.4, 70.5, 71.9, 107.0, 124.0, 143.5,
159.5, 173.4 GPC: Mn¼ 7100, PDI¼ 1.2.

2.3. Preparation of blank and nimodipine-loaded miktoarm micelles

Blank and NIM-loaded miktoarm micelles were prepared by the co-solvent
evaporation method [29]. Specific weights of polymer and drug (drug/polymer ratio
of 5e20 wt%) were dissolved in 0.5 mL acetone. The solution was added dropwise
(1 drop/10 s) to 1 mL of magnetically stirred deionized water. The mixture was
stirred in the dark for 24 h to remove acetone and trigger micelle formation. The
mixture was diluted to a polymer concentration of 2 g/L and filtered through
a 0.45 mm PVDF filter to remove the free (un-encapsulated) drug. Aliquots of the
micellar solutions were tested by dynamic light scattering (DLS) to determine the
hydrodynamic radius (RH) and polydispersity index (PDI) of the micelles. Aliquots of
the solutionwere freeze dried and used to determine drug content of themicelles by
an HPLC assay.

2.4. Characterization

Flash chromatography was performed using 60�A (230e400 mesh) silica gel. 1H
and 13C NMR experiments were recorded with solutions in CDCl3 at ambient
temperature using either a 300 MHz, 400 MHz or 500 MHz Varian spectrometers.
Gel Permeation Chromatography (GPC) was performed in THF at 30 �C using a Vis-
cotek TDAModel 301 Triple Detector Array equippedwith a refractive index detector
that was calibrated with polystyrene standards. The instrument was also equipped
with two PolyAnalytik columns (PAS-103M-L and PAS-104M-M). The flow rate was
1 mL/min. FT-IR measurements were carried out on a Perkin Elmer Instrument
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equipped with ATR. Transmission electron microscopy (TEM) was used to capture
images of themicelles using a Phillips CM200 electronmicroscope equippedwith an
AMT 2k� 2k CCD camera at an acceleration voltage of 80 kV. TEM samples were
prepared by adding 2e3 drops of the aqueous micelle solutions onto a formvar-
coated 400 mesh grid stabilized with evaporated carbon film. The samples were
allowed to dry overnight at room temperature. Dynamic light scattering (DLS)
measurements were performed on a CGS-3 goniometer (ALV GmbH) equipped with
an ALV/LSE-5003 multiple-s digital correlator (ALV GmbH), a HeeNe laser
(l¼ 632.8 nm), and a C25P circulating water bath (Thermo Haake). The scattered
light was measured at a scattering angle of 90� . A cumulant analysis was applied to
obtain the diffusion coefficient (D) of micelle in solution. The hydrodynamic radius
(RH) of the micelle was obtained using the StokeseEinstein equation. The con-
strained regularized CONTIN method was used to obtain the particle size distribu-
tion. Samples were filtered through a 0.45 mm Millex Millipore PVDF membrane
prior to measurements. The data presented are the mean of six measurements� SD.
Steady-state fluorescence spectra were recorded using a Varian Cary Eclipse fluo-
rescence spectrophotometer.

HPLC analysis of NIM was performed on an Agilent Technologies HP 1100
chromatography system equipped with a quaternary pump, a UVevisible diode
array detector, a column thermostat and a HP Vectra computer equipped with the
HP-Chemstation software. The assay was carried out at 25 �C using a 250� 4.6 mm
column filled with 5 mm-reversed phase C18 Hypersil� BDS (Thermo, Bellefonte, PA)
eluted at a flow rate of 1.0 mL/min with a methanolewater, 3:1.0 v/v mixture [30].
The injection volumewas 20 mL and the run time was 7.0 min. NIM, monitored by its
absorbance at 237 nm, had a retention timew 5.7 min. A calibration curve
(r2� 0.999) of nimodipine was prepared using standard solutions ranging in
concentration from 10 to 50 mg/mL prepared immediately prior to the assay. To assay
NIM content of different miktoarm micelles, a given weight of the freeze dried
micellar formulation was dissolved in methanolewater (3:1 v/v) to reach micellar
concentration of 0.25 mg/mL. The mixture was vortexed and sonicated briefly to
extract the drug from the micelles. The mixture was filtered through 0.2 mm Millex
Millipore nylon filters and assayed by HPLC. A givenweight of the polymer alonewas
suspended in the same solvent mixture (0.25 mg/mL), filtered and used as a control.
NIM encapsulation efficiency and loading capacity were calculated from the
following equations:

NIM encapsulation efficiency ðweight %Þ ¼ Weight of NIM in the micelles
Weight of NIM used initially

NIM loading capacity ðweight %Þ ¼ Weight of NIM in the micelles
Total weight of micelles tested

2.5. Steady-state fluorescence spectroscopy

Given volumes of pyrene stock solution in acetone (180 mM) were added to
a series of 5 mL 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 0.01 to 30 mM while
pyrene concentrationwas kept constant at 6 mM. The pyrene/micellar solutions were
stirred overnight in the dark. Pyrene fluorescence emission spectra were recorded
from 350 to 550 nm following excitation at wavelength of 334 nm. The ratios of the
first/third pyrene vibronic peaks (I1/I3) were plotted with polymer concentration.
The critical association concentration (CAC) values were determined from the graph
as the concentrations corresponding to the onset of sharp decrease in the (I1/I3)
ratio.

