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Abstract

In the present work, we prepare thermo- and pH-sensitive polymer-based nanoparticles incorporating with magnetic
iron oxide as the remote-controlled, stimuli-response nanocarriers. Well-defined, dual functional tri-block copolymer
poly[(acrylic acid)-block-(N-isopropylacrylamide)-block-(acrylic acid)], was synthesized via reversible addition-
fragmentation chain-transfer (RAFT) polymerization with S,S'-bis(a,a’-dimethyl-a"-acetic acid)trithiocarbonate
(CMP) as a chain transfer agent (CTA). With the aid of using 3-aminopropyltriethoxysilane, the surface-modified
iron oxides, Fe304-NH,, was then attached on the surface of self-assembled tri-block copolymer micelles via
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride/N-hydroxysuccinamide (EDC/NHS) crosslinking
method in order to furnish not only the magnetic resources for remote control but also the structure maintenance for
spherical morphology of our nanocarriers. The nanocarrier was characterized by transmission electron microscope
(TEM), Fourier transform infrared spectroscopy (FT-IR), and ultraviolet-visible (UV/Vis) spectral analysis. Rhodamine 6G
(R6G), as the modeling drugs, was encapsulated into the magnetic nanocarriers by a simple swelling method for
fluorescence-labeling and controlled release monitoring. Biocompatibility of the nanocarriers was studied via
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which revealed that neither the pristine
nanocarrier nor the R6G-loaded nanocarriers were cytotoxic to the normal fibroblast cells (L-929 cells). The in vitro
stimuli-triggered release measurement showed that the intelligent nanocarriers were highly sensitive to the
change of pH value and temperature rising by the high-frequency magnetic field (HFMF) treatment, which provided
the significant potential to apply this technology to biomedical therapy by stimuli-responsive controlled release.
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Background

Over the past decades, polymeric nanoparticles have re-
ceived great interests in drug delivery systems owing to
their drug loading capacity and biocompatibility for target-
ing therapy [1]. As drug carriers, polymeric nanoparticles
were able to load therapeutic agents, usually hydrophobic
drugs, in the hydrophobic core region, while the hydro-
philic shell region provided good dispersion in water and
reduced the toxicity [2]. Polymeric nanoparticles also have
shown prolonged-circulation characteristics and great-
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accumulation properties in tumor tissue because of the in-
efficient drainage by the lymph system, the so-called en-
hanced permeation and retention (EPR) effect [3]. Thus,
efforts have been devoted to developing the stimuli-
responsive polymers to be served as drug delivery vehicles,
which could undergo a tremendous and reversible transi-
tion of morphology and dominate the precise controlled
release, and work as a response to the various environ-
mental stimuli, like temperature [4], pH [5], ionic strength
[6], and magnetic field [7]. Thermo-sensitive polymers
were widely investigated since the temperature was easy
to control and could provide several advantages for in vivo
and in vitro treatments. Among these thermal-sensitive
polymers, poly(N-isopropylacrylamide) (PNIPAAm) was
the best-known one; it preserved the considerable phase
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transition in aqueous system from hydrophilic to hydro-
phobic form around 32°C, which is the lower critical solu-
tion temperature (LCST) [8].

Since the LCST was close to the human body
temperature, hydrophilic-segments, like acrylic acid (AA),
were introduced into PNIPAAm for LCST tuning by co-
polymerization [9], surface modification, or physical blend-
ing in order to prepare hollow structured nanoparticles via
thermo-triggered self-assembling. Actually, the spherical
sub-micron particle with empty core region possessed
many advantages, for instance, higher drug loading content
[10]. In spite of the benefits for drug delivery, the practical
controlled release was still hindered with poor in vivo
colloidal stability [11], which often caused low therapeutic
efficiency and side effects.

On the other hand, magnetic materials were also
widely used as nanocarriers' preparation because of the
noncontact force which provided magnetically triggered
release and remote treatment for drug delivery in ther-
apy applications [12-17]. It was proved that the synergy-
combined hyperthermia and chemotherapy was consid-
erably effective for cancer therapy from the aid of tissue
deoxygenating and cell-killing above 42°C [18]. Although
magnetic sub-micron particles were the outstanding
source as magnetic agent in the application of magnetic
resonance imaging (MRI) [18], bioseparation, specific
cell-detection, and so on, the applications of pure iron
oxide (Fe30,4) were still limited due to its poor water dis-
persion. Thus, the incorporation or the surface modifica-
tion of magnetic iron oxide with polymers has been
employed to promote the biocompatibility and the drug-
delivery capability.

