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Abstract In this work, a thermo and pH-responsive
poly-N-isopropylacrylamide-co-itaconic acid con-
taining thiol side groups were successfully synthe-
sized to prepare Doxorubicin-loaded polymer@ Au/
Fe;0, core/shell nanoparticles (DOX-NPs). Copoly-
mer and NPs were fully characterized by FT-IR,
HNMR, photo-correlation spectroscopy, SEM, X-ray
diffraction, vibrating-sample magnetometer, thermal
gravimetric analysis, and UV—-Vis spectroscopy. The
stimuli-responsive characteristics of NPs were eval-
uated by in vitro release study in simulated cancerous
environment. The biocompatibility and cytotoxic
properties of NPs and DOX-NPs are explored by
MTT method. The prepared NPs with the size of
50 nm showed paramagnetic characteristics with
suitable and stable dispersion at physiological
medium and high loading capacity (up to 55 %) of
DOX. DOX-NPs yielded a pH- and temperature-
triggered release of entrapped drugs at tumor tissue
environment (59 % of DOX release) compared to
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physiological condition (20 % of DOX release)
during 48 h. In vitro cytotoxicity studies indicated
that the NPs showed no cytotoxicity on A549 cells at
different amounts after incubation for 72 h confirm-
ing its suitability as a drug carrier. DOX-NPs, on the
other hand, caused an efficient anticancer perfor-
mance as verified by MTT assay test. It was
concluded that developed NPs by us in this study
may open the possibilities for targeted delivery of
DOX to the cancerous tissues.
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Introduction

Polymeric nanoparticles (NPs) have shown promis-
ing applications as nano-carriers of drugs and
contrast agents due to their unique properties (Sahoo
et al. 2013; Siegel 2014). Among the polymeric NPs,
the nanomaterials with stimuli-responsive structure
and function have attracted impressive interest
among researchers in respect of delivery of various
drugs, especially anticancer agents (Bawa et al.
2009; Salehi and Hamishehkar 2014; Sundaresan
et al. 2014). Anticancer drugs can be conjugated to
pH-sensitive polymers to take the benefit of the
acidic environment of tumor. The existence of acid-
sensitive spacers between the drug and polymer
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assists the release of drug either in relatively acidic
extracellular fluids or, after endocytosis in endo-
somes or lysosomes of tumor cells. Hence, it is
anticipated that the pH-responsive drug-delivery
systems will show a main role in applications in
new horizons of cancer therapy (Zhu and Chen
2015). In addition, the temperature of tumor tissues
have been reported to be a bit more than normal cells
around 40 °C. Therefore, temperature sensitivity is
one of the most interesting characteristics in stimu-
lus-responsive polymeric nanocarriers and has been
extensively applied for drug and gene delivery
systems (Ganta et al. 2008). Thus, temperature and
pH sensitivity are the major properties in stimuli-
responsive polymers, which have been a topic of
prevalent research (Nuopponen and Tenhu 2007; Du
et al. 2009; Shi et al. 2014). It was proved that tumor
tissue exhibits lower pH and higher temperature than
that of normal tissues. These features can be applied
for formulating the dual-sensitive carriers that
smartly differentiate between normal and tumor
tissues, achieving better targeting efficiency and
treatment efficacy accompanying with reduction in
associated side effects of anticancer drugs on normal
tissues (Zhao et al. 2012; Liu et al. 2014). These
polymers and copolymers place emphasis on the
monomer N-isopropylacrylamide (NIPAAm) which
has a low critical solution temperature (LCST) of
32 °C and can react with acrylic acid or other
polymers to design new multifunctional materials.
The drug release from these stimuli-responsive NPs
much faster than rigid particles and can be controlled
by changing of the outer environment (Liu et al.
2006; Bawa et al. 2009). Among these, nanomate-
rials hold great promise for a wide variety of
applications, including in the biomedical field, as
imaging tools (Lin et al. 2009; Yang et al. 2013), as
phototherapy agents (Li et al. 2014a), or as drug
carriers (Chao et al. 2010; Nigam et al. 2014). A
great deal of attention has also been given to the
preparation and application of colloidal gold and
magnetic particles in recent years (Mahmoudi et al.
2011; Dykman and Khlebtsov 2012). In order to
extend the applicability of Fe;O, NPs, Au-coated
Fe;O4 NPs have been fabricated to open wider
possibilities of surface functionality and at the same
time reduce surface oxidation (Lo et al. 2007; Tamer
et al. 2009). Gold represents an excellent candidate
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by virtue of its easy reductive preparation, high
chemical stability, and biocompatibility (Cui et al.
2005a, b; Liang et al. 2012). In these fields, the fine
control of stability, particle size, and morphology of
the NPs are important (Zhao et al. 2008). To
improve their dispersibility, the core—shell of Au/
Fe;0,4 NPs may be coated with a protective stabilizer
or with a water-soluble polymer (Liu et al. 2010;
Chao et al. 2011; Shi et al. 2011; Salehizadeh et al.
2012). Most commonly, an ex situ approach is
taken—a method based on the cooperative, pre-
formed NPs in the presence of presynthesized
stimuli-responsive polymers (Salmaso et al. 2009;
Zhang et al. 2013; Hamner and Maye 2013). In
general, polymers synthesized by reversible addition
fragmentation chain transfer (RAFT) can produce
polymer-protected gold NPs via ligand exchange by
thiol end-groups or reduce gold salts in the presence
of sulfur end-capped polymers (Zheng et al. 2006;
Nuopponen and Tenhu 2007; Zhang et al. 2013; Li
et al. 2014b). MC Cormick et al. reported that water-
soluble polymers prepared by RAFT radical poly-
merization can stabilize gold NPs by reduction of
dithioester end groups to thiol groups in the presence
of HAuCl, (Lowe et al. 2002). Recently, the
temperature behaviors of bulk and surface-grafted
PNIPAAms were probed, and it was found that
surface-bound polymer exhibited more gradual
responses over a wide range of temperature (Yusa
et al. 2007; Hamner and Maye 2013; Shi et al. 2014).
For example, Hamner et al. reported that DNA-
mediated assembly and encoded nanocarrier drug
release could be regulated by thermoresponsive
PNIPAAm-b-PMAA-protected AuNP  (Hamner
et al. 2013). In this study, we report the synthesis
of a new type of the smart core/shell of Au/Fe;0,
NPs that is surface decorated by a dual stimuli-
responsive copolymer of thiolated poly(N-isopropy-
lacrylamide-co-Itaconic acid) (thiolated poly(NI-
PAAm-co-TA)) suitable for application as a carrier
of anticancer agent. Despite common polymers
which contain thiol end group prepared by RAFT
agents, this polymeric shell includes thiol side
groups in the backbone of the copolymer. To our
knowledge, there is no report of the synthesis of the
proposed structure and its application for delivery of
doxorubicin (DOX), a well-known potent anticancer
agent.
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Experimental section
Materials