2.6. Stability studies

NIM-loaded PEG7752ePCL miktoarm micelles were prepared by the co-solvent
evaporation method in deionized water and stored at 4 �C for 3 months. The particle
size of micelles was measured on the freshly prepared sample and on weekly
intervals after storage. The micelles were also periodically examined for signs of
aggregation/precipitation. Effect of freeze drying on micelles integrity was studied
by freeze drying aliquots of the micellar solutions in the absence and presence of 5%
(w/v) trehalose or sucrose as cryoprotectants.

2.7. Drug release studies

In vitro release of NIM 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 NIM has limited
solubility inPBS.NIM/miktoarmmicellar solutions indeionizedwater (2 mL, [NIM]¼
0.160e0.275 g/L) were introduced in a dialysis tube (MWCO¼ 6e8 kDa). They were
dialyzed against 20 mL of the releasemediummaintained at 37 �C. At predetermined
time intervals, 3 mL aliquots were taken from the release medium and replaced by
3 mL fresh medium. NIM solution at 0.25 g/L in a solvent mixture of etha-
nolewaterePEG400 (4:3:3 v/v) was used as a control. Care was taken during the
experiments to protect NIM against light. The concentration of the drug in the release
sampleswas determinedbyHPLC as described above. The cumulative percent of drug
released was plotted as a function of dialysis time.

2.8. Cell culture and treatments

Murine microglia cell line, N9 was obtained from ATCC and cultured (37 �C, 5%
CO2) in IMDM medium containing phenol red, 1% penicillinestreptomycin and 5%
FBS (Gibco, Burlington, ON, Canada). Cells were used between 8 and 30 passages. For
spectrofluorometric and colorimetric assays, cells were seeded 24 h before treat-
ment in 24-well plates (Sarstedt, Montreal, QC, Canada) at a density of 105 cells/cm2

for viability assays and enzyme-linked immunosorbant assays (ELISA), and 205 cells/
cm2 for nitric oxide release assays. Cells were treated concomitantly with 10 mg/mL
lipopolysaccharide (LPS) and NIM at the concentrations indicated for 24 h before
assaying. NIM/PEG7752ePCL5800 and NIM/PEG2000ePCL5800 micelles were
added to cells at concentrations equivalent to 10 mM of NIM.

2.9. Cell viability with cell counting

Viability of N9 cells was determined as the number of viable cells according to
standard cell counting protocol using the Trypan blue dye. Cells were treated as
indicated and detached using trypsin/EDTA (Gibco, Montreal, Canada). Staining with
trypan blue dye (Gibco) indicates whether cells are dead (blue) or viable.

2.10. Nitric oxide production by microglia

Nitric oxide release was measured in N9 microglia using the Griess reagent.
Briefly, after treatment, 50 mL of Griess reagent was added to 50 mL of sample (cell
supernatant) and incubated at room temperature for 15 min. Absorbance of the
converted nitrite from the samples was measured using a spectrophotometer at
540 nm. The results are expressed as mean� SEM obtained from at least three
independent experiments performed in triplicates.

2.11. Cytokine production using ELISA assays

Production of two inflammatory cytokines, IL-1b and TNF-a, was assessed using
commercial ELISArray kits (SABiosciences, MD). Briefly, 24 h after treatment, the
supernatants from each well were obtained and the amount of cytokine released
into the media was quantified according to the supplier’s protocol. Values were
expressed as fold difference relative to the untreated control.

2.12. Statistical analysis

Data were analyzed using SYSTAT 10 (SPSS, Chicago, IL). Statistical significance
was determined by Student’s t-tests with Bonferroni correction. Differences were
considered significant where *p< 0.05.