In order to obtain the well-defined molecular-weight-
distribution polymers, dual functional tri-block co-
polymer, P(AA-b-NIPAAm-b-AA), was synthesized by
reversible addition- fragmentation chain-transfer (RAFT)
polymerization in this research. The temperature-inducing
self-assembling characteristic of the tri-block copolymers
provide the excellence in drug encapsulation, owing to
the interaction between hydrophobic PNIPAAm and
hydrophilic poly(acrylic acid) (PAA) segments. Surface-
modified iron oxide (Fe;O4,-NH,) was introduced into
the system via N-hydroxysuccinamide (NHS) and 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride
(EDC) crosslinking method. Fe30,-NH, provided not only
the stability of nanoparticles but also the ability of mag-
netic controlled release. After the encapsulated model
drug, Rhodamine 6G (R6G), it gives the optical functional-
ity via fluorescence labeling; the releasing behavior of R6G-
loaded nanocarriers was studied under the condition of
various temperatures and pH values. Furthermore, an ex-
ternal high-frequency magnetic field (HFMF) was applied
for the remote control release of our intelligent magnetic
nanocarriers.
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Methods

Materials

N-Isopropylacrylamide (NIPAAm) was re-crystallized
from n-hexane and acrylic acid (AA) was purified by vac-
uum distillation in order to remove the inhibitors before
being used as the monomers. The RAFT chain-transfer
agent, S,S’-bis(a,a'-dimethyl-a”-acetic acid)trithiocarbo-
nate (CMP) was synthesized, following the protocol pro-
posed by Lai and his coworkers [19]. Azobisisobutyronitrile
(AIBN) was re-crystallized from methanol and then used as
the thermal initiator. Rhodamine 6G (R6G), the model drug
was purchased from Sigma-Aldrich. Iron(II) chloride tetra-
hydrate (FeCl,-4H,0) and iron(III) chloride (FeCls) were
used as the precursors of magnetic iron oxide (Fe30,)
nanoparticles. Ammonia solution (33%) was used as the re-
ducing agent. 3-Aminopropyl triethoxysilane (APTES),
NHS and EDC were introduced for surface modification.
Over 99% of HPLC methanol was purchased from Sigma-
Aldrich. Deionized water (18.2 M(Q) was used throughout
the work. All chemicals and solvents were purchased from
Sigma-Aldrich (Taipei, Taiwan), Acros (Taipei, Taiwan), or
Fluka (Taipei, Taiwan) and used as received except other-
wise noted.

Synthesis of magnetic iron oxide nanoparticles (Fez0,)
Magnetic nanoparticles, Fe;O,, were prepared by copre-
cipitation method as reported [20]. In brief, a mixture of
FeCl; and FeCl,-4H,O with 2:1 molar ratio was dis-
solved in deionized water. After completely dissolving,
ammonium hydroxide was added dropwise under mech-
anical stirring at room temperature for 30 min. Then,
the magnetic iron oxides were collected by magnet and
washed with water three times.

Surface-modification of magnetic iron oxide with amine
groups (Fe304-NH,)

The sol-gel method was applied for the surface modifi-
cation of Fe3O,4 with amine groups. In short, Fe30, was
dispersed with ammonia solution in an ethanol/water
(9/1, v/v) solution at pH greater than 11 with sonication
for 30 min. APTES was then added into the system and
stirred for another 12 h at 25°C. Thereafter, the magnetic
iron oxide nanoparticles were collected and re-dispersed
in deionized water for further use.

RAFT polymerization of tri-block copolymers P(AA-b-
NIPAAmM-b-AA)

AA monomer (3.062 g) was dissolved in 20 ml of metha-
nol containing 0.12 g of chain-transfer agent, CMP, and
0.017 g of initiator, AIBN. After the chemicals were to-
tally dissolved, the reaction was preceded for 3 h at 70°C
and purged with nitrogen, so that the conversion of AA
monomers could reach 99.29%. NIPAAm monomer
(7.21 g) was dissolved in 20 ml methanol then introduced
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into the system for another 14 h and the tri-block copoly-
mer P(AA-b-NIPAAm-b-AA) solution was obtained. The
solution was first dialyzed with methanol so as to remove
unreacted monomers, and then vacuum-dried at room
temperature. Therefore, the P(AA-b-NIPAAm-b-AA) co-
polymer, A;oNis0, was collected. AN, represents the
mole feeding ratio of x mole of AA and y mole of NIPAAm
monomers to chain transfer agent (CTA) molecules.

