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pH-responsive magnetic micelles are beneficial for time-controlled and site-specific drug delivery without
triggering potential biological side effects. In this study, gelatin-g-poly(NIPAAm-co-DMAAmM-co-UA)-g-
dextran/FesO4 (GPDF) pH-responsive magnetic micelles were synthesized to carry a hydrophilic insulin-
promoting factor, nicotinamide. The chemical structures were analyzed via Fourier transform infrared

spectroscopy (FTIR) and nuclear magnetic resonance (NMR) spectroscopy. Superconducting quantum
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Accepted 20th April 2017 interference device (SQUID) analysis confirmed the superparamagnetic property of the GPDF micelle.
The accumulative nicotinamide release under pathological pH conditions (pH 6.6) was found to be

DOI: 10.1039/c7ra01633f three-fold higher than that under normal pH conditions (pH 7.2). The results suggest that GPDF is
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Introduction

Polymeric micelles composed of copolymers can self-assemble
to form a core/shell structure through hydrophobic/
hydrophilic interaction in aqueous solutions. Their hydro-
philic shell not only stabilizes the micelles but also helps them
escape clearance by the reticuloendothelial system (RES), which
greatly increases blood half-life and treatment efficiency.'”
Moreover, the unique hydrophobic/hydrophilic portions of
polymeric micelles allow them to carry drugs of different
polarity.® Until recently, polymeric micelles have been used as
carriers for cancer therapy,*” protein,*® and imaging agents.'**?
For more advanced approaches, stimuli-responsive polymeric
micelles that promote drug release via the variation of envi-
ronmental factors, such as light,">'* pH," redox potential,*"”
or/and temperature,'®*® or multi-factors,*® have been investi-
gated for their drug loading capacity and delivery efficiency.
Moreover, several temperature-responsive polymers, such as
poly(N-isopropylacrylamide) (poly(NIPAAm)),>** poly(N-vinyl-
caprolactam) (PNVCL),® and poly(2-alkyl/aryl-2-oxazoline)s
(PAOx),>* have been reported for controlled drug delivery.
Specifically, poly(NIPAAm) is the most commonly used polymer
with a lower critical solution temperature (LCST) at about 32 °C
in aqueous media. When the temperature is above the LCST,
poly(NIPAAm) become hydrophobic because of the temporary
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beneficial for a pH-selective and magnetic target-controlled release drug delivery system.

breakage of the hydrogen bonds. Under the pathology condi-
tions caused by inflammation or cancer, the extracellular pH
value has been found to be lower than that under normal
conditions.” By introducing hydrophilic or hydrophobic
segments (e.g., poly(10-undecenoic acid)) with pH sensitive
features, the LCST of poly(NIPAAm) at different pH environ-
ments can be varied; therefore, it can also be transformed into
pH-responsive micelles for selective drug delivery.>>¢

To increase poly(NIPAAm) micelles’ biocompatibility, bioac-
tivity and biodegradability, natural polymers such as aspartic
acid,””** gelatin,”*" and chitosan®** can be incorporated. In
particular, gelatin has high water absorption characteristics,
which are beneficial for micelles to load hydrophilic molecules.**

Magnetic nanoparticles (MNPs) are chemically stable,
nontoxic, cost-efficient, and suitable for a variety of biomedical
applications.**® Through incorporating MNPs with pH-
responsive micelles, drugs can be delivered to selective regions
or for magnetic targeting and magnetic resonance imaging (MRI)
applications. To incorporate MNPs, researchers have tried
different strategies, either by conjugating MNPs on the surface of
the micelle®” or encapsulating MNPs inside the micelle.*®

In this study, we synthesized copolymer gelatin-g-poly-
(NIPAAmM-co-DMAAmM-co-UA)-g-dextran/Fe;O, pH-responsive
magnetic micelles for pH and magnetic targeting treatment.
N,N-Dimethyl acrylamide (DMAAm) was used to adjust the LCST
of the micelles, and gelatin improved the biocompatibility and
regulated the LCST. Poly(10-undecenoic acid) was used to
introduce pH-sensitive fragments. Dextran/Fe;O, MNPs were
grafted on the surface of the pH-responsive micelles for
magnetic targeting. Hydrophilic insulin-promoting factor,
nicotinamide, was used for the study of controlled release drug
delivery.
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Materials and methods
Materials