3. Results and discussion

3.1. Synthesis and characterization of A2B miktoarm polymers

To synthesize A2B miktoarm star polymers we used a building
block (1), which contains two alkynyl moieties for the “click”
reactions, and an alcohol group for the ring-opening polymeriza-
tion, synthesized in high yield by reaction of two equivalents of
propargyl bromide with commercially available 3,5 dihydroxy
benzyl alcohol (Fig. 1). The first step in the construction of A2B
miktoarm polymers was the reaction in DMF of two equivalents of
an azide-terminated PEG [28] with the alkynyl groups of 1 in the
presence of Cu(I)Br and N,N,N0,N00,N00-pentamethyldiethylenetri-
amine (PMDETA). The successful synthesis of compound 2 was
confirmed using NMR, GPC, and FT-IR spectroscopy in which one
follows the disappearance of the band at 2120 cm�1 attributed to
the alkynyl present in compound 1, but not in the reaction product
2. The construction of miktoarm polymers 3 was completed by
performing ring-opening polymerization (ROP) of 3-caprolactone
using the free hydroxyl group in 2 as a macroinitiator. The reactions
were carried out starting with variable equivalents of 3-capro-
lactone in the presence of Sn(Oct)2 as a catalyst. The formation of
the miktoarm polymer 3 was monitored by gel permeation chro-
matography (GPC, Fig. S1) in which shifts of the chromatograms
towards higher molecular weight were observed. Some of the
properties of the miktoarm polymers reported here are listed in
Table 1. To study the effect of polymer architecture on the
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performance of miktoarm polymers as drug delivery systems,
linear analogs of the miktoarm polymers were synthesized using
a published procedure [31].

3.2. Preparation and characterization of nimodipine miktoarm
micelles

The ability of the miktoarm copolymers to form micelles in
aqueous solution was tested by fluorescence spectroscopy using
pyrene as a probe. Miktoarm copolymer micelles were prepared by
a co-solvent evaporation method at room temperature [32]. Poly-
meric solutions having a pyrene concentration of 6 mMand different
polymer concentrations were prepared and their emission spectra
were recorded. Fig. 2A shows the intensity ratio of the first vibronic
peak (w373 nm) to the third vibronic peak (w383 nm), I1/I3 of
pyrene emission spectra as a function of polymer concentration. At
lowpolymeric concentrations, the I1/I3wasw1.70, a typical value for
pyrene in water, indicating the absence of polymeric micelles in
solution [33,34]. The I1/I3 remained constant atw1.70 over a certain
concentration range after which it started to drop sharply signaling
micelle formation and partitioning of pyrene inside the micelles
hydrophobic cores [35]. CACvaluesweredetermined fromthegraph
as the polymer concentration corresponding to the first sharp drop
in the I1/I3 ratios (Fig. 2A) [35]. The CAC values were dependent on
Table 1
Properties of the prepared A2B miktoarm polymers.

Polymers Mw
a (g/mole) Mn

a (g/mole) PDI

PEG7752ePCL3000 6600 5100 1.3
PEG7752ePCL5800 9700 7100 1.4
PEG7752ePCL10000 22,100 14,200 1.5
PEG7752ePCL19000 26,500 20,000 1.3

a Determined from GPC measurements.
the block length of the PCL arm and decreased from 0.12 to 0.04 mM
when PCL molecular weight increased from 3000 to 19,000 Da.
Micelles with small CAC values are expected to be more stable
against dilution after IV injections [36].

Further evidence of micellization of the miktoarm copoly-
mers was obtained by DLS and TEM measurements. Thus, TEM
images of blank PEG7752ePCL5800 miktoarm micelles
confirmed the formation of spherical, monodispersed particles
with an average diameter of 16.2� 2.8 nm (Fig. 2C). Similar size
and size distribution for the same micelles were obtained by
DLS (Fig. 2B).
3.3. NIM encapsulation in PEG7752ePCL miktoarm micelles

NIMwas encapsulated into PEG7752ePCL miktoarmmicelles by
co-solvent evaporation. Evidence of NIM encapsulation into
micelles core was obtained by 1H NMR spectroscopy studies. Fig. 3
shows the 1H NMR spectra of NIM, PEG7752ePCL5800 and their
mixture in DMSO-d6, together with the blank and NIM-loaded
micelles in D2O. Characteristic resonances of NIM and
PEG7752ePCL5800 were observed in spectra of each sample dis-
solved in DMSO-d6 (Fig. 3A and B). These signals were detected also
in mixed solutions of NIM and the copolymer in DMSO-d6 (Fig. 3C).
The spectrum of PEG7752ePCL5800 micelles in D2O shows signals
characteristic of PEG (3.26 and 3.57 ppm) confirming that they are
hydrated and preserve their mobility (Fig. 3D). In this spectrum the
signals characteristic of the hydrophobic PCL arm appear weak and
broad, a consequence of severe loss of movement as a result of their
incorporation into the micelles core (Fig. 3D). Similar results are
shown in Fig. 3E for NIM/PEG7752ePCL5800 micelles in D2O. The
disappearance and broadening of the NIM/PCL characteristic
signals can be taken as evidence for the formation of micelles with
core-corona structure. The PCL arms form the core encapsulating



1 10 100 1000

0.0

0.2

0.4

0.6

0.8

1.0

I
n

t
e

n
s

i
t
y

 
(
a

.
u

.
)

Hydrodynamic radius (nm)

A B

C

1E-3 0.01 0.1 1 10 100

1.4

1.6

1.8

I
1
/
I
3

Polmyer concentration (uM)

PEG775
2
-PCL3000

PEG775
2
-PCL5800

PEG775
2
-PCL10000

PEG775
2
-PCL19000

Fig. 2. A. Plots of intensity ratio (I1/I3) of pyrene emission spectra (lex¼ 335 nm) versus concentration of different PEG7752ePCL miktoarm copolymers in water. B. TEM image of
PEG7752ePCL5800 micelles prepared by the co-solvent evaporation method at polymer concentration of 2 g/L. C. Distribution of the hydrodynamic radius (RH) of
PEG7752ePCL5800 micelles prepared in deionized water; polymer concentration: 2 g/L; q: 90� .

