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Magnetic micelles with fluorescence dyes were fabricated by self-assembly of triblock copolymer followed by in
situ templated coprecipitationmethod. Nile redwas encapsulated into the polystyrene core of the triblock copol-
ymer confirmed by fluorescence measurement. The magnetic nanoparticles are selectively chemisorbed on the
poly(acrylic acid) (PAA) shell of polymeric micelles due to ionic interaction between PAA and Fe ions. The neg-
atively charged PAA also a platform to bind positively charged drug molecules. The hydrophilic poly(ethylene
glycol) (PEG) corona stabilizes the micelles composites. The multifunctional polymeric micelles were well char-
acterized by using different tools and techniques: dynamic light scattering, transmission electron microscope,
UV–visible spectrophotometer, fluorescence spectroscope, and magnetometer.
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1. Introduction

The multifunctional nanosystems in therapeutics, which are simulta-
neously capable of diagnosis and treatment, hold great promise for the fu-
ture of clinical treatment to enhance therapeutic efficacy [1–4]. Self-
assembling polymeric micelles have long been explored for the develop-
ment of multifunctional therapeutics due to their flexibility in properties
such as reactivity, controlled composition, ability to encapsulate drug
molecules and appropriate size [5]. Amphiphilic diblock and symmetric
triblock copolymer (pluronics types; P123, F127) are widely studied
block copolymer as nanocarriers for drugs and imaging agents together
[6–12]. The amphiphilic block copolymer undergoes self-assembly and
forms a hydrophobic core and hydrophilic shell. The hydrophobic drug
molecules/imaging agents are protected within the hydrophobic core,
while the hydrophilic shell can alter the pharmacokinetics and
biodistribution of the incorporated drug through the interaction with bi-
ological environments [13]. Due to the ability of encapsulation of many
hydrophobic drugs into its hydrophobic core, pluronics block copolymers
has beenwidely employed in industrial formulations, particularly in phar-
maceutical preparations. The poly(ethylene oxide) (PEO) corona can be
functionalizedwith several hydrophilicmolecules for targeting and imag-
ing purpose in drug delivery [14]. Cholesterol grafted poly(N-
.

isopropylacrylamide-co-N,N-dimethylacrylamide-co-undecenoic acid)
block copolymer forms a hydrophobic core that encapsulates hydropho-
bic drug paclitaxel and shell decorated with folate molecules for active
tumor targeting. The polymer was designed in such a way that it showed
the dual stimuli in drug delivery, that is, pH-induced thermosensitivity.
The drug molecules released faster at pH 5 than at 7.4 [15].

In comparison to amphiphilic diblock and symmetric triblock copol-
ymers, asymmetric triblock copolymers have attracted much attention
because different morphologies have been observed for their micelles
in the nanometer scale [16,17]. The introduction of the different third
block offers additional parameters to control properties of the ABC-
type block copolymers and then would afford interesting functionali-
ties, thereby strongly influencing the self-assembly process [18–20].
Core-shell-coronamicelles of the triblock copolymer has several advan-
tages as a drug carrier. Armes and co-workers successfully loaded a
model drug dipyridamole into the micelles of ABC triblock copolymer
of methoxy-capped poly[ethylene glycol-b-2-(dimethyl amino)
ethylmethacrylate-b-2-(diethylamino)ethyl methacrylate] by control-
ling the pH [21]. A triblock copolymer; poly(styrene-b-2-vinyl
pyridine-b-ethylene oxide) (PS-b-PVP-b-PEO) with cationic shell in
acidic conditionwas used as a carrier for the anionic drug coaxicillin so-
dium. The drug was released significantly faster at physiological pH
(7.4) compared to the acidic pH (3.0). Chemically reactive block not
only provides the space for drug molecules but also a platform for the
synthesis of inorganic based biomaterials [22,23]. Padwal et al.
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synthesized polyacrylic acid stabilized magnetite nanoparticles. The
composite nanoparticles along with anti-tuberculosis (TB) drug show
the better efflux inhibitors to enhance the effectiveness of the drug in
TB Treatment [24].

