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Smart Magnetic Nanoplatform for Synergistic Anticance
Therapy by Maneuvering the Mussel-inspired Functionga!
Magnetic Nanoparticles for pH Responsive Anticancer Druy

Delivery and Hyperthermia

Arathyram Ramachandra Kurup Sasikala”, Amin GhavamiNejad”, Afeesh Rajan Unnithan® 2*, Rejt

George ThomasS, Myeongju Moon4, Yong Yeon Jeong3, Chan Hee Park®” and Cheol Sang Kim

1,2*

We report the versatile design of a smart nanoplatform for thermo-chemotherapy treatment of cancer. For the first w..
in literature, our design takes advantage of the outstanding properties of mussel-inspired multiple catecholic grour-
presenting unique copolymer poly (2-Hydroxyethyl methacrylate-co-dopamine methacrylamide) p(HEMA-co-DMA,
surface functionalize the superparamagnetic iron oxide nanoparticles as well as to conjugate borate containing anticancer
drug Bortezomib (BTZ) in a pH-dependent manner for the synergistic anticancer treatment. The unique mul*='-
anchoring groups can be used to substantially improve the affinity of the ligands to the surfaces of the nanoparticles * »
form ultrastable iron oxide nanoparticles with control over their hydrodynamic diameter and interfacial chemistry. Thus
the BTZ-incorporated-bio-inspired-smart magnetic nanoplatform will act as hyperthermic agent that delivers heat whe
an alternating magnetic field is applied while the BTZ-bound catechol moieties act as chemotherapeutic agents in
cancer environment by providing pH-dependent drug release for the synergistic thermo-chemotherapy application. Tt
anticancer efficacy of these bio inspired multifunctional smart magnetic nanoparticles were tested both in vitro ana ..\
vivo and found that these unique magnetic nanoplatform can be established to endow for the next generation ¢
nanomedicine for efficient and safe cancer therapy.

1. Introduction

Cancers are among the leading causes of death worldwide,
accounting for millions of deaths every yearl. The high
complexity and wide variations in different types of cancer
have made it impossible to find an optimal and generally
applicable treatment.”> However, recent advancements in
nanomedicine have made it possible to provide treatment
modalities that are more effective against cancer. ! Among
these, magnetic nanoparticles (MNPs) have gained significant
attention for the theranostic application of cancer due to their
excellent biocompatibility and unique magnetic properties,
such as superparamagnetism. 5 Magnetic nanoparticle-
mediated hyperthermia has emerged as a promising modality
for cancer treatment due to the unique heat-generating
properties of super paramagnetic iron oxide nanoparticles
(SPIONs) under an alternating magnetic field (AMF). &7 During
hyperthermia, the body tissue temperature increases to
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around 40 to 45 °C by delivering heat obtained from extern#’
sources to destroy cancerous cells or to prevent their furthe.
growth.8 Several studies have revealed that hyperthermia act .
synergistically with radiotherapy or chemotherapy, providing
promising strategy to improve cancer therapy. o1

The ultimate goal of a nanoparticle-mediated strategy to treau
cancer involves controlled, targeted delivery of therapeuti~

. 12-14
to tumor sites.

Doing so improves the specificity an.
efficiency of cancer treatment while minimizing side effects. In
order to achieve controlled, targeted delivery, nanoparticle-
should be properly functionalized with different functione’
moieties, such as targeting Iigands15 and stimuli respon:
polymers susceptible to various stimuli.’® ¥ To this enc
stimuli-responsive polymer-functionalized superparamagnetic
Fe;0, nanoparticles incorporating chemotherapeutics ar :
ideal candidates to deliver thermo-chemotherapy.

Recently, mussel-inspired dopamine-containing polymers hav :
been extensively implemented for a variety of practica:
applications due to their remarkable chemical properties. 1
Recently our group also reported a mussel inspired smar
magnetic nanofibers for hyperthermic chemotherapy. {
Dopamine is a versatile candidate for bioapplications since ..
has excellent biocompatibility and low cytotoxicity.u’23 Th .
catechol groups in dopamine exhibit a strong binding affinity
towards a variety of metal oxides via irreversible metal-liganua