G.M. Soliman et al. / Biomaterials 31 (2010) 8382e83928386
NIM and surrounded by a PEG corona. Similar results were reported
for other drug-loaded polymeric micelles [37e39].

Thedrug loadingcapacitiesandsizeofPEGePCLmiktoarmmicelles
were studiedas a functionof the feedweight ratio ofNIM/polymerand
the molecular weight of the PCL arm. The effect of NIM/polymer feed
weight ratio will be addressed first. The percent NIM loading was not
affectedbyvarying theNIM/PEG7752ePCL5800 feedweight ratio from
5.0 to 20%. Thus, percent NIM loading remained almost constant at ca.
3e4 wt% of the micelles. This indicates that the micelles of this
copolymer have a certain loading capacity (i.e., w3% of their weight)
that cannot be altered by varying the feed weight ratio. The drug
loadingcapacityof agivenmicellar formulationdependsmostlyon the
compatibility between the drug and the core-forming segment of the
copolymer [40]. It is noteworthy that other polyester-based polymeric
micelles show similar NIM loading capacity [41,42]. Nevertheless, NIM
encapsulation efficiency up to 78 wt% was obtained for
PEG7752ePCL5800 micelles prepared at a feed weight ratio of 5.0%.
NIM encapsulation efficiency was decreased by increasing NIM/poly-
mer feed weight ratio, as indicated by the maximum NIM loading
capacity achieved at feed ratio of 5%.

In order to reach the optimalmicellar formulation in terms ofNIM
loading capacity and micelle stability, NIM was encapsulated into
a series of PEG7752ePCLmiktoarmswithdifferentmolecularweights
of the PCL arm. NIM loading capacity and encapsulation efficiency of
the micelles were dependent on the block length of the PCL arm
(Table 2). Specifically, NIM loading capacity and encapsulation effi-
ciency increased from 2.3 to 7.0 wt% and from 23.0 to 70.0 wt%,
respectively by increasing the PCL molecular weight from 3.0 to
19.0 kDa. This confirms that NIM is encapsulated into PEG7752ePCL
miktoarmmicellesmainly byhydrophobic interactionswithPCL arm.
Other block copolymer micelles demonstrated higher drug loading
capacities by increasing the molecular weight of the core-forming
block [14,15,43,44].

3.4. Solubilization of NIM by PEG7752ePCL miktoarm micelles

One of the primary objectives of encapsulating NIM into
PEG7752ePCL miktoarm micelles was to increase its aqueous
solubility. NIM is a hydrophobic molecule with very low aqueous
solubility of 3.86 mg/mL [9]. Poor water solubility usually results in
poor bioavailability, poor drug efficacy and limited treatment
options [45,46]. Several approaches have been reported to enhance
NIM aqueous solubility, such as solid dispersions and inclusion
complexes [9,47]. Table 2 shows that NIM aqueous solubility up to
700 mg/mL was achieved for PEG7752ePCL19000 micelles at poly-
mer concentration of 10 g/L; this corresponds to w200 folds
increase in NIM aqueous solubility. As for NIM loading capacity,
NIM aqueous solubility was dependent on the molecular weight of
the PCL arm, a consequence of the favorable NIM/PCL hydrophobic
interactions.

3.5. Size of blank and NIM-loaded PEGePCL miktoarm micelles

The size of nanoparticles intended for biomedical applications is
one of the crucial factors that determine their in vivo fate, as well as
the safety and efficacy of the encapsulated drug. The ideal



Fig. 3. Upper panel: Chemical structures of NIM (left) and miktoarm copolymers (right). Lower panel: 1H NMR spectra of NIM in DMSO-d6 (A), PEG7752ePCL5800 miktoarm in
DMSO-d6 (B), NIM/PEG7752ePCL5800 mixture in DMSO-d6 (C), blank PEG7752ePCL5800 miktoarm micelles in D2O (D) and NIM-loaded PEG7752ePCL5800 micelles in D2O (E).
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Table 2
Properties of blank and NIM-loaded miktoarm micelles.