Ferrous chloride tetrahydrate (FeCl,, 4H,0), ferric
chloride hexahydrate (FeCl;, 6H,0), sodium citrate
dehydrate, ammonia solution (25-28 %), carbonyldi-
imidazole (CDI), perchloric acid (HCIO4, 70-72 %),
and 2-aminoethanethiol (AET) were purchased from
Merck. Hydrogen tetrachloroaurate (i) trihydrate
(HAuCly), Itaconic acid (IA), dipyridyl disulfide
(DPDS), dimethylsulfoxide (DMSO), tetrahydrofuran
(THF), and dithiothreitol (DTT) were purchased from
Sigma-Aldrich. N-Isopropylacrylamide (NIPAAm,
99 %) was purchased from Acros. DOX was kindly
donated by Exir Nano Sina Company (Iran). DMSO
was totally dried and then distilled under reduced
pressure. THF was dried and distilled after refluxing
for 3 h. Double-distilled water was used for all
experiments.

S-(2-Pyridylthio)cysteamine Hydrochloride(AE-
S-S-Py)

S-(2-Pyridylthio)cysteamine Hydrochloride was syn-
thesized according to the reported literature proce-
dures (Ebright et al. 1992). Pyridyl disulfide (2.2 g,
10 mmol) was dissolved in 0.8 mL of acetic acid and
20 mL of methanol. Into this solution was added
dropwise 2-aminoethanethiol hydrochloride (0.57 g,
5 mmol, 10 mL methanol) over a period of 0.5 h. The
reaction mixture was stirred for an additional 48 h and
was then evaporated under high vacuum to obtain
yellow oil. The product was washed with 50 mL of
diethyl ether and then was dissolved in 10 mL of
methanol. Finally, the product was precipitated by
addition of 50 mL of diethyl ether and was redissolved
in 10 mL of methanol (three times).