exchange or reversible metal-ligand complexation and
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bonding.24 Several studies have reported that dopamine
analogues and polymer-catechol conjugates are desirable for
surface functionalization of SPIONs.?> % Many of these studies
have used mono-functional groups to stabilize the iron oxide
nanoparticles. However, these ligands exhibit a weak binding
affinity towards the surface of the nanoparticles, and these
can be easily displaced by biomolecules bearing amine and
carboxylic functional groups.27 Therefore, multiple anchoring
groups can be used to substantially improve the affinity of the
ligands to the surfaces of the nanoparticles. Furthermore, this
will lead to the formation of ultrastable iron oxide
nanoparticles with control over their hydrodynamic diameter
and interfacial chemistry.28
In recent decades, a
nanosystems have received much attention for use as efficient

myriad of stimulus-responsive
drug delivery platforms to improve therapeutic applications.29
Among the different stimuli that are possible, pH-
responsiveness has been the most extensively investigated for
delivery of anticancer drugs since tumors have a slightly acidic
extracellular environment, which allows for pH-triggered

30-32 . .
Previous studies have

release of the anticancer drugs.
demonstrated that in addition to the strong binding ability of
the catechol groups for metal oxides, the catechol groups can
also be utilized to bind and release borate-containing
anticancer drugs, such as BTZ, in a pH-dependent manner.>>3*
An important characteristic of the boronic acid catechol
conjugate is the formation of dynamic covalent chemistry
between catechol and BTZ, reversibly bonding in a pH-
sensitive manner.**

Here, we report on the design and development of novel
mussel-inspired polymer-coated SPIONs incorporating the
anticancer drug BTZ to deliver a combination of both
hyperthermia and chemotherapy. We have applied a slightly
different approach to introduce multiple catecholic groups
along the polymeric chains by using a biocompatible
copolymer poly (2-Hydroxyethyl methacrylate-co-dopamine
methacrylamide) p(HEMA-co-DMA) (abbreviated as HEDO)
synthesized via radical polymerization to easily accommodates
that can bind with metal

nanoparticles as well as the borate-containing anticancer drug

several anchoring groups
BTZ. Thus the prepared drug-loaded magnetic nanoparticles
will act as the hyperthermic agents by delivering heat when an
alternating magnetic field is applied and as chemotherapeutic
agents by releasing the borate-containing anticancer drug BTZ
bound to the catechol moieties in a pH-dependent manner.

2. Experimental Section

2.1.  Materials: Iron(lll) acetylacetonate [Fe(acac)s], 1,2-
hexadecanediol (90%), oleic acid, oleylamine (70%), benzyl
ether (98%), methacryloyl chloride, sodium borate (99.5%),
sodium  bicarbonate(99%), 3,4-dihydroxyphenethylamine
hydrochloride, 2-Hydroxyethyl methacrylate,
azobisisobutyronitrile, tetrahydrofuran (THF),
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dimethylformamide (DMF), dimethyl sulfoxide (DMSO)
ethanol , hexane, diethyl ether, methylene chloride were
purchased from Sigma Aldrich, South Korea.

2.2. Synthesis of Iron oxide nanoparticles (IONPs®
Monodisperse iron oxide nanoparticles were synthesized b-
carrying out the high-temperature reduction/decomposition
of metal acetylacetonate35 with some modifications. Th :
amount of surfactants and solvent used in the reaction were
adjusted to control the size of the particles produced durir
one-step reduction/decomposition. In a typical experiment, a
one pot reaction was carried out with metal precurscr
Fe(acac)3(2 mmol), 1,2-hexadecanediol (10 mmol), surfactants
[oleic acid (6 mmol) and oleylamine (6 mmol)], and solvent
[benzyl ether (10 ml)] under a nitrogen flow. The mixture wa.
heated to 200 °C for 2 h with nitrogen gas flow protection, an .
the mixture was then further heated to 300 °C for 1h.
mixture black in color was obtained and was allowed to coc’
down to room temperature. The MNPs were precipitated b,
adding ethanol and were separated via centrifugation.
black product was again dispersed in hexane with oleic acid
(~0.05 mL) and oleylamine (~0.05 mL). Centrifugation (4
rpm, 20 min) was applied to remove the undispersed residue,
and the product was precipitated with ethanol. This wast...
procedure was repeated at least 3 times, and the as obtaine '
MNPs were dried at 40 °C in a vacuum and were stored in =~
sealed glass vial at 4°c.