Polymer Micelles RHa CACb

(mM)
%DLc %LEd NIM Ste

(mg/mL)
Blank NIM-loaded

PEG7752ePCL3000 9.0� 0.4 8.0� 0.7 0.12 2.3 23 230
PEG7752ePCL5800 10.3� 0.3 9.2� 0.4 0.07 3.0 30 300
PEG7752ePCL10000 50.2� 1.2 36.1� 0.3 0.17 3.2 32 320
PEG7752ePCL19000 27.6� 0.8 25.2� 1.2 0.04 7.0 70 700

a Hydrodynamic radius (nm), mean of six measurements� SD.
b Critical association concentration of the micelles in water.
c Percent drug loading¼weight of NIM in micelles� 100/weight of micelles

tested.
d Percent loading efficiency¼weight of NIM in micelles� 100/weight of NIM

used in micelles preparation.
e Nimodipine solubility in water.

G.M. Soliman et al. / Biomaterials 31 (2010) 8382e83928388
nanoparticle diameter to attain longevity in the blood is 200 nm;
a sub-200 nm size along with biocompatibility allows the nano-
particles to escape recognition by themonoclonal phagocytic system
cells [48,49]. Table 2 shows the hydrodynamic radius (RH) for both
blank and NIM-loaded micelles of PEG7752ePCL miktoarms of
different molecular weights. The molecular weight of the PEG arm
was kept constant at 775 Da while that of the PCL arm was varied
from 3.0 to 19.0 kDa. Turning our attention first to the size of the
blank micelles, one notices that the micelles RH increased from
9.0� 0.4 to 27.6� 0.8 nm when the molecular weight of PCL
increased from 3.0 to 19.0 kDa (Table 2). We confirmed by 1H NMR
studies that PCL arms form the micelles core. Longer PCL chains led
to bigger micelles core and an overall increase in the micelles size.
Similar findings were reported for other micelles of miktoarm and
linear copolymers [50e52]. Encapsulation of NIM into PEG7752ePCL
miktoarm micelles did not have a detectable effect on their size.
Thus, micelles size was almost the same regardless of whether they
were blank or drug-loaded (Table 2). It is noteworthy that the size of
drug-loaded polymeric micelles is usually bigger than that of blank
micelles [21,53,54]. The reason behind the size of PEG7752ePCL
miktoarm micelles being the same for blank and drug-loaded
micelles is not clear.

We also evaluated the effect of polymer architecture on micelle
size and drug loading capacity. Two linear PEG-b-PCL copolymers
were prepared: the first linear PEG2000ePCL5800 copolymer has
the same composition and total molecular weight but different
macromolecular architecture as the miktoarm PEG7752ePCL5800,
while the second linear polymer, PEG775ePCL6000 has the same
composition but half the total molecular weight of PEG. NIM-
loaded and blank micelles of these copolymers were prepared by
the co-solvent evaporation method and compared to those of the
corresponding miktoarm copolymer. The effect of feed weight ratio
of NIM/polymer on the drug loading capacity of PEG2000ePCL5800
Table 3
Stability of NIM-loaded micelles in aqueous solution.

Time (weeks) Micelles

PEG7752ePCL3000 PEG7752ePCL5800

RH
a PDIb RH

0 8.5� 0.2 0.2 8.8� 0.3
1 21.2� 0.3 0.4 11.5� 0.3
2 25.5� 0.8 0.4 12.4� 0.2
3 30.2� 0.2 0.4 14.6� 0.1
4 30.6� 0.8 0.4 14.5� 0.1
8 34.4� 1.2 0.4 12.5� 0.1
14 38.9� 1.0 0.4 13.8� 0.1

PPT: precipitated.
a RH: hydrodynamic radius (nm), mean of six measurements� SD.
b PDI: polydispersity index, mean of six measurements� SD.
was similar to that of the miktoarm PEG7752ePCL5800. The
maximum NIM loading capacity for PEG2000ePCL5800 was
between 3 and 5 wt% and was not affected by the NIM/polymer
feed weight ratio. Furthermore, PEG775ePCL6000 linear copoly-
mer showed NIM loading capacityw 3 wt%. This confirms that the
drug loading capacity was mainly controlled by the molecular
weight of the PCL arm and was affected neither by the PEG
molecular weight nor its architecture. By contrast, micelles size was
greatly affected by the PEG molecular weight and architecture.
Thus, blank micelles had RH of 10.1�0.3, 16.34� 0.2, and
91.7� 2.6 nm, for the miktoarm PEG7752ePCL5800, linear
PEG2000ePCL5800 and linear PEG775ePCL6000, respectively.
PEG2000ePCL5800 copolymers have longer PEG chain length
compared to the miktoarm PEG7752ePCL5800, which might
increase micelles size [38]. PEG775ePCL6000 micelles were much
bigger than those of the other two polymers, most probably as
a consequence of the loss of the balance between PEG and PCL
chain lengths. Aliferis and Iatrou, reported that the miktoarm
polystyreneepolydimethylsiloxane (PS2ePDMS) had a smaller size
than the corresponding linear PSePDMS analogue having the same
molecular weight and composition but different architecture [55].
3.6. Stability of NIM-loaded PEGePCL miktoarm micelles in solution
and after freeze drying

