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ABSTRACT

Thermosensetive poly(N-isopropylacrylamide)-based magnetic nanoparticles were synthesized by free radical polym-
erization of N-isopropylacrylamide (NIPPAMs), methacrylic acid (MAA), and vinyl pyrrolidone (VP) in the presence
of methylene-bis-acrylamide as cross linking agent. The Fe;O, magnetic nanoparticls were prepared by chemical pre-
cipitation of Fe salts in the ratio of 1:2 under alkaline and inert condition. Thermosensitive crosslinked P (NI-
PAAM-MAA-VP) copolymers were characterized by FT-IR and H-NMR. The pH and thermosensitive copolymer was
used for preparation of drug loaded magnetic nanoparticles, and doxorubicin (DOX) was used as a typical anticancer
drug. The amount of the loaded drug and drug release amount were determined by UV measurements. Scanning elec-
tron microscopy (SEM) and lower critical solution temperature (LCST) were used to determine the particle surface
morphology and the phase transition temperature of the nanoparticles respectively. The release behavior of DOX at pH
= 7.4 and 37°C was studied. The result indicated that this thermosensetive magnetic nanoparticle has a high drug load-
ing capacity and favorable linear release property for DOX without initial burst release. Thus this system is promising
for the application in targeted smart anticancer drug delivery.

Keywords: Magnetic Nanoparticles; Thermosensitive Copolymer; Doxorubicin; PO(NIPAAM-MAA-VP) Copolymer

1. Introduction tive coated MNPs have been used comprehensively in
controlled and targeted drug release systems [1-3]. These
nanoparicales are better to the traditional stimuli-respon-
sive systems such as pH and temperature-sensitive poly-
mers, because they offer the benefit of noncontact force
(e.g., an external magnetic field) [4,5]. The external mag-
netic field is used to guide nanoparticales to a disease site
and persuade heat as a motivation to the polymer shell

[5,6]. These magnetic targeted carriers have also been

Magnetic nanoparticles (MNPs) coated with temperature-
sensitive polymers have been given great attention be-
cause of their various applications in the fields of biote-
chnology and medicine. Especially, temperature-sensi-
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designed with dual functionality as imaging agents and
drug carriers [7]. In general, these systems are capable of
site-specific targeting and controlled and sustained drug
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release with high biocompatibility because of the re-
duction in systemic toxicity [8,9].

One of these temperature-sensitive polymer-coated
MNPs, poly-(N-isopropylacrylamide) (PNIPAAm)-coat-
ed MNPs are given particular attention because of their sti-
muli (temperature) responsiveness and better drug-load-
ing ability [10,11]. These characteristics are due to amphi-
philicity, their large inner volume, capacity for manipu-
lation of permeability, and response to an external tempe-
rature stimulus with an on-off mechanism [12].

However, one potential problem with using PNIPAAm
as a polymer coat is that its lower critical solution tem-
perature (LCST), the temperature at which a phase tran-
sition occurs, is lower than body temperature (32°C). To
increase the LCST of PNIPAAm above body temperature,
it has been co-polymerized with different monomers, such
as acrylamide (AAm) [13]. To increase the site-specific
targeted capability of PNIPAAm-AAm, it is necessary to
incorporate monomers consisting of functional groups such
as amine for conjugation of antibodies specific for target
cells. Functionalization of the polymer would introduce
impurities and change the LCST dramatically. Therefore,
there is a need to suitably functionalize the nanoparticles
without changing the LCST [14,15].

In this research, we have developed a process for cova-
lently coating MNPs with PNIPAAm and P(NIPAAm-
MAA-VP). We have shown that these PNIPAAM-MAA-
VP-coated MNPs have a LCST above body temperature
and functional groups on their surface for conjugation of
biomolecules [16]. Also we intend to investigate the in
vitro characteristics of our nanoparticles for drug deliv-
ery applications. To manufacture the PNIPAAmM-MAA-
VP-coated MNPs, NIPA, MAA, and VP were then po-
lymerized the MNPs via methylene-bis-acrylamide and
benzoil peroxid (BP) as a cross-linking agent and an ini-
tiator, respectively. The nanoparticle size and morphology
were analyzed using scanning electron microscopy (SEM).
The drug release behavior of doxorubicin DOX, an anti-
cancer drug model from the nanoparticles at temperatures
below and at the LCST was also analyzed. Furthermore,
it would be possible to image the cancer in vivo and dis-
cern the effect of the therapy on the tumor [17]. This type
of multifunctionality (ability to image and provide ther-
apy) in MNPs has recently been gained interest [18].