Synthesis of poly(NIPAAm-co-1A)

The copolymerization of the NIPAAm with IA was
carried out in DMSO at 70 °C with AIBN as radical
initiator with mole ratio of [NIPAAM]/[IA]/[AIBN]
85:15:100. In a typical polymerization, in order to
prepare  poly(NIPAAm-co-IA), NIPAAm (2 g,
17.7 mmol), itaconic acid (0.4 g, 3.1 mmol), and
AIBN (0.034 g, 0.2 mmol) were dissolved in DMSO.
The reaction system was degassed by bubbling with

nitrogen for 30 min. Then, the polymerization reac-
tion was performed at 70 °C under nitrogen atmo-
sphere with continuous mechanical stirring for 24 h.
The polymer solution was precipitated in an excess
diethyl ether, filtered, and finally vacuum-dried.

Synthesis of poly(NIPAAm-co-IA) containing
thiol side groups (polymer)

Copolymer of poly(NIPAAm-co-IA) (0.5 g) was dis-
solved in dry DMSO (8 mL). CDI (365 mg,
2.25 mmol) was added into the polymer solution
under argon atmosphere at room temperature. Then,
the mixture was stirred under argon for another 3 h at
room temperature. 2-(2-Pyridyldithio)ethylamine
hydrochloride (100.2 mg, 0.45 mmol) followed by
triethylamine (63 pL, 0.45 mmol) was added to the
reaction solution under argon atmosphere, and stirring
was continued overnight. Afterward, 2 mL of concen-
trated aqueous NH;3 was added, and the mixture was
stirred for 45 min. The obtained material in DMSO
was treated with DTT (694 mg, 4.5 mmol) under
exclusion of oxygen which led to degradation —S—S—
Py-appended groups within 10 min. Clear DMSO
solution was stirred with DTT under argon for 48 h
more. The final synthesized polymer solution was
diluted with HCI (pH = 3) and transferred to 1000 Mw
cutoff dialysis tubing. Dialysis was performed twice
against diluted HCI (pH = 3).

Synthesis of Fe;04 NPs

Iron oxide (Fe;04) NPs were synthesized according to
the literature procedure (Massart 1981). In brief, 4 mL
ferric chloride solution (1 M) and 1 mL ferrous
chloride solution (2 M, in HCI 2 N) were mixed and
added into 50 mL ammonia solution (0.7 M). After
stirring the reaction mixture for 30 min, the precipitate
was isolated by magnetic decantation and stirred with
50 mL diluted HCIO, (2 M). Then, the resulting
colloidal suspension was isolated by centrifugation,
and the residue was diluted to make up 50 mL with
water.

Synthesis of Au/Fe;04 NPs
The synthesis of Au/Fe;O, NPs was carried out

according to Choi et al. (Lo et al. 2007). In order to
obtain the core/shell of Au/Fe;O, NPs, 15 mL
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HAuCly (2 mg/mL) solution was added into 100 mL
of water and then heated to boiling. At this point, 5 mL
of presynthesized Fe;O, NPs was poured into the
reaction flask followed by the addition of 5 mL
sodium citrate (80 mM) under stirring. The color of
the solution changed from brown to wine red under
stirring for 5 min.

Preparation of smart polymer @ Au/Fe;O, core/
shell NPs

A total volume of 30 mL of citrate-stabilized Au/
Fe;0,4 NPs solution was mixed with 60 mg of polymer
and kept under stirring overnight at room temperature.
The resulting conjugates were purified by a permanent
magnet to remove the excess polymer followed by
redispersion in pure water.

Determination of the thiol group content

The quantity of thiol groups on the polymer was
characterized by iodometric titration (Kast and
Bernkop-Schniirch 2002). At first, 10 mg of polymer
was dissolved in 3 mL of DI water. Then, the pH value
was adjusted to pH = 3 by addition of HCI (1 N).
Afterward, 300 pL of aqueous starch solution (1 %)
was added, and the solution was titrated with an
aqueous iodin solution (I mM) until constant light
blue color was maintained. The concentration of the
thiol groups in polymer was calculated to be
0.063 mmol/g.