In this study, we use a laboratory synthesized triblock copolymer as
a platform for imaging agents and drugmolecules (Scheme1). Poly(sty-
rene-b-acrylic acid-b-ethylene oxides) (PS-b-PAA-b-PEG) block copoly-
mer forms highly stable and robust micelles with polystyrene (PS) core,
poly(acrylic acid) (PAA) shell and hydrophilic poly(ethylene glycol)
(PEG) corona in water. The hydrophobic PS block encapsulates Nile
red (optical imaging agent). The selective precipitation reaction of mag-
netic nanoparticles (magnetic imaging agent) occurs on anionic PAA
shell. The composite micelles are stabilized by hydrophilic PEG corona.
The binding of cationic drugs on anionic PAA block and their release
were also studied. The core-shell-corona architecture of polymeric mi-
celles can serve as a robust carrier formultiple payloads at a time.More-
over, the presence of frozen core and lower critical micelles'
concentration, micelles are stable in a natural biological environment,
even after dilution several times in the bloodstream could be the asset
to be used as a drug carrier.

2. Experimental section

2.1. Materials

Poly(ethylene glycol) basedmacro-chain transfer agent (PEG47-CTA,
Mn(NMR)=2360 g/mol) was prepared according to the reference [25].
2.2′-Azobis(isobutyronitrile) (AIBN) was recrystallized from methanol.
Acrylic acid (AA), 1,4-dioxane, and N,N-dimethylformamide were
dried over 4 Å molecular sieves and distilled under reduced pressure.
Tetrahydrofuran was dried over 4 Å molecular sieves and distilled. Sty-
rene was washed with an aqueous alkaline solution and distilled from
calcium hydride under reduced pressure. Water was purified with an
ion-exchange system. Triblock copolymer (PS-b-PAA-b-PEG) composed
of polystyrene (PS), poly(acrylic acid) (PAA), and poly(ethylene glycol)
(PEG) (Scheme 2). The detail synthetic procedure is in supporting infor-
mation. FeCl3·6H2O (Sigma Aldrich, 98%), FeCl2·4H2O (Sigma Aldrich,
99%), Nile red (NR, Sigma Aldrich, 99%), dibucaine hydrochloride (DC,
Sigma Aldrich, 99%), phosphotungstic acid hydrate (Alfa Aesar), Tris-
buffer (Alfa Aesar) were used without purification.

2.2. Preparation of polymer solution

The polymer solution was prepared using a solvent exchange
method. 0.1 g of polymer was dissolved into 10 mL of THF with mild
sonication. The THF was exchanged with water by the dialysis method.
In order to encapsulate NR into polymericmicelles, 1mgNR and 0.1 g of
polymerwas dissolved in 10mLof THF and theNR loadedmicelleswere
Scheme 1. Fabrication of magnetite loaded flu
collected in water through dialysis. The dialysis was performed for
5 days against DI water. The water was changed 15 times, which en-
sures the complete replacement of THF with water. The solution was
then transferred into a volumetric flask to obtain a stock solution with
a concentration of 1 gL−1 and the pH of themicelles' solutionwasmain-
tained at 7.4 by using Tris-buffer. Magnetic nanoparticles were synthe-
sized by the co-precipitationmethod [26]. 76mg FeCl3·6H2O and 27mg
FeCl2·4H2O were dissolved in 20 mL polymer solution. A specific vol-
ume of ammonia solution was added into it. All reactions were carried
out in N2 protection.

2.3. Characterization

Hydrodynamic diameter and zeta-potential weremeasured using an
Otsuka ELS Z zeta-potential and particle analyzer. Transmission electron
microscopy (TEM, JEM-2100F TEM) was used to see the polymeric mi-
celles. The pure polymeric micelles were stained with phosphotungstic
acid in order to improve the contrast. The polymer nanocomposites
with magnetic nanoparticles were observed without the staining
agent. The fluorescence spectra of NR were recorded by a fluorescence
spectrophotometer (Jasco FP-6500) using right angle geometry,
1 cm× 1 cmquartz cells. The samplewas excited at 488 nm in themea-
surement of fluorescence spectra, and the bandwidthswere 3 and 1 nm
on the excitation and emission sides, respectively. The drug release ex-
periment was carried out in vitro using dialysis followed by UV-
absorption measurements (Shimadzu-UV 2401PC). The drug loaded
polymer nano complex solution was placed in a dialysis tube, and the
amount of the drug released from the nano complexes was monitored
at pH 7.4 maintained by a Tris buffer. 2.5 mL of the solution outside,
then the dialysis tubewas taken off at definite time intervals tomeasure
the amount of dibucaine hydrochloride (DC) released. The solution after
theUV absorptionmeasurementswas immediately returned to the bulk
solution outside the dialysis tube to maintain the volume. The amount
of the released DC was plotted versus the dialysis time.