2. Experimental Procedures
2.1. Materials and Methods

Ferric chloride hexahydrate and ferrous chloride tetrahy-
drate were purchased sigma Chemical co (USA). Metha-
crylic acid (MAA), N-isopropylacrilamid (NIPPAMs),
ammoniumhydroxide, methylene-bisacry-lamide (BIS),
doxorubicin (DOX), polyvinilalch (PAV, MW = 27000),
benzoil peroxide (BP),1,4 dioxan were purchased from
Aldrich and used as received.

Open Access

2.2. Synthesis of Poly (NIPAAM-MAA-VP)

Poly (NIPAAmM-MAA-VP) nanoparticles of three differ-
ent ratio (according to Table 1) were synthesized by free
radical polymerization reaction. NIPAAM, VP, MAA,
and BIS (as the cross-linking agent were) dissolved in 20
mL of 1,4-dioxan in to which 0.3 mol % BP with respect
to all the monomers was added. The mixture was magne-
tically stirred and degassed with nitrogen for 30 min. The
polymerization was carried out at 70°C for 24 h with con-
tinuous nitrogen bubbling and the polymer was obtain-
ed by precipitation in an excess amount of cold n-Hexan.

2.3. Synthesis of Fe;O4 Nanoparticles

The preparation of Fe;O4 nanoparticles was followed by
a chemical co-precipitation of Fe*" and Fe’* ions descry-
bed previously [19]. With some modifications, 28 mmol
FeCl, and 16 mmol FeCl; were prepared in 50 mlit de-
ionized water in two beakers, and then transferred to a
250 ml three-necked flask together, stirred under nitro-
gen (Figure 1). When the solution was heated to 60°C,
NH3-H,0 (25 wt%) was added drop wise until pH 10 -
11. After base was added, the solution immediately became
dark brown, which indicates iron oxide has been formed
in the system. The solution was heated at 80°C for 1 h.
The precipitates were isolated from the solvent by magne-
tic decantation and repeatedly washed with deionized wa-
ter until neutral, then were dried at room temperature un-
der vacuum for 12 h.

Table 1. Conditions used for preparation of P (NIPAAmM-
MAA-VP).

Sample I]\\]/IﬁbleAf:;? BPO Polymerization LCST (C)
MAA-VP percent  efficiency (%)
‘;(/[Ti’_*\ﬁf;‘ 5:10:85 0.01 78% 0.2:+42
‘;\%ﬁ’f\j}‘i‘ 5:35:60 0.01 65.5% 0.5+34
‘;ﬂiﬁﬁ};‘; 25:35:40 0.01 54.8% 0.8+32

NH; HoD)

solution of Fe*t
and Fe*'

2FeCl;, + FeCl, + 4 H,O+ §NH, —= Fes Oy + 8L CL

Figure 1. Reactor and the reaction equation of preparation
magnetic Fe;O,4 nanoparticle.
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2.4. Immobilization of P (NIPAAM-AAM-VP) on
the Surface of MNPs

MNPs were used as a template to polymerize in an aqu-
eous micellar solution. BIS was as cross-linking agent, as
previously described with a small modification [20]. In
brief, 0.028 g of MNPs, 0.1 g of NIPA, 0.0129 g of AAm,
0.0345 mL of VP, 0.0131 g of BIS, were sonicated in
100 mL cold water for 30 minutes. Then, 0.078 g of am-
monium persulfate was added to the solution, and the re-
action was carried out at room temperature under nitro-
gen gas for 4 hours. The product was purified several
times with DI water by using a magnet to collect only
PNIPAAm-VP-coated MNPs. PNIPAAm-MAA-coated
MNPs was also formulated using the same synthesis pro-
cess for deferent ratio of materials.