Loading of drug in polymer @ Au/Fe;04 NPs

The drug loading of the resultant polymer @ Au/Fe;O,
NPs was investigated using DOX as a model molecule.
The procedure is described as follows: 500 uL. DOX
solution (10 mg/mL) was added into 1 mL poly-
mer@Au/Fe;0, NPs (5 mg/mL) suspension. Then,
the mixture was incubated in a shaker for 24 h at room
temperature to prepare DOX-loaded polymer@ Au/
Fe;04 NPs (DOX-NPs). The unloaded drug was
separated from the DOX-NPs by means of an external
magnet and then its concentration determined by
HPLC method. The mobile phase consisted of a
mixture (45:55) of acetonitrile:potassium dihydrogen
phosphate aqueous solution (10 mM) at pH = 3 at a
flow rate of 1 mL/min, with UV detection at 254 nm.
The encapsulation efficiency (EE) and loading
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capacity (LC) percentages were calculated according
to the following equations:

Encapsulation efficiency (%, w/w)
Mass of drug in nanoparticles

= x 100
Mass of initial added drug
Loading capacity (%, w/w)
_ Mass of drug in nanoparticles < 100

Mass of nanoparticles

In vitro release of DOX

1 mL of DOX-NPs suspension (5 mg/mL) were
introduced into dialysis bags (molecular weight cut
off 12 kDa, Sigma-Aldrich, USA) and then immersed
into 15 mL of phosphate buffered saline (PBS) in both
physiologic (pH 7.4, 37 °C) and simulated cancerous
tissue (pH 5.3, 40 °C) conditions. Furthermore, DOX-
NPs were incubated in pH 7.4, 40 °C and pH 5.3,
37 °C to assess the pH and temperature responsive
ability of prepared polymer@Au/Fe;O, NPs accu-
rately. At predetermined intervals, 200 pL of the
solution was taken out periodically from the reservoir
and drug concentration was analyzed using HPLC
instrument. For keeping a constant volume, 200 pL of
the fresh buffer medium was added back to the
reservoir after each sampling.

In vitro cell assays

The biocompatibility of the polymer@ Au/Fe;O,4 and
DOX-NPs was measured by MTT assay. Human lung
carcinoma A549 line was purchased from NCBI
(National Cell Bank of Iran, Pasteur Institute) as the
target cells and was used to evaluate the cytotoxicity
of the NPs. A549 cell line were maintained in
RPMI1640 with 10 % fetal bovine serum (FBS) at
37 °Cin 5 % CO, and 95 % air with more than 95 %
humidity. The cells were seeded into a 96-well plate at
1 x 10* cells/well. After incubation for 24 h (37 °C,
5 % CO,), the culture medium was removed, and
200 pL growth mediums containing various concen-
trations of DOX-free polymer@ Au/Fe;O, NPs, and
DOX-NPs was added to each well and incubated for
72 h. After finishing incubation, the medium contain-
ing NPs was exchanged with a 150 pL of fresh
medium, and 50 pL aliquots of MTT solution (5 mg/
mL) for further 4-h incubation. Then, the growth
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medium and excess MTT were removed, and DMSO
(200 pL) was added to each well to dissolve the purple
formazan crystals. The optical density (OD) values
were measured at 570 nm with a background correc-
tion at 630 nm using a microplate reader, and the cell
viability was calculated from the following equation:

D sampl
Cell viability (%) — oD Sample

= — 1
OD control x 100 %

Characterization

'"H-NMR spectrum was recorded at 25 °C on a
400 MHz NMR spectrometer (Bruker, Germany).
The Sample was dissolved in CDCl; at room temper-
ature. The FT-IR spectra were recorded on a FT-IR
spectrophotometer in the range of 4000-400 cm™'
(Tensor 27 spectrometer, Bruker, Germany). Sizes
based on z-average and Zeta potentials of the NPs
were measured by photo-correlation spectroscopy
(PCS) (Zetasizer-ZS, Malvern, UK). The morphology
and particle size of the NPs was observed and
determined using a transmission electron microscopy
(LEO960, Denmark). Sample was prepared by drop-
ping the suspension on a carbon-coated copper grid
and then drying in vacuum. SEM image of the NPs was
captured by SEM-TESCAN MIRA3-FEG. Thermal
gravimetric analysis (TGA) was carried out (TGA/
SDTA 851/Mettlear Toledo, Spain) by heating rate of
10 °C min~" from 50 to 800 °C under a nitrogen flow.
The LCST behavior of samples was determined using
a UV-Vis spectrophotometer (Cary-100 UV-Vis,
USA). The change in transmittance as a function of
temperature was recorded using a 600 nm wavelength.
X-ray diffraction (XRD) patterns of all the synthesized
materials were detailed using an X-ray diffractometer
(D5000, Siemens, Germany) with Cu Ko radiation at
40 kV in the range of 20 from 20° to 80° and scan rate
of 3° min~'. A vibrating-sample magnetometer
(VSM; AGFM, Iran) was used to study the magnetic
properties of the synthesized magnetic NPs at room
temperature. Drug determination was performed on a
reversed-phase HPLC system (Knauer, Germany)
equipped with a model 1000 HPLC pump and a UV
detector model 2600 for measurement of drug. Sepa-
ration was achieved on a C-18 column (5 pm,
250 x 4.6 mm) (Knauer, Germany) at room
temperature.