2.3. Synthesis of dopamine methacrylamide (DMA -
Dopamine methacrylamide (DMA) was prepared and
characterized according to a modified method derived from
previously reported strategy.36 A gray powder with a yield ot
85% was obtained as the product, and the structure of tk :
monomer was confirmed via '"H-NMR. Deuterated dimethy!
sulfoxide (d-DMSO) was used as a good solvent for the pur »
monomer. '"H-NMR (400 MHz, DMSO, 273 K), 6.4-6.6(3H, m.
Ph), 5.5 (1H, d, CH2=C), 5.25 (1H, d, CH=C-), 3.3 (2H, q, CH: -
NH-), 2.5 (2H, tr, CH2-Ph), 1.8 (3H, s, CH2 C-).

2.4.  Synthesis and Characterization of p(HEMA-co-DNV'
abbreviated as HEDO: 42 mmol of 2-Hydroxyethy,
methacrylate and 8.4 mmol of DMA monomers were added to
a 50 mL round bottom flask containing 30 mL of DMF unde:
nitrogen gas. After 20 min of nitrogen bubbling, 120 mg ¢~
azobisisobutyronitrile was added to the flask, and the soluf®
was heated up to 70 °C and stirred overnight. Next, th
solution was added drop wise to 400 mL of diethyl ether whil
stirring to precipitate the synthesized copolymer. The purifie”
copolymer was dried overnight in a vacuum oven at roor.
temperature. A white solid was obtained with a yield of 62%
The synthesized samples were analyzed using "H-NM®
spectroscopy, and the results are illustrated in Figure S1 of thr
Supporting Information. The copolymer consisted of relative.
short chains with a molecular weight of about 2800 Da.

2.5.  Synthesis of Iron oxide nanoparticles functionalize.!
with HEDO, abbreviated as HEDO-Fe30,: The as-obtained oleic
acid-stabilized  nanoparticles were re-dispersed int)
dimethylformamide (DMF) to form the dispersion at a
concentration of 1 mg particles/ml of solvent. In the next step
a 20 wt.% copolymer solution (in DMF) was added drop v
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into the nanoparticle suspension (1: 2 v/v) under constant
mechanical stirring at 500 rpm in order to initiate the ligand
exchange between the oleic acid and the catechol groups. This
suspension was kept at room temperature for 24 h under
constant mechanical stirring. Excessive dispersants were
removed by washing the suspension several times with
double-distilled water in order to obtain the bio inspired
HEDO-Fe3;0,4 nanoparticles.

2.6. Preparation of the HEDO-Fe30,- BTZ nanoparticles: The
HEDO-Fe30,-BTZ nanoparticles were prepared by using the
following procedure. A fixed amount of BTZ (2 mM) was added
to a 20 wt.% solution of HEDO in dimethylformamide, and the
solution was kept overnight in a shaking incubator at room
temperature to initiate complexation between the catechol
functionalities and the boronic acid active site of BTZ. A known
concentration of oleic acid-stabilized Fe;0,4 nanoparticles in 1
ml DMF was added into the obtained HEDO-BTZ suspension
while applying constant mechanical stirring at 500 rpm in
order to initiate ligand exchange between the oleic acid and
the unreacted catechol groups. This suspension was kept at
room temperature for 24 h under constant mechanical
stirring, and in the next step, the precipitate was magnetically
separated, washed with pH 7.4 water and subsequently stored
at 4 °C until further use. The drug concentration in the
supernatant was measured by capturing the UV spectra of BTZ
with a previously-obtained calibration curve with a dilution
series. The amount of drug incorporated into HEDO-Fe30,4 was
estimated at 60% through the following equation.”’

% Entrapment efficiency

Initial concentration of drug — Drug content in the supernatant 100
= X

Initialconcentration of drug

The possibility of complexation between boron and catechol
groups in an aprotic solvent has been previously studied in
other works,38‘ 3and the availability of catechol moieties for
further surface functionalization of the SPIONs was evaluated
using UV-VIS photospectroscopy, as shown in Figure S4 of the
supporting information.