2.5. Drug Loading

For drug-loading and drug release studies, DOX was
used as a model drug. In brief, 60 mg of freeze-dried
PNIPAAm-MAA-VP, MNPs 5 mg and 12 mg of DOX
were dispersed in phosphate buffer solution (PBS). The
solution was stirred at 4°C for 3 days. The DOX-loaded
PNIPAAm-MAA-VP-coated MNPs were separated from
the solution using an external magnet. The solution was
then analyzed by using an ultraviolet-visible (UV-Vis)
spectrofluorometer (Infinite M200 plate reader; Tecan,
Durham, North Carolina) to determine the amount of un-
encapsulated DOX (dex 483 nm). This value was then
compared to the total amount of added DOX to deter-
mine the DOX-loading efficiency of the nanoparticles.
Loading efficiency was calculated according to the fol-
lowing formula:

Loading Efficiency=
Total [DOX] used —unencapsulated [DOX]
Content of MNPs

x100%

2.6. In Vitro Drug Release Kinetics

To study the drug release profile of synthesized PNI-
PAAmM-MAA-VP-coated MNPs, drug-loaded nanopar-
ticles dispersed in PBS as described earlier were placed
inside dialysis bags with a molecular weight cutoff
(MWCO) of 2000 Da. Samples was incubated at 37°C.
At designated time intervals, 2 mL of dialysate was re-
moved from sample and stored at —20°C for later analy-
sis. Dialysate volume was reconstituted by adding 2 mL
of fresh PBS to each sample. After the experiment the
dialysate samples were analyzed using a UV-Vis spec-
trofluorometer (Tecan) to determine the amount of
DOX released into the dialysate (le 483nm DOX meas-
urement).
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2.7. Characterization of Magntic Poly
(NIPAAM-MAA-VP)

2.7.1. Fourier Transforms Infrared Spectros Copy
(FT-IR)

FT-IR spectra obtained by spectrophotometer (Shimadzu

8400, Kyoto Japan) for blank and drug loaded nanopar-

ticles using KBr discs. The spectrum was taken from

4000 to 400 cm .

2.7.2. 1H-NMR Spectroscopy

The chemical structures of the copolymers were deter-
mined by '"H-NMR (Bruker spectra spin 400 MHz, Leip-
zig, Germany).

2.7.3. LCST Determination

The lower critical solution temperature (LCST) of all the
terpolymers was measured by cloud point (turbidity)
measurements. The inflection point of the turbidity
curves was taken for the value of the LCST of the poly-
mers. The optical transmittances of these solutions were
measured at 500 nm wavelength using UV-vis spectro-
meter (UV-160, Shimadzu) with increasing solution tem-
perature (20-408C, 18C interval). At each temperature,
the samples were stabilized for 5 min before measure-
ments. Values for the LCST of polymeric solutions were
determined at temperature with a half of the optical trans-
mittance between below and above transitions.

2.7.4. Determination of Particle Size and Morphology
of the Drug-Loaded Nanoparticle

Measurement of the average diameter of nanoparticles
was performed in de-ionized water by the dynamic light
scattering technology (Nanotrac. 150, Microtrac Inc.).
The size measurement was performed at room tempera-
ture (25°C) and morphology of the polymeric nanoparti-
cles was observed using a scanning electron microscopy
(SEM, Leo Electron Microscopy Ltd, Cambridge ,UK).
For the scanning electron microscopy (SEM), the lyophi-
lized nanoparticles were placed on a double stick tape
over aluminum stubs to get a uniform layer of particles.
Samples were then gold coated using a sputter gold
coater. Gold coated particle samples were cooled over li-
quid nitrogen prior to SEM observations to avoid their
melting under high magnification due to the electron
beam exposure. Prior to examination, samples were pre-
pared on aluminum stubs and coated with gold under ar-
gon atmosphere by means of a sputter coater.

3. Result and Discussion

3.1. Particle Size, Size Distribution, and
Morphology

The average size of the synthesized NIPA-MAA-Vp
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nanoparticles was analyzed by using dynamic light scat-
tering technology. This type of relationship between sur-
factants and the nanoparticle size is consistent with pre-
vious observations.

However, the relationship was found to be nonlinear at
SDS concentrations higher than 0.298 mM. Since we se-
lected 100-nm nanoparticles for later studies, several cha-
racterization techniques were performed for this par-
ticular size only. The nanoparticle size distribution of
100 nm particles is shown in Figure 2. The size of
NIPA-MAA-VP nanoparticles was also analyzed using
SEM.

SEM revealed that the preparation procedure gave
spherical nanoparticles. The size noted by SEM was with-
in the range of size measured by Nanotrac.