Sodium dodecyl sulfate, CM-dextran, N,N-dimethyl acrylamide
(DMAAm), N-isopropylacrylamide (NIPAM), sodium hydroxide
(NaOH), methyl-3-mercaptopropionate (MMP), sodium dodecyl
sulfate (SDS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), 1,6-
diphenyl-1,3,5-hexatriene (DPH), ferrous chloride hexahydrate
(FeCl;-6H,0), and nicotinamide were purchased from Sigma
Aldrich (MO, USA). Dialysis membrane (1000 or 50 000 MWCO)
was obtained from Spectrum Laboratories, Inc. (CA, USA). 10-
Undecenoic acid (UA) and hydrazine were purchased from Alfa
Aesar (MA, USA). Potassium persulfate, methanol, potassium
bromide (KBr), and ferrous chloride tetrahydrate (FeCl,-4H,0)
were received from J. T. Baker (NJ, USA). All chemicals, reagents,
and solvents were used without further purification.

Synthesis of CM-dextran/Fe;O,

CM-dextran/Fe;O, was prepared via a co-precipitation method
according to a previous study.”® A three-necked flask was
degassed with nitrogen for 30 min. Then, 30 mL deionized
water was injected into the flask and heated to 80 °C. FeCl; and
CM-dextran were dissolved in 10 mL deionized water and
injected into the flask. After 5 min, 0.835 mL of hydrazine was
added to the solution to reduce the particle size and increase
particle saturation magnetization. A mixture of FeCl, and
deionized water was then injected into the flask after another
5 min. After completely mixing the solution, eight mL of 1 N
sodium hydroxide was slowly added to the mixture. The solu-
tion was dialyzed (MWCO > 50 000 Da) and freeze-dried to
obtain CM-dextran/Fe;0,.

Synthesis of poly(NIPAAm-co-DMAAm-co-UA)

The process of synthesis of poly(NIPAAm-co-DMAAm-co-UA) is
described in Fig. 1a. Herein, 9 mmol of NIPAAm, 1 mmol of
DMAAm, and 0.2 g SDS were dissolved in 10 mL deionized water
under stirring at 300 rpm. Then, 1 mmol UA in 5 mL deionized
water was added, and the pH value of the solution was adjusted
to 6.7 by 1 N NaOH. The solution was then degassed by nitrogen
for 30 min and heated to 70 °C. MMP and potassium persulfate
(KPS) were dissolved in 10 mL deionized water and added into
the mixture and reacted at 70 °C for 4 h. The solution was then
dialyzed for 4 to 6 h using a dialysis membrane (MWCO > 1000
Da). Finally, the polymer poly(NIPAAm-co-DMAAmM-co-UA)
CO,CH; (PNDU) was obtained after freeze-drying (Fig. 1a).

Herein, 0.2 g of PNDU was mixed in 50 mL methanol with 36
uL hydrazine. The mixture was refluxed at 90 °C for 3 h and
dialyzed (MWCO > 1000 Da) for 9 h. Poly(NIPAAm-co-DMAAm-
co-UA)-CONHNH, (PNDU-NH,) was obtained after freeze-drying
(Fig. 1b).

Synthesis of gelatin-g-poly(NIPAAm-co-DMAAm-co-UA)

Gelatin was then grafted on PNDU-NH,, via EDC/NHS reaction
by radical copolymerization, as described in a previous study.
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Herein, 60 mg gelatin was dissolved in a 3 mL of EDC/NHS
solution (200 mM of EDC and 50 mM of NHS in deionized
water) and incubated for 90 min to activate the carboxyl group
of gelatin. Then, 60 mg of PNDU-NH, was added into EDC/
NHS-activated gelatin solution and the reaction was allowed
to proceed at 25 °C for 85 min. The solution was dialyzed
(MWCO > 50 000 Da) against deionized water for 1 day to
remove the ungrafted polymers. Finally, gelatin-g-poly(NIPAAm-
co-DMAAm-co-UA) (gelatin-g-PNDU, GP) was obtained after
freeze-drying (Fig. 1c).

Preparation of gelatin-g-PNDU-g-dextran/Fe;0,

Herein, 10 mg of CM-dextran/Fe;O, was dissolved in 3 mL EDC/
NHS solution for carboxyl group activation. After 90 min, GP
was added to the mixture and allowed to react for 85 min. The
solution was then dialyzed (MWCO > 1000 Da) for 1 day.
Gelatin-g-poly(NIPAAm-co-DMAAm-co-UA)-g-dextran/Fe;0,
(gelatin-g-PNDU-g-dextran/Fe;O,, GPDF) was obtained after
freeze-drying (Fig. 1d).