3. Results and discussion

3.1. Preparation of polymer solution and encapsulation of Nile red

PS83-b-PAA106-b-PEG47 was synthesized via RAFT polymerization as
reported previously [25]. The number in the parenthesis indicates the
degree of polymerization of each block. The polymer was first dissolved
in THF, a good solvent for all three blocks and the polymeric micelles
were collected in water by the slow exchange of THF with water by di-
alysis method (Fig. 1). The polymer undergoes self-assembly in water
and forms spherical micelles with PS core, PAA shell, and PEG corona.
The hydrodynamic diameter of polymeric micelles depends on pH.
The hydrodynamic diameter of the polymeric micelles was found to
orescence micelles of triblock copolymer.



Scheme 2. Synthetic route of PS-b-PAA-b-PEG via reversible addition-fragmentation chain transfer (RAFT) controlled radical polymerization.
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be 52 nm to 72 nm depending on the pH of the solution. This change in
hydrodynamic diameter (Dh) is due to conformation change in PAA
block, PAA is a weak electrolyte with a carboxylic acid whose pKa is
4.6 [27]. For pH b pKa, most carboxylic groups exist as the protonated
form (COOH), whereas for pH N pKa, most carboxylic groups exist as
the deprotonated form (COO−) [28]. The deprotonated PAAs have
more repulsion resulting in the larger hydrodynamic diameter. Fig. 2a
shows the intensity-based DLS profile of PS-b-PAA-b-PEG at pH around
8. The distribution looks monodisperse which is also supported by a
lower polydispersity index (0.09). The micelles are dried and observed
under a TEM. The TEM measurements provided concrete evidence for
the formation of the spherical micelles. The polymeric micelles are
stained with the dilute phosphotungstic acid solution in order to im-
prove the contrast. Thewhite sphere of around 25 nmaverage diameter
in the TEM photograph (Fig. 3a) corresponds to the hard PS core be-
cause the phosphotungstic acid preferentially stains the PS core. The
size of micelles from TEM is smaller than the size measured from DLS.
The size discrepancy between the DLS and TEM measurements is due
Fig. 1. Photographs of (a) pure micelles, (b) Nile red loaded micelles and (c) magneto
micelles.
to the different sample preparation methods. The DLS measurements
were carried out in solution and the TEM measurements were made
on a dry sample under high vacuum.

The polymeric micelles of the amphiphilic block copolymer are
widely used as a platform for encapsulation of photo responsive mole-
cules which have wide applications in imaging and delivery of hydro-
phobic drug molecules. Different from previously reported
encapsulation methods [29,30], the complicated chemical conjugation
of the dyes with polymer micelles is avoided here. NR is a hydrophobic
imaging dye which exhibits high quantum yield in nonpolar environ-
ments. However, in polar environments such as water, the quantum
yield approaches zero [31]. These spectral features of NR have led to a
wide range of applications such as evaluation of lipids, and contrast
agent in radiometric imaging [32]. The hydrophobic NR with photo
bleaching properties in polar solvents provides an additional tool for
the evaluation of potential interactions between the encapsulated dye
and the surrounding solvent. Polymers and NR were first dissolved in
THF. Slowly exchanging THFwithwater, theNRwas encapsulated selec-
tively into PS core due to hydrophobic interactions. NR is poorly soluble
in water and does not emit fluorescence in a polar environment. Encap-
sulation and micellization occur simultaneously as shown in Scheme 1.
NR is well protected inside the polymericmicelles more specifically into
the PS core. The very clear and stable emission spectrum of NR in aque-
ous micelles' solution was obtained (Fig. 4). NR is a benzophenoxazone
dye and uncharged hydrophilicmoleculewhich do not show its fluores-
cence properties in a polar solvent such as water. Since the fluorescence
intensity did not change for several days confirm that NR is tightly intact
into the PS core (data not shown). The encapsulation of NR intomicelles
does not significantly change the hydrodynamic diameter and surface
charge of polymeric micelles.