Results and discussion

Preparation and characterization of polymer @ Au/
FC304 NPs

The polymer@Au/Fe;O, NPs were prepared by 3
sequential steps as shown in Fig. 1. The copolymer
containing of thiol side groups was first synthesized by
a free-radical polymerization of NIPAAm with IA.
Then, AE-S-S-Py was attached covalently to acti-
vated carboxylic acids of IA under the formation of
amide bonds.

The freeze-dried thiolated polymer had the evi-
dence of a white odorless powder. After the synthesis
of thiolated poly(NIPAAm-co-IA), core/shell of Au/
Fe;O, was fabricated by reducing HAuCl, in the
presence of Fe;O, by sodium citrate. The citrate
stabilized Au/Fe;O, NPs that were grafted through
ligand exchange with thiolated polymer, could be
received in the one-step process by adding polymer
into an Au/Fe;O, aqueous solution. A deep red
solution was obtained containing polymer@ Au/
Fe;04 NPs with a mean diameter of 58.7 nm verified
by PCS. Particle size is an important parameter effect
in vivo performance and pharmacokinetics of poly-
meric NPs (Lee et al. 2010). In our research, PCS
measurements showed that the mean hydrodynamic
diameters of Au/Fe;0,4 and polymer-coated Au/Fe;Oy4
NPs were 39.6 and 58.7 nm, respectively (Fig. 2a, b).
In the measurement of zeta potential, after coating
polymer to the Au/Fe;O,4 NPs, zeta potential value is
decreased from —39 to —31 mV, which is only
slightly less negative than the uncoated Au/Fe;O,
NPs. Although the derivatization of citrate groups of
Au led to charge reduction of NPs, the negative charge
densities generated by the remaining citrate groups
and additional carboxylate groups on the backbone of
derivatized copolymer provide enough negative
charges to guarantee the colloidal stability of NPs. It
was reported that charge density above £30 mV leads
to stability of colloids (Mohanraj and Chen 2006).

We analyzed the Au/Fe;O, with and without
polymer coating by PCS and UV-Vis spectroscopy
to evaluate the effect of polymer decoration on the size
of core NPs. As shown in Fig. 3, the characteristic
surface plasmon absorbance (SPA) bond of Au/Fe;0,
NPs is observed in the spectrum at approximate
522 nm. After coating of polymer, the UV—Vis spectra
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of the NPs in solution revealed a slight red shift (525)
attributed to polymer grafting rather than the agglom-
eration (Cui 2005a; Zhang et al. 2013).

In order to further study, the shape of polymer-
coated Au/Fe;O0, NPs was explored by TEM. Fig-
ure 4a illustrates a typical TEM image of poly-
mer@Au/Fe;O, NPs in which most of the NPs are
spherical in shape with an average diameter of 30 nm
confirming the PCS analysis. The NPs are in suitable
size range for passive targeted drug delivery to
cancerous tissue. It was claimed that the suitable sizes
to escape from reticuloendothelial system and infil-
trate into leaky cancerous tissues are in the range of
20-100 nm (Cho et al. 2008). The narrow size
distribution of prepared NPs was concluded from the
PCS analysis results (Fig. 2a). SEM image (Fig. 4b)
which shows the large population of particles in the
field confirmed the interpretation of PCS pattern.

The presence of NIPAAm and IA monomer in
polymer @ Au/Fe;04 was also characterized by FT-IR
spectra in Fig. 5. The FT-IR spectrum of the polymer
exhibited strong absorption peaks at about 1649 cm ™"
(v co) and 1544 cm™" (v ) are from the NIPAAm
(Fig. 5a). The peak that appeared at 1710 cm™'(v co)
can be ascribed to the C=0 stretching vibration of IA



J Nanopart Res (2015) 17:305

Page 7 of 13 305

Fig. 4 a TEM and b SEM images of polymer@ Au/Fe;O,4 nanoparticles

C
1

21b
(%]
c
o
8
£
v
c
gl a
-

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm?)