NIM-loaded micelles of different PEG7752ePCL miktoarm copol-
ymers were prepared by the co-solvent evaporation method (poly-
mer concentration: 2 g/L) and kept at 4 �C for 3 months. At different
time intervals the micellar solutions were examined visually for any
precipitation and the micelles size and polydispersity index were
determined by DLS (Table 3). Precipitation was detected for the
micelles of PEG7752ePCL10000 after one week presumably due to
NIM precipitation and/or formation ofmicelle aggregates.Micelles of
PEG7752ePCL19000 maintained their size for up to 3 weeks, after
which they started toprecipitate. PEG7752ePCL3000micelles did not
showany signs of precipitation for up to 4weeks. However, their size
and polydispersity index increased significantly after one week of
storage at 4 �C. In contrast, micelles of PEG7752ePCL5800 showed
striking stability for 3 months or more (Table 3). These micelles did
not show any signs of precipitation and maintained their size and
polydispersity index. The tendency to precipitate and/or grow in size
upon storage is commonly observed for polymeric micelles [35,56].
The enhanced stability of PEG7752ePCL5800 micelles compared to
PEG7752ePCL19000micellesmightbedue to thehigherdrug loading
capacity of the latter. PEG7752ePCL19000 micelles contained as
much as twice NIM as those of PEG7752ePCL5800 (Table 2). High
drug loading is known to compromisemicelles stability. For instance,
Fournier et al., showed that solutions of poly(N-vinyl-2-pyrrolidone)-
PEG7752ePCL10000 PEG7752ePCL19000

PDI RH PDI RH PDI

0.1 32.2� 0.6 0.3 23.4� 0.4 0.1
0.3 30.5� 0.3 0.3 23.2� 0.2 0.1
0.3 PPT 23.2� 0.2 0.1
0.3 PPT 23.5� 0.3 0.1
0.3 PPT PPT
0.2 PPT PPT
0.2 PPT PPT
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b-poly(D,L-lactide) (PVP-b-PDLLA) micelles encapsulating docetaxel
or paclitaxel at initial feed ratio of 10 wt% showed drug precipitation
following 24 h. In contrast, the same micelles prepared at 5e7.5 wt%
initial drug loading showed no precipitation for 48 h [57].

Because long-term stability of nanoparticles and their encap-
sulated drug is better achieved in solid forms, we investigated the
effect of freeze drying on the stability of PEG7752ePCL miktoarm
micelles. Micelles of PEG7752ePCL5800 and PEG7752ePCL19000,
whether blank or NIM loaded, were not dispersible in water after
freeze drying. This may be attributed to the higher molecular
weight of the hydrophobic PCL arm of these copolymers compared
to that of the hydrophilic PEG arm. The PEG corona is known to
sterically stabilize the micelles in solution and maintain their
aqueous solubility. Micelles with longer hydrophobic segments
may agglomerate during freeze drying due to hydrophobic inter-
actions between cores of different micelles resulting in poor water
dispersibility [58,59]. Cryoprotectants (e.g., glucose, sucrose, and
trehalose) are usually used to stabilize such nanoparticles during
freeze drying [60,61]. Blank, and both NIM-loaded
PEG7752ePCL5800 and NIM-loaded PEG2000ePCL5800 micelles
freeze dried in the presence of 5% w/v of either trehalose or sucrose
maintained their integrity and were dispersible in water (Table 4).
However, the freeze drying process resulted in increasing the
micelle size of both miktoarm and linear PEGePCL copolymers
(Table 4). Increase in micelles size upon freeze drying has been
observed for other polymeric micelles [58].

3.7. In vitro NIM release from PEG7752ePCL miktoarm micelles

The in vitro release behavior of NIM from its PEG7752ePCL
miktoarm micelles was evaluated by the dialysis bag method using
a release medium of PBS pH 7.4 in the presence of 1% (v/v) Tween
80. Tween 80 is a low molecular weight non ionic surfactant that
can be added to release media to maintain sink conditions for
hydrophobic drugs [62,63]. NIM solubility in the release medium
was 135 mg/mL confirming the maintenance of sink conditions
during the release experiments given the release volume (20 mL)
and NIM amounts in the micelles (320e550 mg). NIM rapidly
diffused out of the dialysis membrane when dissolved in the dial-
ysis medium. Almost complete release was achieved after 3 h
(Fig. 4). In contrast, slow NIM release as registered for NIM-loaded
PEG7752ePCL5800 and PEG7752ePCL19000 micelles. After 3 days,
PEG7752ePCL5800 and PEG7752ePCL19000micelles releasedw93
and 85% of their NIM contents, respectively. NIM release pattern
was similar for both micellar systems and was affected neither by
the polymer molecular weight nor by the percent drug loading. The
in vitro drug release experiments reported here may not mimic the
complex biological environment micelles, may face upon in vivo
administration. Nonetheless, the results show that under a given
set of experimental conditions NIM is released from the micelles at
a much slower rate than from its solution. This may result in
reduced frequency of NIM administration, reduced toxicity and
overall better therapeutic outcome.
Table 4
Effect of freeze drying on the size of PEGePCL linear and miktoarm micelles in the
presence of 5% (w/v) sucrose and trehalose.