Preparation of self-assembled magnetic nanocarriers
(AT100N150/Fe304-NH,)

Fe;04-NH, was covalently bonded with the tri-block copoly-
mer, P(AA-bNIPAAmM-bAA) via the 1-[3-(dimethylamino)
propyl]-3-ethylcarbodiimide hydrochloride/N-hydroxysucci-
namide (EDC/NHS) method as described in the preparation
of nanocarriers. A;jpoNys0 (0.25 g) was dissolved in 50 ml
H,O, and the pH value was adjusted to 4.5 with the diluted
NaOH solution. After the self-assembling process at 60°C for
2 h, 0.05 g of magnetic iron oxide, Fe30,-NH, was
added into the system and then stirred for another 4 h
at 60°C. EDC (0.2 g) and NHS (0.2 g) were then added
into the solution for activation and chemical bonding at
60°C for another 24 h. The self-assembled magnetic
nanocarriers, AjgoNi50/FesO4-NH,, were centrifuged
and washed with water three times and eventually col-
lected as powder after lyophilization for further use.

Preparation of drug-loaded nanocarriers with
high-concentration R6G solution

A100N150/Fe304-NH, (0.8 g) was dropped in a 30 ml aque-
ous solution which contained 300 mg of R6G, and the sys-
tem was kept shaking for 24 h at room temperature for
equilibrium. Swelling and hydrogen bonding led to the
drug-loading process of magnetic nanocarriers. After
centrifugation, the drug-loaded nanocarriers were col-
lected and preserved at room temperature for further
experiments. Meanwhile the encapsulation efficiency
(EE) and drug loading content (DLC) were calculated
per Equations 1 and 2
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EE — weight of encapsulated drug

(1)

~ total weight of drug in feed

DLC — weight of encapsulated drug

(2)

weight of nanocarriers

Controlled release behavior

Various release environments were accomplished in the
buffer solutions with different pH values and tempera-
tures. R6G-molecule-encapsulated nanocarriers (20 mg),
A100N150/Fe304-NH,/R6G, were placed in a dialysis bag
(MWCO =3,500). The dialysis bag was then immersed
in 200 ml of buffer solution at specific pH values (3 and 7.4)
and temperatures (25°C, 37°C, and 60°C). At the prescribed
time interval, 1.5 ml of the buffer solution was withdrawn
and replaced with the fresh medium. The concentration of
the released R6G was determined by ultraviolet—visible
(UV/Vis) analysis with the calibration curve of R6G for
various concentrations in aqueous solution. Magnetic-
triggered release was accomplished by radio heating
generated by -HFMF- as shown in Figure 1, operating
at 15 kHz. During the magnetic-field-triggered release,
the temperature was recorded to measure the cell-
killing effect due to the hyperthermia therapy. Mean-
while, some solution was withdrawn and its concentra-
tion of the released drugs was measured by UV/Vis at
specific time intervals. The results of the drug-release
experiment presented here indicate an average of at
least triplicate measurements, and the release percent-
age was defined as the following equation.

weight of drug released in the buffer solution

release percentage =
P 8 weight of drug encapsulated in nanocarriers

(3)

Molecular characterization

Gel permeation chromatography (GPC)

The average molecular weight and molecular weight distri-
bution of P(AA-b-NIPAAm-b-AA) via RAFT polymerization

Control Panel

Figure 1 Experimental apparatus of magnetic-triggered release under high-frequency magnetic field (HFMF).
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were determined by GPC, which was equipped with a
solvent delivery system, two columns (Malvern Visco-
tek T-columns LT5000, Malvern Instruments, Ltd.,
Taipei, Taiwan) maintained at 40°C, and a differential
refractometer (RI). Sodium sulfate aqueous solution
(0.025 M) was applied as the eluent at a flow rate of
0.8 mL/min. Poly(methylacrylic acid) standards were used
for calibration standard and the molecular weight was re-
ported. A diluted sodium hydroxide solution (0.02 g) was
also used to improve the solubility of tri-block copolymer
in 4 ml of sodium sulfate aqueous solution.