Characteristic analysis

Fourier transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance (NMR) analysis were performed to assess
the chemical properties. FTIR was used to determine whether
gelatin was grafted on PNDU; three groups of sample: GP,
PNDU, and gelatin, were mixed with KBr and pressed into the
disc for measurement by an FTIR spectrometer (FT/IR-4200
(Jasco, Japan)). The grafting ratio of the copolymers was then
determined using an NMR spectrometer (500 MHz NMR Spec-
trometer (Bruker, Germany)). The sample was dissolved in
DMSO-D6 for the grafting ratio analysis. The particle size of the
micelles was measured using dynamic light scattering (DLS) (LS
series (Beckman Coulter, USA)). The concentration of the poly-
mer solution was higher than the critical micelle concentrations
(CMC), and the solution was filtered by a 0.45 mm filter. A drop
of the solution was placed on a copper grid to measure the
particle size using a transmission electron microscope (TEM)
(JEM-200CX (JEOL, Japan)). Sample dissolved in PBS was
analyzed by a UV-vis spectrometer (V-530, Jasco, Japan) to
investigate the absorbance at the wavelength of 200-350 nm.

Thermogravimetric analysis

The percentage of dextran/Fe;0, grafted on GP was identified by
thermogravimetric analysis (TGA) (DuPont, USA, TA Q50).
Herein, 2 mg of samples were placed on a platinum pan, the
analysis was carried out in a nitrogen flow, and the samples
were heated to reach 600 °C at a heating rate of 20 °C min.

Phase transition characterizations

The phase transition characteristics of GP or PNDU were
measured by a UV-vis spectrophotometer at 500 nm, and the
temperature was monitored by a thermometer (T319, Tecpel,
Taiwan). GP or PNDU were dissolved in PBS at different pH
values. The solution was heated to 55 °C and the temperature
was gradually reduced. The transmittance was then measured,

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of the formation of gelatin-g-dextran/FezO4 (GPDF) (a) synthesis of PNDU, (b) modification of PNDU to PNDU-NH,, (c)
preparation of gelatin-g-PNDU (GP) from gelatin and PNDU-NH, by EDC/NHS coupling, and (d) formation of GPDF by grafting CM-dextran/
FezO4 to GP via EDC/NHS coupling and then loaded with nicotinamide to test drug release at pH value < 6.6.

corresponding to the decrease in temperature. The phase
transition is defined by the temperature at which the trans-
mittance is decreased to half.

Drug load and release studies

To load micelles with insulin-promoting factor, nicotinamide,
10 mg of GPDF was firstly dissolved in 2 mL of deionized and
then 10 mg nicotinamide was added into the solution. After
this, 6 mL of acetone was added dropwise and incubated for 2 h,
the supernatant was siphoned off, and the precipitate was dried
at room temperature to obtain the nicotinamide-loaded GPDF
micelles. The accumulative nicotinamide release was tested at
pH 7.2 and pH 6.6 in PBS at 37.5 °C. The absorbance of nico-
tinamide was measured at 274 nm by a UV/vis spectropho-
tometer to investigate the amount of the drug released. The
cumulative percent drug release was determined by analyzing
the weight of the initial absorbed drug in the micelle and the
weight of the released drug in the solution.

Results and discussion

In the study, gelatin was used to adjust the LCST of the pH-
responsive micelles. As shown in Fig. 2, PNDU has the
symmetrical stretching vibration of -CH; and C=0 groups at
2972 and 1648 cm ™', respectively. The absorption peaks at 1543

This journal is © The Royal Society of Chemistry 2017

and 1461 cm ™ * of PNDU showed the presence of -OH and C=0,
respectively. The absorption peaks at 2940 and 1238 cm *
respectively showed the presence of -CH and amide III groups
of gelatin, which confirmed the successful incorporation of
gelatin in the GP polymer.