Micelles RH
a before

freeze drying
RH after freeze drying

5% trehalose 5% sucrose

PEG2000ePCL5800 (blank) 16.3� 0.2 27.6� 0.5 31.5� 0.6
PEG2000ePCL5800 (NIM loaded) 18.4� 0.8 31.5� 0.5 33.5� 0.9
PEG7752ePCL5800 (blank) 9.4� 0.1 25� 1.2 31.2� 0.4
PEG7752ePCL5800 (NIM loaded) 9.4� 0.0 24� 2.1 29.6� 1.7

a RH: hydrodynamic radius (nm), mean of six measurements� SD.
3.8. Biological studies

These studies were performed in order to test if encapsulation of
nimodipine into miktoarm micelles did not reduce its anti-
inflammatory effectiveness. NIM was shown to exert prophylactic
neuroprotective effects by reducing the production of inflamma-
tory cytokines from activated microglia [64]. Therefore, we used
microglia to test NIM alone, NIM in micelles and micelles alone in
microglia treated with lipopolysaccharide (LPS). LPS, an endotoxin
found in Gram-negative bacteria, was used to induce activation of
a murine microglia cell line (N9), thereby providing an in vitro
model of inflammation [65]. LPS (10 mg/mL)-treated microglia
released significant amounts of nitric oxide (NO) after 24 h, as
measured using the Griess reagent (Fig. 5A). Treatment of microglia
with NIM (10 mM) for 24 h in the presence of LPS, reduced by more
than half the amount of released NO (37�2%, p< 0.005) relative to
the control microglia exposed to LPS in the absence of NIM.

More importantly, the extent of LPS-induced nitric oxide
production was reduced in the presence of NIM encapsulated in
PEG7752ePCL5800 micelles (64� 2%, p< 0.01), and to an even
greater extent, by NIM encapsulated in PEG2000ePCL5800
micelles (49� 3%, p< 0.01) for 24 h (Fig. 5A). The reduced NO
release in the presence of micelles of miktoarm and linear PEGePCL
polymers is, however, not entirely due to the action of NIM, butmay
in fact be due to some intrinsic anti-inflammatory effects of the
micelles themselves. In cells treatedwith the same concentration of
micelles without the drug, significant reduction in NO release was
comparable to those treated with drug-loaded micelles (61�1% for
PEG7752ePCL5800 micelles and 47�2% for PEG2000ePCL5800
micelles) (Fig. 5A). Reduction in LPS-induced nitric oxide release by
blank polymeric micelles had also been observed in our previous
study, in which we reported approximately 40% reduction in cells
treated with carboxymethyldextran-block-poly(ethylene glycol)
micelles [65]. Anti-inflammatory effects of polymeric nanoparticles
have also been reported by Tomalia’s group, who showed that poly
(amidoamine) dendrimers significantly inhibit inflammatory
activity in in vivo models of arthritis [66].

Aside from the release of bioactive free radicals such as nitric
oxide, activated microglia can also produce and release a number of
cytokines; somecan furtherpropagate the inflammatoryprocess, and
others act as anti-inflammatory factors. For our study, we selected
two such pro-inflammatory cytokines, interleukin-1b (IL-1b) and