Fig. 5 FTIR spectra of a poly(NIPAAm-co-IA) b thiolated of
poly(NIPAAm-co-IA) ¢ polymer@ Au/Fe;0,4 nanoparticles

unit. Furthermore, the stretching vibrations of iso-
propyl groups of PNIPAAm observed at 1386 and
1370 cm™" and the absorption peak at about
1495 cm™" can be attributed to the —CH, groups,
vicinal to the carbonyl groups of PIA. The spectrum of
copolymer containing thiol side groups shows a peak
at 2510 cm™' which corresponds to the stretching
band of S—H (Shi et al. 2014) (Fig. 5b). In addition, for
the polymer @ Au—Fe;04 NPs, characteristic peaks of
the copolymer that were observed at 1649, 1544, 1710,
and the peak at 586 cm™' confirmed the polymer

linkage via thiol-Au/Fe;O, bonds (Lo et al. 2007)
(Fig. 5¢).

The composition of the copolymers containing
13.75 mol% IA in the feeds were characterized by
using "H-NMR spectroscopy (Fig. 6). "H-NMR spec-
tra were taken in CDCl;. The broad beaks at
0=15-19ppm (a+a in Fig. 1) and at
0 = 2.1-2.5 ppm (b in Fig. 1) were attributed to the
protons of the —CH,— and —CH- groups in the
NIPAAm and IA, respectively. In addition, the proton
signals assigned to the isopropyl groups (-CHMe, at
0 = 4 ppm, ¢ and -CHMe, at 6 = 1.15, d in Fig. 1)
were observed. The peak at 2.7 ppm (e in Fig. 1)
corresponded to CH, of IA (attached to carbonyl
group), and the short peaks at 2.8 ppm (fin Fig. 1) and

Solvent

T T T T T T 4 T B T T T
ppm 1© [ 6 4 2 ]

Fig. 6 '"H NMR spectra of thiolated poly(NIPAAm-co-IA) in
CDCl;
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32ppm (g in Fig. 1) were attributed to the
—CH,CH,SH and —CH,CH,SH, respectively (Ossipov
et al. 2008). The ratios of the peak areas of signal e to
signal d, and the m/n ratio (unit number of NIPAAm/
unit number of IA) were estimated to be almost equal
to the feed ratios of the two monomers (Fig. 6).

The thermal and pH sensitivities of smart poly-
mer @ Au—Fe;04 NPs were probed through monitoring
the changes in the optical absorbance of the suspen-
sion of the NPs as a function of temperature and pH.
The LCST of the NPs was determined with the NP’s
concentration of 250 mg L™" in PBS (pH 7.4 and 5.3).
Optical absorbance of the NPs was measured at
600 nm, and the solution was thermostated for 20 min
at stepwise increment of temperature of 1 °C from 20
to 40 °C (Fig. 7). First, we studied the temperature-
and pH-responsive behaviors of the polymer@ Au—
Fe;O4 NPs in the distilled water. However, we knew
that heating the polymer-coated Au/Fe;O4 NPs solu-
tion (250 mg L") above the LCST of the copolymer
did not result in any change in color or opaque of the
polymer@Au/Fe;0,4 (Yusa et al. 2007; Zhang et al.
2013). When the smart polymer-coated Au/Fe;O4 NPs
were dispersed in PBS with ionic strength of 10 mM,
rather than deionized water, the NPs did display
temperature-responsive behavior. In this case, the salt
effectively screened the surface charge of the dis-
persed NPs and created a strong aggregation of the
functionalized Au/Fe;O4 NPs. The effects of salts and
ionic strength on the LCST were very important
according to the literature (Cui 2005a; Yusa et al.
2007; Zhang et al. 2013). The carboxylic groups of the
copolymer induced a pH-dependent LCST behavior of

—4—Citrate@ AwF &304 in pure water
—#—polymer @AwF &3O« in the presence of salt (pH=5.3)

12
—a—polymer@AwF &3O« in the presence of salt (PH=7.2)

0.8

0.6

Absorbance (A)

0.4

02

20 25 30 35 4 45 50 55 6
Temperature (°C)

Fig. 7 The temperature- and pH-responsive behaviors of

polymer@ Au/Fe;0, nanoparticles due to temperature and pH

changes. (LCST was probed by absorbance at 600 nm with
concentration of 250 mg L")
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polymer @ Au/Fe;0, (Fig. 7). Absorbance of the NP
solution decreases with the increasing pH value. With
the increasing values of pH, the carboxylic acid groups
of IA segment of the copolymer were easily deproto-
nated resulting in the increase in the hydrophilicity of
NPs, and finally leading to an increase in the LCST of
the NPs from 37 °C (pH = 5.3) to 40 °C (pH = 7.4).