2.7.  Characterization of the nanoparticles: The H-NMR
spectra were recorded in dimethyl sulfoxide (DMSO) with a
Bruker AM 400 spectrometer (400 MHz). The molecular
weight (Mw) and molecular weight distribution (Mw/Mn) of
the copolymer samples were determined by using a size
exclusion chromatography (SEC) system equipped with a
refractive index detector (PL-GPC110, Polymer laboratories).
X-Ray powder diffraction analysis was carried out on a Rigaku
X-ray diffractometer (Cu Ka, k= 1.54059 A) over Bragg angles
ranging from 20° to 80°. The size, morphology and
crystallography of the as synthesized Fe;0, nanoparticles as
well as the HEDO-Fe3;0, nanoparticles was investigated via
transmission electron microscopy (TEM, JEOL JEM, Japan), and
the corresponding SAED (specific area electron diffraction)
pattern was also studied. The size distributions of the
nanoparticles were also confirmed by using a DLS instrument

This journal is © The Royal Society of Chemistry 20xx

(Brookhaven Instruments Corporation). The bonding
configurations of the samples were characterized by means of
their FTIR spectra using a Paragon 1000 Spectrometer (Per’’
Elmer). The elemental composition and the surface state c¢”
the samples were checked via X-ray photoelectro:
spectroscopy (XPS, AXIS-NOVA, Kratos, Inc.) with an Al X~
irradiation source, and the magnetic characterization we .
carried out on a physical property measurement system
(PPMS, model 6000).

2.8. In vitro Hyperthermia studies of HEDO-Fe;O, and SAk
measurement: The alternating magnetic field (AMF) induce 1
heating in HEDO-Fe30,4, and this behavior was studied by
measuring the time-dependent rise in temperature of the
samples when an AMF generated from an alternating
magnetic field generator (OSH-120-B, OSUNG HITECL,
Republic of Korea) was applied at room temperature
Different concentrations of HEDO-Fe;0, (0.5, 1, 2 and 3 mg’
were dispersed in 1 ml of MilliQ water in an Eppendorf tube
which was then placed at the center of a water-coc’
induction coil made of copper with an inner diameter of 60
mm (three turns). The strength and frequency of the magn
field were adjusted to 12.57 kA/m and 293 kHz, respectively.
The samples were heated for 600 s, and the heal.
characteristics were automatically recorded using type- "~
thermocouples and a real-time data acquisition system (N
DAQR, National instrument, USA) with the Lab VIEW progran
Before each experiment, the temperature was calibrated ar !
stabilized for 10 min. The heating efficiency of the samples
was quantified by calculating the specific absorption rat:
(SAR), following the procedure that was described earlier.””
The SAR values were calculated using the equation

SAR=C (AT) !
o \a

Mmagn

where C is the sample-specific heat capacity calculated as the
mass-weighted mean value of magnetite and water. The he~*

capacity of magnetite is not considered in the current stuu,
since it is present at a low concentration, and hence the heat
capacity for water (4.186 J g'K™) is considered as the heat
capacity of the sample. 4L AT/At is the initial slope of the time

dependent temperature curve, which is initially obtained f~-
60 s once after the magnetic field is switched on since the
curve follows a linear relationship in this regime. The value ¢ f
Mmagn iS considered as the amount of magnetite per tote'
amount of magnetite and water.

2.9. Kinetics of the pH-dependent drug release: The pH-
dependent drug release from HEDO-Fe3;0,-BTZ is analyzed Lk «
performing a procedure that is quite similar to that used te
measure Odrug entrapment efficiency. In a typical procedur:

a predetermined suspension of drug-loaded nanoparticles was
made in Phosphate-buffered saline (PBS) buffer at differer ¢
pH levels, including physiological (pH 7.4) and acidic (pH 5)
conditions, and these samples were placed in a shakir
incubator at 37 °C. At different time intervals, 1 ml of the
release solution (PBS) were taken out and replaced with 1 mi

of fresh PBS in order to maintain a constant volume. -
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amount of BTZ that was released was quantified by capturing
the UV-visible absorption spectra (HP 8453 UV-vis
spectroscopy system, Germany) at a wavelength of 270 nm.
Triplicate samples were used to ensure accuracy.

2.10. In vitro cell culture studies: Murine fibroblast (NIH3T3),
murine squamous carcinoma (SCC7), and murine colon
carcinoma (CT-26) cell lines were purchased from ATCC®
(Manassas, VA USA).