3.2. Magnetic properties

Magnetic nanoparticles have been extensively studied for a range
of biomedical applications including magnetic resonance imaging
(MRI), drug delivery and hyperthermia [33]. The amphiphilic block
copolymer is particularly promising tools due to their chemical di-
versity, stability controllable molecular weight. Generally, pre-



Fig. 2. Hydrodynamic diameter of (a) PS-b-PAA-b-PEG micelles and (b) Fe ions/PS-b-PAA-b-PEG micelles composite.
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synthesized hydrophobic magnetic nanoparticles were encapsulated
into the nanocarriers [34]. Here, we used a conventional in-situ syn-
thesis method of Fe3O4 nanoparticles via coprecipitation of ferric and
ferrous salts in alkaline media. The PS-b-PAA-b-PEG polymeric mi-
celles are used as a platform to synthesize magnetic nanoparticles.
A mixture of iron (II) and iron (III) salts was allowed to interact
with PS-b-PAA-b-PEG polymeric micelles. Fe2+ and Fe3+ ions first
interact with PAA segments electrostatically. Iron ion's complexation
occurred with the carboxylic acid groups from the PAA segments via
intramolecular and/or intermolecular complexation [35]. As a result
of the interaction, the zeta-potential was increased to −8 mV from
−32 mV. Whereas, the hydrodynamic diameter decreases from
72 nm to 55 nm (Fig. 2b). Due to the presence of free PEO, the com-
posites particles were stable even the zeta potential close to zero.
The chelating complex was then precipitated by the dropwise addi-
tion of ammonia solution to yield iron oxide nanoparticles. The solu-
tion was stirred for 30 min in an N2 environment at 80 °C. The
hydrodynamic diameter of polymer/magnetic nanoparticle compos-
ites was found to be 295 nm with significantly higher polydispersity
index (0.3). This is due to the formation of secondary nano/micro ag-
gregates. TEM measurements were performed to observe the effects
of iron oxide formation on the triblock copolymer micelles (Fig. 3b).
The dark shell of polymeric micelles with ultra-small dots iron oxide
confirmed the formation of iron oxides.

Shown in Fig. 5a are the zero field cooled (ZFC) and field cooled
(FC) magnetization plots for Fe3O4 nanoparticles as a function of
temperature at 0.02, 0.05, and 0.1 T. In the ZFC magnetization mea-
surements, the sample is first cooled to 10 K in zero field and then
a magnetic field is applied. The magnetization data is recorded
Fig. 3. TEM images of (a) polymeric m
while warming up the sample with temperature being stabilized at
each step. In the FC cooled magnetization measurements, the sample
is cooled in the presence of the same magnetic field which is used
during the ZFC measurements and then the magnetization data is re-
corded while warming up the sample. A few things are worthy of a
note from these plots. First, both ZFC and FC magnetization increases
as the values of a field applied increase. Secondly, all three ZFC curves
have a maximum in magnetization that is function of field applied,
viz. 120 K at 0.02 T, 80 K at 0.05 T, and 60 K at 0.1 T. The temperature
at which themaximum inmagnetization occurs is known as blocking
temperature for superparamagnetic particles. Third, FC magnetiza-
tion increases monotonically as the temperature decreases for all
the three fields. Besides, there is a bifurcation in ZFC and FC curves
that is dependent on the field applied. For example, the bifurcation
temperature is 140 K and 80 K at 0.02, 0.05 T respectively. The ZFC-
FC bifurcation temperature is also considered at the blocking tem-
perature. Ideally, the ZFC maximum and bifurcation temperature
should match with each other. While these temperatures are identi-
cal for 0.05 T, there is a small deviation in the peak and bifurcation
temperature (~20 K). This deviation in the ZFC maximum and bifur-
cation temperature is attributed to the distribution in a particle size
in the sample as noted in Fig. 5a.