CM-dextran/Fe;0, were then grafted on GP to introduce pH-
responsive micelles with the magnetic responsive property. In

PNDU

2972 1648 1543

Gelatin

Transmittance (%)

3318

GP

ﬁ 11174

T2940
2972

I 1 1555, 1455, 1386

3UI00 25’00 2000 1500
Wavenumber (cm™)

T
4000 3500 1000

Fig. 2 FT-IR spectra of PNDU, gelatin, and GP.
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Fig. 3, GPDF shows the absorption peaks of the C=0 group at
1648 cm™* found in GP, the vibration located at 1017 cm ™%,
attributed to the C-O stretch of dextran, and 570 cm ™! of Fe-O,
which prove the successful grafting of GP and CM-dextran/
Fe;0,4 in GPDF.

Structural elucidation and verification of GPDF were carried
out using "H NMR spectroscopy, as shown in Fig. 4. The char-
acteristic peaks of methyl in NIPAAm of GPDF are shown at 1.04
and 3.85 ppm. The characteristic peaks at 4.47-4.92 ppm
correspond to dextran of GPDF. The hydrogen atom of 8 and -
CH, of arginine appeared at 1.94 ppm. The data confirmed that
PNDU was grafted with gelatin via an amide reaction. Moreover,
the carboxylic group of CM-dextran bound to GP via amide bond
formation and resulted in the final GPDF product.

From the data shown in Table 1, the LCST of PNDU were 31.4
and 32.3 °C at pH 6.6 and 7.2, respectively, and it exhibits pH-
responsivity. However, to be more beneficial for controlled-
release systems that specifically identifies lesions to normal
tissue through environmental pH difference, gelatin was graf-
ted on PNDU, resulting in LCST being increased without
affecting pH-responsivity of micelles and improving the usage
of the micelle for the human body (seen Table 1 GP). Moreover,
after modifying GP micelles with CM-dextran/Fe;0O,4, no obvious
difference in the LCST of GP and GPDF were seen, which could
prove that the grafting of CM-dextran/Fe;0, did not change the
balance of hydrophilicity and hydrophobicity of the micelles
and gave the micelle a magnetic responsive property.

TEM was used to observe the morphology of GP or GPDF
micelles. The TEM image, as shown in Fig. 5a, depicts that GP
micelles formed a spheroidal structure with a hydrophilic shell
and a hydrophobic core. The GPDF has a zeta potential of —6.35
+ 0.28 mV in water and a value close to zero (—0.13 mV) in
DMSO, which confirm that GPDF has a negatively-charged shell
layer and a neutral core in aqueous solution (in Fig. S2 of ESIT).
MNPs attached to the surface of GPDF micelles shows (Fig. 5¢)
similar morphology as that of CM-dextran/Fe;O, in Fig. 5b,

Dextran/Fe;0,

f

11555, 1455, 1386
1648 T

Transmittance (%)

IT 11017 560

11555, 1455, 1386

2972 1648

T T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm?)

T
4000 3500

Fig. 3 FT-IR spectra of CM-dextran, GP, and GPDF.
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Fig. 4 H-NMR spectra of the GPDF copolymer dissolved in DMSO-
Dé.

indicating that CM-dextran/Fe;O, were grafted on the surface of
GPDF micelles to provide them with a magnetic property. The
GP micelles were slightly larger than the GPDF micelles, which
is confirmed by both TEM and DLS, and the results are shown in
Table 1.

Fig. 6 shows the thermal decompositions of the dextran/
Fe;0,4, GP and GPDF micelles. For dextran/SPIONs and GP, the
major polymer decomposition took place at 278 °C and 354 °C,
and 41.3% and 9.1% of the residue was obtained. While for the
GPDF polymer, the first major weight loss occurs at 287 °C and
a second weight loss occurs at 383 °C, and 22.7% of the residue
was obtained, which indicates that the total amount of iron
oxide remaining in sample is 13.6%. The amount of dextran/
Fe;0, linked to GPDF micelle can then be approximated to be
33%.

SQUID magnetometer was used to detect the saturation
magnetization of the MNPs and magnetic micelles. As shown in
Fig. 7, the saturation magnetizations of CM-dextran/Fe;O, and
GPDF were 22.8 and 7.3 emu g, respectively. Both GPDF and
CM-dextran/Fe;O, exhibited superparamagnetism without
remanence. The change of magnetization slope can be caused
by the dipolar interaction of the neighboring CM-dextran/Fe;0,
assembled on the micelle. The amount of Fe;0, linked to the

Tablel Measured LCSTs and particle sizes of PNDU, GP, and GPDF at
different environmental pHs

LCST (°C)
Sample Particle size (nm) pH = 6.6 pH=7.2
PNDU 79.02 £ 0.38 314+ 04 32.3 + 0.6
GP 131.9 £ 4.7 36.3 £ 0.2 38.8 £ 0.2
GPDF 115.8 £ 2.3 37.6 £ 04 38.5+ 0.3

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TEM image of (a) GP micelles, (b) dextran/FezO4, and (c) GPDF
micelles. Insets are the particle's size distribution.