2.10.1. Biocompatibility  study of HEDO-Fes;O,: The
biocompatibility of HEDO-Fe;0, against NIH3T3 cells was
evaluated by using an MTS assay. The cells were seeded into a
96-well plate at a density of 10* cells /well. The cells were
cultured for one day in an incubator with a humidified CO,
atmosphere at 37 °C. HEDO-Fe;0, was added to the cells in
triplicate in order to analyze the cytocompatibility for
different concentrations of HEDO-Fe3;0,4, ranging from 0.01
pug/ml to 100 pg/ml. The cells were incubated for 24 hours
after treatment, and then 20 ul of MTS reagent were added to
each of the treated wells and were incubated for 4 hours.
Finally, the absorbance at 490 nm was measured using a
microplate reader.

2.10.2. Intracellular localization study of HEDO-Fe3;0,: The
intracellular localization of the nanoparticles is very important
in order to effectively deliver the cancer therapy. Therefore,
the intracellular uptake of the HEDO-Fe;0, nanoparticles was
investigated via Prussian blue staining in CT-26 and SCC7 to
qualitatively verify the specific uptake in the cancer cells. CT-
26 and SCC7 cells (5 x 10° cells/well) were seeded in an 8-well
chamber slide (Lab-Tek2, Utah,USA) supplemented with
DMEM and RPMI medium (Thermo Scientific, Utah, USA),
respectively. Both contained 10% FBS and 1% penicillin—
streptomycin, and the cells were kept at 37 °C overnight in a
humidified 5% CO, atmosphere. After 24 hours, both cell
samples were washed twice with PBS to remove the medium.
In order to study the intracellular localization of the
nanoparticles on both cell lines, 25 pg/ml of HEDO-Fe;0, were
added and incubated for another 2 hours. The cells were fixed
with 4% PFA for 15 min, and each well was supplemented with
100 pl of 4% potassium ferrocyanide (ll) trihydrate and 4% HCI
solution (in PBS) and was then incubated for an additional 20
minutes. The cells were counter-stained with a nuclear fast
red stain, and the images were collected with an inverted light
microscope.

2.10.3. In vitro hyperthermia study using HEDO-Fe;0,4-BTZ:
The synergistic effects of HEDO-Fe30,-BTZ were evaluated on
SCC7 cell lines in the absence and presence of an AMF. The
cytotoxicity of the HEDO-Fe3;0,-BTZ nanoparticles was
determined by conducting an MTS assay. SCC7 cancer cells
were seeded at a density of 5x10” cells into 24 well plates and
were cultured in DMEM medium in an incubator with a
humidified 5% CO, atmosphere at 37 °C. After 24 h of
incubation, 1 mg/ml of HEDO-Fe;0,-BTZ was added to the
cells, and the samples were incubated for 6 more hours with
an additional set of blank cells kept as controls. HEDO-Fe30,-
BTZ was administered into SCC7 cells to assess the
improvement in therapeutic efficacy resulting from combined
hyperthermia and chemotherapy. The samples were divided

4| J. Name., 2012, 00, 1-3

into treated (AMF on), untreated (AMF off), and control
groups. One set (in triplicate) of plates containing the treated
adherent cells was exposed to AMF for 10 min (12.57 Oe, 2~
kHz) in a sterile environment while the untreated sample (i’
triplicate) was isolated into a mini petri dish for the sam-
period of time to cancel out the environmental effect on ~e'!
death. After the hyperthermia treatment on all samples, fres |
RPMI media was added and incubated in a 24-well plate again
for 30 minutes in an incubator with a humidified 5% CC,
environment at 37 °. After 1 day, 50 pl of MTS reagent
(Promega, USA) were added to each of the wells, and the plat :
was incubated for an additional 4 hours. The absorbance at
490 nm was then measured using a microplate reader. The
procedure was repeated for day 3 & 5.

2.10.4. Live/dead assay: A qualitative analysis of the in vitr .
hyperthermia was conducted by performing a live/dead ce’
cytotoxicity assay (Molecular Probes, USA). SCC7 cells wer
seeded at a density of 5x10* cells in a 24-well plate with .
coverslip and were cultured in RPMI medium in an incubs
with a humidified 5% CO, environment at 37 °C. After one dav
of incubation, 1 mg/ml of HEDO-Fe304-BTZ was added,