The magnetization versus field plots for coprecipitated Fe3O4 nano-
particles are shown in Fig. 5b. While the sample has a distinct opening
in the magnetic hysteresis (MH) loop at 10 K with a value of coercivity
~350 Oe, the MH loops are almost close with no appreciable coercively
at 100, 200 and 300 K. This suggests that the sample is
superparamagnetic above 100 K. The signature of super paramagnetism
in our sample is obtained by plottingmagnetization as a function of H/T
icelles and (b) magneto micelles.



Fig. 4. Absorption and emission spectra of Nile red in the polymer solution.
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in the inset of Fig. 5b. The collapsing of the MH loops at 100, 200, and
300 K in the inset figure confirms the superparamagnetic behavior of
coprecipitated Fe3O4 particles.

3.3. Interaction of dibucaine with polymeric micelles and its release

Dibucaine hydrochloride (DC) is a positively charged anesthetic
agent and amodel drug in the present study. It is interesting to incor-
porate positively charged drug molecules DC into the negatively
charged polymeric micelles. The DC and polymer is mixed in such a
way that the PAA and DCmolar ratio is 1:1. The hydrodynamic diam-
eter of polymeric micelles decreases from 72 nm to 58 nm after load-
ing the DC. The decrease in the diameter is attributed to the
neutralization of the anionic acrylic acid ion of the PAA block by pos-
itively charged DC. The neutralization masks the negative charge of
PAA which weakens the repulsion among the PAA blocks. It is also
confirmed by measuring zeta potential measurements. The surface
charges of polymeric micelles increase to +3 mv from −32 mv in
polymer-DC nanocomposites. The drug-loaded micelles were stable
in aqueous solutions, exhibiting no aggregation or precipitation.
The dimension of the drug-loaded micelles (58 nm) is suitable for a
drug carrier because this size prevents elimination via either renal
excretion or mechanical filtration by inter-endothelial cell-slits in
the spleen [36]. In this system, each block of the polymer exhibits
its unique function. The hydrophobic core prevents the micelles
from collapse even in an extremely diluted condition in biological
environments. The anionic PAA shell works as a binding site for cat-
ionic drugs. Compared with the covalently bonded drug, the electro-
static interaction is easy to control the drug release. The PEG corona
stabilizes the nano complexes to prevent aggregation because of its
high hydration level and steric repulsion between the chains. The
Fig. 5. ZFC and FC magnetization as a function of temperature at 0.02. 0.05 and 0.1 T. (b) Mag
superparamagnetic behavior of Fe3O4 particles.
in vitro drug release from DC/PS-PAA-PEG micelles was performed
using a dialysis method at room temperature, the pH of the release
media was maintained at 7.4 by using tris buffer (Fig. 6). The amount
of released drug was monitored at the outside of the dialysis mem-
brane. The absorbance of DC was recorded at 226 nm. It was ob-
served that the drugs were released sustainably without burst
release.

4. Conclusion

We have successfully used laboratory synthesized triblock copol-
ymer to encapsulate hydrophobic molecules into core of micelles
and superparamagnetic Fe3O4 nanoparticles on the shell of micelles
which have already encapsulated Nile red in the core. The synthetic
method is simple, and a complex chemical conjugation between or-
ganic molecules and polymer is unnecessary. The strong chelating
behavior of PAA shell provides the reaction sites for iron ions and
controls the crystal overgrowth during co-precipitation reaction.
The strong binding between cationic drugs and polymeric micelles
was confirmed by dynamic light scattering experiment and it was
found that the drug is mainly released by the diffusion mechanism.
We believe that the encapsulation of fluorescent molecules and con-
trolled deposition of nanoparticles with superparamagnetic proper-
ties into the shell of self-assembled polymeric micelles will lead to
fabrication of multifunctional nanoparticles.
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netization as a function of field applied at 10, 100, 200, and 300 K. The inset confirms the



Fig. 6. Drug release profile of dibucaine from polymeric micelles.
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