Nuclear magnetic resonance spectroscopy (NMR)

NMR was applied to determine the ratio of two monomer
units (AA and NIPAAm) in P(AA-b-NIPAAm-b-AA).
Therefore, "H NMR spectra were recorded on a Bruker
AV-400 NMR spectrometer (Bruker, Taipei, Taiwan), using
D-methanol (D4) or D-chloroform (D1) as solvent.

Fourier transform infrared spectroscopy (FT-IR)

FT-IR absorption spectra were recorded by PerkinElmer
Spectrum 100 spectrometer (PerkinElmer, Taipei, Taiwan)
at frequencies ranging from 400 to 4,000 cm™" with 4 cm™
resolution. The samples were mixed with KBr and pressed
into pellets.

LCST of tri-block copolymer, P(AA-b-NIPAAm-b-AA)

The cloud point or LCST of P(AA-b-NIPAAm-b-AA)
was measured by using a UV/Vis spectrophotometer
(Thermo Spectronic Gamma Series, Thermo Scientific,
Taipei, Taiwan). Latex solutions were prepared by dis-
solving 120 mg of samples in 4 ml of different pH value
solutions. Then, the transmittance of the solution at
480 nm was detected with the heating rate of 5°C/min at
different temperatures.

Zeta potential measurement

The surface potential of self-assembled sub-micron par-
ticles was measured via zeta potential analyzer (Zetasizer
Nano, Malvern Instruments Ltd., Taipei, Taiwan). The
zeta potential data reported were the average values of
triplicate samples with standard deviation.

Morphology observation

The latex solutions were diluted with deionized water
and dripped on a copper grid coated with a collodion. It
was dried in air or in an oven with specific temperatures
and observed by using JEOL JSM-1230 transmission
electron microscope (TEM) (Jeol, Taipei, Taiwan).

Cell lines and cytotoxicity assay

L-929 fibroblast cells were purchased from the Food
Industry Research and Development Institute (FIRDI,
Hsinchu, Taiwan) and was cultured using Dulbecco’s
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modified Eagle's medium (DMEM) composed of 10%
(v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotic
antimycotic solution. The cell lines were incubated
under saturated humid conditions at 37°C and 5%
CO,, and the medium was changed every 1 to 2 days
until confluence was reached at approximately 70% to
80% confluency.

Cytotoxicity analysis of the magnetic nanocarriers was
determined via the standard 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide assay with
L-929 fibroblasts cell as a model cell. L-929 cells were cul-
tured (5,000) and placed in an incubator under saturated
humid conditions at 37°C and 5% CO, in each 24-well
plates for 24 h cultivation. Our nanocarriers (A;9oN;50/
Fe;04,-NH, or A;poN;50/Fe304-NH,/R6G) were mixed
with PBS solution and sterilized through a 0.22 pm mem-
brane filter. Thus, the sterilized solution was mixed with
DMEM and denoted as the A;goN;s50/Fe;O4-NHs-con-
tained or A;poN;50/Fes04-NH,/R6G-contained medium.
For toxicity studies, L-929 cells were incubated with those
two mediums for 3 days. Then the control groups, pure
DMEM (negative control) or 5% dimethyl sulfoxide
(DMSO) in DMEM (positive control) were studied. After
culturing, the resulting blue-purple crystals were dissolved
in pure DMSO for 15 min, so that the cell number could
be calculated by enzyme-linked immunosorbent assay
(ELISA) (Sunrise, Tecan Group Ltd., Ziirich, Switzerland).

Results and discussion

Synthesis and molecular characterization of P(AA-b-NIPAAm-
b-AA)

In this study, RAFT polymerization was introduced to
synthesize the dual functional tri-block copolymers, PNI-
PAAm with AA segments on both polymer-chain ends,
denoted as P(AA-b-NIPAAm-AA). The molecular weight
of tri-block copolymer was calculated by Equation 4 as
below:

Mn = Mnpaa gpc + MnpNipAAm NMR (4)

where Mn refers to the number average molecular
weight of copolymer, and Mnpaa gpc stands for the
number average molecular weight of PAA estimated via
GPC. MnpnpaamNMr Fepresents the number average
molecular weight of PNIPAAm chains via NMR analysis.
The molecular weight, Mn,,y, calculated by Equation 4
seems not equal to the experimental molecular weight
estimated by GPC, Mngpc, as shown in Table 1. Since the
standard of GPC was poly(methylacrylic acid) (PMAA),
the structural differences between PMAA and tri-block
copolymers led to the deviation. Since S,S’'-bis(o,a'-
dimethyl-a " -acetic acid)trithiocarbonate was employed as
CTA for living polymerization, narrow molecular
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Table 1 Molecular characterization of P(AA-b-NIPAAm-AA)

Sample [AA]O [AA]NMR MnGPCa Mnb PDIC
Code /INIPAAm],  /INIPAAMInmr
AjooN1so  1/15 1/145 48,572 30997 1.27

The experimental molecular weight estimated by GPC; °the molecular weight
calculated by Eqation 4; “polydispersity index (PDI) = Mw/Mn, from GPC.

weight distribution (Mw/Mn =1.27) was obtained, and
the repeating unit ratio to feeding ratio ([AA] /[NIPAAm] =
1/1.45) estimated by NMR analysis was close to the feeding
ratio as shown in Table 1.

LCST of P(AA-b-NIPAAm-b-AA)

The synthesized RAFT-polymerized PNIPAAm bearing
carboxylic acid functional groups on both sides of the
polymer chain was denoted as P(AA-b-NIPAAm-b-AA).
P(AA-b-NIPAAm-b-AA) was dissolved in various pH
value solutions with diluted NaOH solution for adjust-
ment. The LCST was determined by measuring the trans-
mittance of the latex solution at 480 nm and different
temperatures. As shown in Figure 2, the LCST of P(AA-b-
NIPAAm-b-AA) was increasing as the pH value increased.
Since the tri-block copolymer would become much more
hydrophilic owing to the deprotonation of carboxylic acid
groups at high pH values, the LCST increases from 27°C
to 40.7°C as pH increases from 4.15 to 4.5.

FT-IR analysis
Surface functional groups of our tri-block copolymer
and nanoparticles were analyzed via FT-IR as shown in
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Figure 3. The absorption peaks of A;ooNis0 at 3,437,
2,973, 1,729, 1,647, 1,549, and 1,389 cm ™" represent N-H
stretching of amide groups, C-H stretching, C=0
stretching of carboxylic acids, C = O stretching of am-
ides, C-N stretching, and C-H stretching of CH(CH)s,
respectively. The peaks of Fe;O,-NH, at 3,433, 2,927,
1,626, 1,203, 987, and 584 cm™', corresponding to N-H
stretching, C-H stretching, C-N stretching, Fe-O-Si bond
stretching, and Fe-O bond vibration, respectively, demon-
strated the surface modification of aminosilane on Fe;O,
nanoparticles. After crosslinking reaction via EDC/NHS
activation between A;0oN;50 and Fe;O,-NH,, the propor-
tion of carboxylic acids (1,719 cm ) among C = O stretch-
ing reduced significantly and also the adsorption peak of
Fe-O, 584 cm ™! was detected, as shown in the A;9oN;s0/
F6304.

Surface potential

The surface potential of sub-micron particles was deter-
mined as 0.002 via zeta potential analyzer which indi-
cated that the tri-block copolymer, A;ypoN;s50, was closed
to the isoelectric point at pH =4.5 and 60°C. Owing to
the hydrophilic property of PAA segments, which pro-
vided the stability to the extreme hydrophobic PNI-
PAAm segments, the uncharged sub-micron particles
could disperse well in an aqueous solution.

Morphology observation

Acrylic acid was copolymerized with NIPAAm to intro-
duce the hydrophilic segments in copolymers. According
to Figure 2, the hydrophility of the tri-block copolymer