Fig. 5. A. Micellar-NIM reduced the release of nitric oxide in lipopolysaccharide (LPS)-treated microglia. N9 cells treated with LPS (10 mg/mL) and different formulations of NIM
(10 mM; free NIM, NIM/PEG7752ePCL5800 micelles and NIM/PEG2000ePCL5800 micelles) for 24 h. NO release was measured using the Greiss reagent (n¼ 15). Relative NO release
is calculated in reference to the LPS control set as 100% (n¼ 15). B and C PEG7752ePCL5800 micelles and PEG2000ePCL5800 micelles decreased the extent of cytokine release in
LPS-activated microglia. N9 cells treated as in A were assayed for the release of IL-1b (B) and TNF-a (C) using respective ELISA. The fold increase in cytokine release is shown as
relative to the untreated control (n¼ 3). D. Encapsulation of NIM in miktoarm and linear micelles reduce its toxicity in microglia. N9 cells were treated concomitantly with LPS
(10 mg/mL) and different formulations of NIM (30 mM) for 24 h, and cells were counted using the Trypan blue exclusion assay. Percent cell death is plotted as the number of dead
cells over the total number of cells (n¼ 6). Mean values� SEM are calculated based on triplicate measurements from independent experiments. *Indicates statistical significance
compared to the untreated control; # indicates statistical significance when compared to the LPS-treated control. *p< 0.01, **p< 0.005.
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tumor necrosis factor-a (TNF-a), both of which are released in high
levels by activated microglia [1,2]. In microglia treated with LPS
(10 mg/mL) for 24 h, there was a significant 5.9� 0.6 fold increase in
the release of IL-1b (equivalent to 10.3�1.10 rg/mL; Fig. 5B). Inter-
estingly, in the presence of free NIM (10 mM), the extent of IL-1b
release was further increased (10.8� 0.5 fold increase compared to
untreated control; p< 0.005 when compared to LPS-treated cells),
suggesting no direct role of NIM in inhibiting the release or produc-
tion of IL-1b. Moreover, the dramatically increased extracellular IL-1b
suggests thatmicroglia, treatedconcomitantlywithLPSandNIM,may
have undergone necrotic cell death (Fig. 5D). In contrast, NIM/
PEG7752ePCL5800micelles reduced the extent of LPS-induced IL-1b
release (3.7� 0.2 fold increase compared to untreated control;
p< 0.01). On the other hand, NIM/PEG2000ePCL5800 micelles
neither reduced nor added to IL-1b release (5.6� 0.1 fold increase
compared to untreated control). Cells treated with blank polymeric
micelles showed similar degrees of reduction in cytokine release
(3.5� 0.2 fold for PEG7752ePCL5800 micelles, and 5.7� 0.9 fold for
PEG2000ePCL5800 micelles), when compared to treatments with
drug-containing micelles again suggesting a role of the micelles
without NIM in reducing IL-1b release.

TNF-a is another pro-inflammatory cytokine released in high
levels from activated microglia in neurodegenerative diseases [1].
LPS-treatedmicroglia induced an enormous (10.9� 0.6 fold) increase
in extracellular TNF-a (equivalent to 12,190.7�618.6 rg/mL; Fig. 5C)
compared to untreated cells. In this case, concomitant treatment of
the cellswith freeNIMsignificantly reduced the levels of extracellular
TNF-a to 6.5� 0.3 fold (p< 0.005 compared to LPS-treated cells),
suggesting that the neuroprotective actions exerted by NIM involve,
in part, interference with the production and release of TNF-a cyto-
kines. Micellar-NIM treatments reduced TNF-a release to a smaller
but still substantial degree (8.4� 0.3 fold forNIM/PEG7752ePCL5800
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micelles, and 9.6� 0.5 fold for NIM/PEG2000ePCL5800 micelles),
which may primarily be due to the protective effects of the blank
micelles in such short treatment durations.

Microglia treated concomitantly with LPS and NIM suffered
significant cell loss (39� 5%, p< 0.005 compared to LPS-treated
cells) as determined by the live/dead cell count assay using Trypan
blue (Fig. 5D). This NIM-induced cell death is abolished by NIM
encapsulation into micelles of miktoarm and linear PEGePCL
polymers (13�1% and 12� 4% cell death, respectively; n.s.
compared to LPS-treated cells). The slow release of drugs from
these polymeric micelles thus makes them useful nanodelivery
systems for in vivo studies in animal models of inflammation.

4. Conclusions

We have developed a versatile methodology to construct A2B
type star polymers using a corewith orthogonal functionalities, and
by carrying out, in sequence, Cu(I) catalyzed cycloaddition of an
azide to an alkyne (“click”), followed by ring-opening polymeriza-
tion reactions. These miktoarm polymers self-assemble into
micelles inwhichhydrophobic armof the star forms a corewhile the
hydrophilic arms form a corona. We have demonstrated that such
micelles provide an excellent nanodelivery carrier for hydrophobic
drugs such as nimodipine, inwhich aqueous solubility of the drug is
dramatically enhanced. The loading efficiency of NIM in these
micelleswas tailoredby the lengthof thePCLarm, andencapsulation
efficiency of up to 78 wt% was achieved. NIM is released from the
micelles in a sustained manner, and is protected from precipitation
in physiological medium. The results from the studies in dispersed
microglia cells in cultures suggest that anti-inflammatoryeffects can
beachievedbydrug-loadedmiktoarmstarpolymer, and intriguingly
also by the miktoarm polymers alone. Nimodipine blocks the influx
of calcium ions by binding to the channels and thereby decreasing
the number of open channels. Themechanisms underlying the anti-
inflammatory effects of nimodipine are still unclear, however, we
show in this study that the drug and/or miktoarm micelle reduced
the productions of nitric oxide, and of the cytokine, TNF-a; sug-
gesting that to someextent, nimodipine can act to reduce the release
of pro-inflammatory factors. The mechanism of miktoarm micelle
anti-inflammatory effect and the signal transduction pathways
involved in it are currently under investigation in our laboratories
together with the in vivo studies in animal models of inflammation.
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