As shown in Fig. 8, the crystalline nature of the
prepared NPs was characterized by XRD analysis. The
XRD pattern of Fe3;04 NPs showed diffraction peaks
at 20 = 30, 35.63, 43, 54, 57.1, and 62.8 which can be
attributed to the (220), (311), (400), (422), (511), and
(440) plans of Fe;O, in cubic phase, respectively
(Fig. 8a). The diffraction peaks of Au/Fe;O, NPs
shown in Fig. 8b depict both Au and Fe;O4 NPs,
corresponding to Fe;0,4 (220), (311), (511) and (440);
and Au (111), (200), (220), (311), planes. Finally,
Fig. 8c displays the presence and the absence of Fe;0,
peaks depending on the densities of Au shell and the
polymer-coated Au/Fe;O4 NPs (Lo et al. 2007).

The magnetization curves indicating the superpara-
magnetic behaviors of the Fe;0,4, core/shell Au/Fe;O04
NPs and polymer@ Au/Fe;O04 NPs measured at room
temperature are illustrated at Fig. 9. The saturated
magnetization values of Fe;Oy4, Au/Fe;0,, and poly-
mer@ Au/Fe;O4 NPs are 63.2,29.7, and 18.5 emu g_l,
respectively. The reported gradual decrease in the
saturated magnetization values by surface modifica-
tion of core material (Fe;O,4) can be attributed to a
decrease in the magnetic interaction with diamagnetic
coating (Zhao et al. 2008). From magnetic studies, it
may be inferred that the polymer@Au/Fe;O, NPs
show highly desirable superparamagnetic nature for

Auf11y
1050 FQO.(SI]J| Fe:0, (440)
mo.(zzn)| Au (209 Fei04 (511 | Aul20 Au(31)
950 | | |
— 850
g
S 750
S
E 650 b
@ 550
E
450
350 a
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30 35 40 45 50 55 60 65 70 75 80
20 (Degree)

Fig. 8 XRD patterns for a Fe;04, b Au/Fe;0,4, and ¢ Poly-
mer @ Au/Fe;04 nanoparticles
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Fig. 9 Magnetization curves of a pristine Fe;04, b Au/Fe;0y,
and ¢ polymer@Au/Fe;0, nanoparticles at room temperature

magnetic-guided drug delivery applications. Although
the magnetic saturation value dropped from 29.7 to
18.5 emu g~ ' during derivatization of Au/Fe;04 NPs
with stimuli-responsive polymer, it is still desired
because a magnetization range of 7-22 emu g~ is
usually adopted for biomedical applications (Zhang
etal. 2014). Figure 10 shows the effect of a permanent
magnet on a polymer@Au/Fe;0, NPs solution. The
NPs are well dispersed in water when no permanent
magnet is placed close to the solution (right image),
and all the NPs are concentrated at the left-hand side of
the bottle when the magnet is placed close to the
solution (left image).

Fig. 10 Digital images of
solution of polymer@ Au/
Fe;0,4 nanoparticles,
dispersion of magnetic
nanoparticles, and magnetic
response of nanoparticles
(right to left)

The weight percent of the grafted copolymer layer
on the core—shell of Au/Fe;O, NPs was measured by
thermogravimetric analysis (TGA). Figure 11 shows
two stages of weight loss between 250 °C and 480 °C.
The weight loss below 200 °C, corresponds to the loss
of water molecules/moisture, which is due to the
physically adsorbed water molecules on the surface of
polymer@Au/Fe;O, NPs. The massive weight loss
between 250 and 350 °C is due to the loss of surface
citrate sodium groups, thiol side groups, and decom-
position of acidic polymer segments of copolymer. The
second weight loss step is from 380 to 500 °C which is
due to the degradation of PNIPAAm of copolymer
layer. From the percentage weight loss in the TGA
curve, the amount of polymer coated on the core/shell
of Au/Fe;0,4 NPs was found to be 44 £ 1 %.

Loading and releasing behaviors of DOX-loaded
polymer @ Au/Fe;04 NPs

To appraise the capability of the drug adsorption by
polymer@Au/Fe;O, NPs as a drug carrier, we used
DOX as a model anticancer drug to test the loading and
releasing behaviors of DOX. The EE and LC percent-
ages of DOX in polymer@Au/Fe;O4 NPs are both
found to be 55 % (Since the amount of added drug and
polymer are of the same values (5 mg), the calculated
EE and LC values—please refer to the text in method

@ Springer
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Section “Loading of drug in polymer@ Au/Fe304
NPs”—would be the same). The DOX molecules were
easily adsorbed onto the NPs due to the electrostatic
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Fig. 11 Thermal analysis curve of polymer@Au/Fe;O,
nanoparticles