100 —e—pH=4.15
——pH=43
——pH=45
80 -
R
o 60 -
<
c
o
E =]
=
l_
20 -
0 ! T T T 7 LI 1
25 30 35 45 50 55 60
Temperature("C)
Figure 2 UV/Vis transmittance spectrum of P(AA-b-NIPAAm-b-AA) dissolved in the various pH value buffer solutions at various
temperatures. The LCSTs were: 27°C, pH =4; 32.6°C, pH =4.3; and 40.7°C, pH = 4.5, respectively.
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Figure 3 FT-IR spectra of A;ooNs0, Fe304-NH; and A;ooN150 + FesO4-NH,, respectively.
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could be adjusted via changing of the pH value and the
temperature of the system. While the system temperature
was above the LCST, self-assembling phenomenon was
triggered by the phase transition of PNIPAAm segments.
Thus, the 400 to 600 nm, core-shell, self-assembled sub-
micron particles composed of hydrophobic PNIPAAm
core and hydrophilic PAA shell could be observed at

pH =4.5 and 60°C as shown in Figure 4a. The surface-
modified iron oxides with 15 nm (Figure 4b) were in-
troduced into the self-assembling sub-micron particle
system in order to not only fix the spherical nanostruc-
ture at various temperatures but also render the
stimuli-response resource for magnetic-triggered re-
lease. Figure 4c suggested that there were micro phase

SR TENAE T

£

Figure 4 TEM images of self-assembled sub-micron particles. (a) A;ooN;50 at pH=4.5, 60°C, (400 to 600 nm); (b) Fes04-NH,, (15 nm);
(€) Aj00N;50/Fe304-NH, at 60°C, (550 to 1,000 nm); and (d) A;0oN150/Fes04-NH- at 25°C, (600 to 1,300 nm).
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Fe;0,-NH,

‘:\ P(AA-b-NIPAAmM-bAA) micelle

Drug-loadingat 25 °C

Centrifugation and lyophilization

Concentrated R6G solution

Figure 5 Schematic models of the nanostructure for the R6G-loading process.

R6G

separations consisting of the hydrophobic PNIPAAm
and hydrophilic PAA in the spherical nanostructure,
where Figure 4d exhibited the homogeneous morph-
ology owing to the hydrophilic transition of PNIPAAm.
It is obvious whether the temperature was above LCST
or not, the magnetic sub-micron particles, A;ooNis0/
Fe304-NH,, as shown in Figure 4c,d could maintain its
nanostructure because of the high degree of crosslink-
ing and the particle size of A;ooNi50/Fe304-NH, in-
creased only slightly after swelling.

Preparation of R6G-loaded magnetic nanocarriers via
swelling method

In our previous study [21], R6G molecules had shown
strong interaction with the tri-block copolymer, P(AA-b-
NIPAAm-b-AA), thus the characteristic would be uti-
lized for drug encapsulation. It is obvious that R6G not
only could diffuse into the magnetic nanocarriers but
also participate on the surface during the loading
process as shown in Figure 5. The swelling ratio of mag-
netic nanocarriers was 150%, lower than that of pure
PNIPAAm (500% to 600%), after loading and centrifuga-
tion process. The R6G-loaded nanocarriers were then

lyophilized for the further experiments. Meanwhile, the
encapsulation efficiency (EE) and drug loading content
(DLC) were determined by UV/Vis as 99.01% and
371.3 mg/g, respectively.

Figure 6 shows the optical images of diluted nanocar-
rier solutions taken from the fluorescent microscopy.
Because of the limitation of observation scale, it was dif-
ficult to identify whether the R6G was encapsulated into
the nanocarriers or deposited on the surface. However,
comparing Figure 6a,b, R6G-loaded nanocarriers indeed
exhibit the fluoresce capability, and only the bright dots
could be detected without aggregation of the brightness.
This implied the complete encapsulation of R6G mole-
cules in the nanocarriers.

Cell line and cytotoxicity analysis

MTT assay was applied to determine the cellular cyto-
toxicity of our nanocarriers. Figure 7 shows the cell pro-
liferation results of control and sample groups incubated
with the L-929 cells. Pure DMEM and 5% DMSO in
DMEM were used as the material of negative and posi-
tive control groups, respectively, and magnetic nanocar-
riers and R6G-loaded nanocarriers were served as those

magnetic nanocarriers, AjgoN;50/Fe304-NH,/R6G.

Figure 6 Fluorescence microscopy images of nanocarriers at 25°C. (a) Magnetic-nanocarriers, A;ooN;s0/Fe304-NH,, and (b) R6G-loaded
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Figure 8 The controlled release behaviors of the magnetic nanocarriers with different temperatures at pH=7.4.
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of the sample groups. It could be found that L-929 cells
in both of the sample groups remained growing during
the days of incubation, and it confirmed that our nano-
carriers have no cytotoxicity. As a matter of fact, the
magnetic nanocarriers have potentials for biomedical
applications.