3.2. Characterization of Copolymers

The chemical composition of the synthesized nanopar-
ticle was analyzed using both FTIR and NMR. As shown
in Figure 4 for FTIR, the stretching vibration appearing
in the range of 2900 - 3000 cm™' corresponds to C—H
bands. The IR peaks at 3400 cm 'and 3450 cm™' corre-
sponds to the stretching vibration of the primary amine
group in the NIPA-MAA-VP. Strong peaks in the range
of 800 - 1000 cm™' correspond to the stretching mode of
vinyl double bonds disappeared in the spectrum of poly-
mer indicating that polymerization has taken place. Fur-
thermore, the carbonylgroup of NIPA and MAA is ob-
served at 1680 cm .

In order to analyze the chemical composition of the
NIPA-MAA-VP in more detail, proton ("H NMR) used.
In '"H NMR (Figure 5), several characteristic peaks from
NIPAAm, AAm and VP were overlapped. But the sig-
nals pertaining to NIPAAm are found in 1.3 ppm related

03 (%) q3(%)

90

100 r/-O-O-O-O--O-O-O-D-O-O-O-O-O-O-O-O-C*O—

to (CH;),CH and in 4 ppm related to N-CH-(CH3)2 and
the signals pertaining to VP are found in, 3.3 ppm corre-
sponded to (N-CH,).

3.3. LCST Determination

To determine the temperature at which the phase transi-
tion occurs in the nanoparticles, UV-Vis spectrophoto-
meter was used. As shown in Figure 6, the LCST of was
42°C - 43°C. The rate at which the transition occurs slow-
ly changes around 39°C, and then the intensity sharply
decreases at 42°C.

3.4. Drug-Loading Efficiency and Release
Kinetics

The loading efficiency of DOX-loaded NIPAAm-MAA
-VP coated MNPs was determined according to the for-
mula illustrated earlier in the Methods section. The re-
sults indicated that 68% of the incubated DOX was load-
ed into the NIPAAm-MAA-VP coated MNPs, The re-
lease behavior of the nanoparticles was studied for 9 days
in PBS (0.1 M, pH 7.4) at 37°C,

3.5. Study of Loading and Drug Release Profile
from Hydrogels

In Table 2 physicochemical properties of lattice Hydro-
gels containing the doxorubicin hydrochloride drug are
summarized.

The table shows that the lattice structure of the drug
can lead to more incarceration. Diagram of drug release
in pH = 4/7 is given in Figure 7. Release curve shows
that a high percentage of the drug after about 200 hours
released with approximately linear process. Also initial
burst of drug release is not observed.

80 [

70 /

60 P

50 /

. /

Normalized Particle Amount

30
20 i
10 —_
0 OmO=ORC
0.01 0.05 0.1 0.5 1 5 10

Particle Diameter (l»l m)

Figure 2. Particle analyzer diagram of P(NIPAAM-MAA-VP) coated MNP.
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Figure 4. FT-IR spectrum of P(NIPAAM-MAA-VP).
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Figure 5. 'H-NMR spectrum of P(NIPAAM-MAA-VP).
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Figure 6. LCST of nanoparticles measured by using UV-Vis
spectrophotometer.
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Figure 7. The release profile of doxorubicin hydrochloride
copolymer lattic P(NIPAAM-MAA-VP).
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Table 2. Physical characteristics of synthesized polymers.

Polymer type Encapsulation Particle
efficiency (%) size (nm)

P(NIPAAm-MAA-VP), 68.5 £ 10 116 nm
P(NIPAAm-MAA-VP), 59.6 = 8.5 285 nm
P(NIPAAm-MAA-VP); 555 £ 7 350 nm

4. Conclusion

In this work, we have characterized in vitro behavior of
PNIPAAm-MAA-VP-coated MNPs for targeted and con-
trolled drug delivery applications. These nanoparticles are
to our knowledge unique, in that they consist of a new
temperature-sensitive polymer shell that has the LCST
above body temperature and contains functional groups
on their surface for bioconjugation. The polymeric shell
consists of a copolymer of NIPA, MAA, and VP. The
PNIPAAm-MAA-VP is polymerized onto the surface of
the MNPs and a free-radical polymerization. The size and
morphology of the synthesized nanoparticles were ana-
lyzed by particle size analyzer. In addition, in vitro beha-
viors such as drug-loading efficiency and drug release pro-
file were assessed. The results are discussed in detail be-
low. SEM was carried out to study the morphology and
the core shell structure of the nanoparticles [20-23].

The drug release study indicates that the PNIPAAm-
AAm-VP is a temperature-sensitive polymer, whereby at
its LCST, the nanoparticles go through the phase change
to collapse and release more drugs. After 200 hours, 92%
of the encapsulated DOX was released at 37°C [24-31].
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