80

¢ 40°C ,pH53 W37°C ,pHS53 4 40°C ,pH74 < 37°C ,pHT4

60

Cumulative DOX Release (%)

0 10 20 30 40 50 60
Time (hrs)

Fig. 12 Cumulative in vitro release profiles of DOX at different
conditions from Dox-loaded nanoparticles

Fig. 13 Cell viability of N

DOX-free polymer@Au/ 100
Fe3;0, nanoparticles and
DOX-loaded nanoparticles
at various concentrations
versus A549 cell line for
72 h. (mean £ SD, n = 5)

80+

cell viability (%)
$

interaction between the positively charged DOX
molecules and the negatively charged itaconic acid
segments of the polymer chain. The cumulative
release of DOX is shown in Fig. 12. Drug-release
studies of the NPs were performed under physiologic
and simulated tumor tissue conditions (PBS, pH 7.4
and 5.3). Under acidic conditions (pH 5.3), the release
of DOX was faster than the physiologic condition (pH
7.4) probably due to the decrease in the electrostatic
charge of acidic segments of polymer and conse-
quently, to the reduction in its capability for interac-
tion with DOX molecules. The profile of drug release
showed effective changes with the temperature vari-
ations around the LCST. At 37 °C (below the LCST),
only 20 % of loaded drug was released; however, by
increasing the temperature to 40 °C, the drug release
was faster. The release of higher DOX value (59 %) at
40 °C than normal tissue temperature could be
attributed to the collapse of polymeric shell. In other
words, by heating to 40 °C (above the LCST), the
copolymer aggregates become more hydrophobic.
Consequently, the hydrogen bonds between copoly-
mer and water are destroyed, and accordingly, the
copolymer aggregates become more aggregated.
Therefore, this polymer shell that shrinks at 40 °C
facilitates the release of loaded drug from the inside of
NPs (Cui et al. 2012; Sahoo et al. 2013). These
evidences indicated that the effects of thermo and pH
responsive behaviors play the main role in drug-
release patterns of developed NPs which make them
well-deserved carriers to be administered for effective
drug delivery to cancer cells.

T 1ppm
E 0.1 ppm

[ 0.01 ppm
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In vitro cytotoxicity

An MTT assay was performed to quantify the cell
viability of a lung carcinoma cell line (A549 cells) and
investigation of the therapeutic efficacy of DOX-
loaded NPs. To evaluate of the cytotoxic effects of
DOX-free polymer @ Au/Fe;04 NPs and DOX-loaded
NPs at four different concentrations, ranging from
0.01 to 10 ug mL™", were incubated with A549 cells
for 72 h. As indicated, the polymer @ Au/Fe;O, NPs
without DOX exhibited no significant toxicity on
A549 cell’s viability after 72 h (nearly around 100 %
cells are viable after treatment with 10 pg/mL of
polymer @Au/Fe;0,). Figure 13 compares the cyto-
toxicity profiles of the DOX, NPs without DOX and
DOX-loaded NPs. DOX-loaded NPs showed higher
inhibition activity after 72 h in comparison with DOX.
Enhanced inhibition of cell growth for DOX-loaded
NPs in comparison with free form of drug would be
advantageous in lowering the dose of anticancer drug
in application. The results showed that the poly-
mer@ Au/Fe;O,4 NPs offer an efficient anticancer dual
delivery system. Hence, it can be claimed that the
administration dose can be decreased to have the same
clinical response when higher amounts of DOX are
used.

Conclusion

The smart core/shell of Au/Fe;O, NPs by stimuli-
responsive polymeric shell with thiol side groups were
newly developed for application as a carrier of well-
known potent anticancer agent, DOX. These multi-
functional core/shell NPs were created to act as
potentially capable thermo and pH-responsive drug
delivery carriers, specifically suitable in cancer ther-
apy. TEM image showed the mean size of the NPs to
be around ~30 nm which is in the required size-
distribution range suitable for passive targeting drug
delivery to cancerous tissue. All the obtained results
for the size, shape, and size distribution were
confirmed by PCS, TEM, and SEM techniques,
respectively. The prepared DOX-NPs displayed
long-term colloidal stability with superparamagnetic
property at room temperature and quite high loading
drug indexes (EE, and LC values of 55 %). These
smart NPs exhibited pH- and thermoresponsive DOX-
release characteristics in PBS. It was concluded that

our developed NPs may throw open the possibilities
for the targeted delivery of DOX to the cancerous
tissues.
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