Controlled release with various pH values and
temperatures
The stimuli-triggered release behaviors of the R6G-
loaded nanocarriers were studied via immersing the
lyophilized nanocarrier powders in various buffer solu-
tions at different temperatures. Figure 8 exhibits the in-
fluence of temperature for the controlled release system
at pH =7.4. It was found that the release behavior could
be distinguished in two periods, the initial period (0 to
2 h) and the final one (2 to 120 h). Temperature has
dominated the system in the beginning of the controlled
release, which showed that the amount of release was
proportional to the temperature. As aforementioned,
R6G was loaded both in the core of magnetic nanocar-
rier and on the surface of it. At first, the R6G bonded on
the surface dissolved and diffused into the buffer solu-
tion, so that the release amount was increasing as the
temperature rose due to the higher diffusion rate. As
time passed, R6G encapsulated in the core of the nano-
carriers gradually diffused out and the diffusion rate in-
side the nanocarriers has dominated the release process.
High temperature suggested a serious shrinkage of PNI-
PAAm as a physical barrier of diffusion. As a result, the
final release percentage decreased as the temperature
increased.

Figure 9 illustrated the comparison of release percent-
ages at pH=3 and 7.4 with various temperatures.
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Actually, the nanocarrier extremely aggregated at pH =3
during the controlled release owing to the strong inter-
molecular hydrogen bonding composed of the proton-
ated carboxylic acid groups and the amide groups in
PNIPAAm. It is obvious that the pH value strongly influ-
enced the release behavior at various temperatures. Be-
cause of the deprotonation of the carboxylic acid groups
on the surface of nanocarriers at pH = 7.4, the carriers
then became more hydrophilic than at pH=3 so that
the diffusion rate of R6G and the final release percentage
were both increased.

Magnetic-triggered release

The smart controlled release of magnetic nanocarriers
was employed via HFMEF. Since the surface-modified
iron oxide, Fe3O4-NH,, was introduced in order to
maintain the spherical structure of PNIPAAm-based
sub-micron particles, the remote control of magnetic
nanocarriers for particle movement, controlled release
and thermal treatment became possible owing to the
hyperthermia effect. According to Figure 10, the release
percentage of the magnetic-triggered one was three times
higher than that of the temperature-triggered one for only
20 min. Meanwhile, the bulk solution temperature of
HFMF-applied controlled release could be increased to
50°C due to the hyperthermia effect. It is expected that
the local temperature of magnetic nanocarriers should be
higher than 50°C so that the rapid-response release could
be obtained.

Conclusions

Polymer-framed, stimuli-response sub-micron particles were
designed and prepared with magnetic iron oxides as intelli-
gent multifunctional nanocarriers. RAFT polymerization

60
" | |—=— temperature-triggered, pH=3, 25°C
| | —®— magnetic-triggered, pH=3, 25°C

14 J [—A— temperature of magnetic-triggered release
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Figure 10 The comparison of stimuli-trigged released behaviors with and without HFMF applied.
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was first employed for the P(AA-b-NIPAAm-b-AA) tri-
block copolymer synthesis in order to obtain the well-
defined self-assembling sub-micron particles. With
EDC/NHS crosslinking method, Fe;O,-NH, bonded
with the tri-block copolymer micelle could not only
provide the magnetically resource but also prevents the
collapses of the spherical structure. The magnetic-
triggered nanocarriers did not display cytotoxicity in L-
929 fibroblasts, which provided the benefits for medical
therapy like oral dosing. R6G was able to be encapsu-
lated in the core as well as on the surface of nanocar-
riers due to the strong interaction between R6G and
the polymers. The stimuli-response release behavior re-
veals that the intelligent multifunctional nanocarriers
were highly pH and magnetic sensitive owing to the iron
oxides and the functional groups (-COOH and -NH,) on
its surface. Since the amount of release increased as the
pH value increased, the nanocarrier has great potential for
therapeutic application to intestinal illness with the de-
mand of low leakage in stomach where the pH was in the
range of 2 to 3. Moreover, the multifunctional nanocar-
riers exhibit three times of the release percentage under
high-frequency magnetic field treatment in a short period
(temperature above 50°C), which could acquire rapid and
accurate therapy in practical applications. On the whole,
there is a great potential of using the intelligent, multi-
functional nanocarriers in biomedical targeting therapy es-
pecially for intestinal sickness.
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