100

80 4 ‘
—_ dex./Fe;0,: 278 °C
& 609Td| GP:354°C
- GPDF: 287 and 383 °C
o0
S 404
=

——GPDF
204 —GP
Dextran/Fe O,
9.1%
0 T T T
0 200 400 600

Temperature (°C)

Fig. 6 TGA thermogram of dextran/FesO4, GP, and GPDF.

GPDF micelle can then be approximated to be 32%, which is
consistent with the TGA data.

To simulate the drug release under normal physiological and
pathology conditions, hydrophilic molecular nicotinamide was
used in the study. The nicotinamide has a zeta potential of
—10.43 £ 1.62 mV, which can be stably encapsulated in the
GPDF micelle during the self-assembly process in an aqueous
solution and then remain stable inside the core due to the
repulsive forces between the shell layers of GPDF micelles
(Fig. S2 of ESIt). On comparing the UV spectra of nicotinamide-
loaded GPDF micelles at both pH 7.5 and pH 6.6, it was

—— GPDF

Dcxtran/Fc304

Ms =22.8 emu/g

Ms = 7.3 emu/g

= Dextran/ie304
— GPDF
2

Magnetic moment (emu/g)
-
1

Magnetic moment (emu/g)

200 -100 0 100 200
Magnetic field (Oc)
T

10000

=

T
-10000
Magnetic field (Oe)

Fig. 7 Magnetic strength of MNP and GPDF as measured by SQUID
magnetometer. 22.8 and 7.3 emu g~ * are the saturation magnetization
of dextran/FezO,4 and GPDF, respectively.
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observed that the micelles at pH 6.6 show a clear nicotinamide
signal at 274 nm (Fig. S3 in ESIT). Fig. 8 shows the release profile
of the nicotinamide-loaded GPDF micelles at pH 7.2 and pH 6.6
at37.5 °Cin 36 h. At pH 7.2, nicotinamide was released at a very
low rate and the amount of release was saturated to about 20%
after 36 h. In contrast, under slightly acidic environment (pH
6.6), more than 60% of nicotinamide was released at enhanced
speed.

In previous literature, extracellular acidity is considered as
a pathological feature in inflamed regions and tumour areas,
where pH values are near 6-7.*>*° The present study verified that
GPDF micelles could be an efficient way for site-specific and pH-
selective drug release. Previously, Wang et al. encapsulated
magnetic particle inside a micelle to form Fe;0,@SiO,-g-poly-
(benzyl-L-aspartate)-g-a-methoxy poly(ethylene glycol) (FeSi@
PBLA@mPEG).** Rodkate et al fabricated poly(N-
isopropylacrylamide)/carboxymethylchitosan with magnetic
nanoparticles conjugated on the outer layer of the micelle.*
Although the abovementioned reports have shown super-
paramagnetism in the micelles, the proposed GPDF micelles
have higher saturation magnetization with an improved
magnetic response, which can be beneficial for the controlled-
release drug delivery. In addition, the micelles can carry
hydrophilic drugs and their free amine groups and carboxyl
group allow them to further conjugate with specific antibodies
for target therapy.

Conclusions

In the present study, we synthesized pH-responsive magnetic
micelles, gelatin-g-poly(NIPAAm-co-DMAAm-co-UA)-g-dextran/
Fe;0,. The micelles could specifically identify lesions to normal
tissue through environmental pH difference. The micelles may
contribute to the accumulation and release of drugs in lesions
while reducing the side effects in a normal tissue. In addition,
the micelles can carry hydrophilic drugs or undergo further
conjugation for target therapy.

70 0 pH72 e e
— O pHE6 . i
x ——Fitof pH7.2 * "
< 60p FitofpH6.6 * .
03
173
S sof
o
o 40p
>
|
°
o 30p
=
®©
S 20p
£
3>
O 10}

15 20 25 30 35 40
Time (hrs)
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Fig. 8 The accumulative nicotinamide release from the GPDF micelle
at pH 6.6 and 7.2 at 37.5 °C.
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