the samples were incubated for an additional 6 hours. The
treated coverslip was isolated, washed three times with wi.. ..
PBS, and subjected to hyperthermia for 5 minutes afte
optimizing the hyperthermia temperature. The untreater
coverslip was kept separately in a mini petri dish in a
incubator with a humidified 5% CO, environment at 37 °C i
order to rule out environmental effect on cell death for the
duratino of the hyperthermia treatment. 1 day after th:
hyperthermia had been administered, the HEMA-DOPA
sample was treated with 200 pl of calcein AM (4 pM) an
ethidium homodimer (0.5 puM) dissolved in PBS for 30 minutes
at room temperature. The coverslip containing the cells we
viewed directly under a fluorescent microscope at a standard
fluorescein band pass filter for calcein and Texas Red ™ dy:
filter for ethidium homodimer. The apoptosis-inducing effect
of HEDO-Fe;0, and HEDO-Fe;0,-BTZ was qualitativ-’,
evaluated by using a Magic Red caspase detection kit that uses
a red fluorogenic substrate for caspases 3 and 7. The treated
cells (24 h post hyperthermia), were further incubated with
Magic Red caspase detection kit for 45 mins.

2.11. In vivo tumor inhibition study using HEDO-Fe304-E™~
The anticancer efficacy of HEDO-Fe;0,-BTZ induced by th
thermo-chemotherapy was further tested in vivo. In viv
experiments were performed in accordance with th
guidelines of the Ethics Committee of the Chonnam Nationc
University Medical School (CNU IACUC-H-2011-5). Athymi
mice (nu/nu-ncr, Balb/c mice, 5-6 weeks old, 20-25 g) wer *
obtained from Jungang Lab Animal, Inc., Korea. In a typice’
procedure, the mice were subcutaneously injected with SCC*
cancer cells (1x106 cells), and we waited until the tumor size
grew to 100 mm?>. The mice were randomly allocated into
three experimental groups of 3 rats each (n=3). The first group
was used as control, i.e., without any treatment. The secon |
and third groups were injected with HEDO-Fe30,4-BTZ in PBS
solution (40 mg/kg) via an intra-tumour route, and they were
divided into treated (AMF on) and untreated groups (AMF ¢

This journal is © The Royal Society of Chemistry 20xx
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The anticancer efficacy was analyzed by administering
hyperthermia to the mice in the treated group by placing the
mouse in the middle of a water-cooled magnetic induction coil
and applying an AC magnetic field (293 kHz at 12.57 kA/m) for
10 minutes after reaching the hyperthermia temperature at
the tumour. The hyperthermia treatment was repeated twice
by following the same procedure with a three-day interval
between each treatment. After three cycles of hyperthermia,
the tumour degradation was evaluated by measuring the
tumour weight and tumour volume of the groups. The tumour
volume was measured using a digital Vernier caliper (Mitutoyo
Corp., Kawasaki, Japan) and was calculated by using the
following equation42

Volume = length xwidth?® /2.
The tumor was then excised and weighed (Kent Scientific,
Connecticut USA), and the weight (grams) was plotted against
the control.

3. Results and Discussion

Monodisperse iron oxide nanoparticles (IONPs)
synthesized by the thermal decomposition method as
described earlier®. Synthesis of biocompatible multiple
catecholic groups presenting copolymer p(HEMA-co-DMA),
abbreviated as HEDO has been carried out by radical
polymerization and the characterization were performed
(Figure S1 of the Supporting Information). The as prepared
mussel inspired copolymer has been utilized for the surface
functionalization of the IONPs by immobilizing the catechol
moieties present in the polymer onto the surface of the Fe;0,4
nanoparticles through the metal ligand exchange to form a

were

thin layer of coating. Thus the resulting bio inspired magnetic
nanoparticles are abbreviated from here onwards as HEDO-
Fes;0,.

Figure 1. TEM images of (A) Fe;0, (inset SAED) and (B) HEDO-
Fe30, (inset SAED)

The crystal structures of the Fe;0, and HEDO-Fe;O, were
analyzed using powder X-ray diffraction XRD patterns (Figure
S2 of the Supporting Information) and found that the
diffraction peaks appeared were in good agreement with the
characteristic peaks of standard magnetite crystal. The size
and shape of the Fe;0, and HEDO-Fe3;0, nanoparticles were
inspected via transmission electron microscopy (Figure 1), and
both nanoparticles were observed to possess uniform
distribution with a spherical morphology. The size of the Fe;0,
nanoparticles were found to be less than 15 nm, and the
polymer coated HEDO-Fe;O, nanoparticles exhibited a very

This journal is © The Royal Society of Chemistry 20xx
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small increase in their diameter of around 3-5 nm. The DLS
results also verified these observations (Figure S3 of
Supporting Information). This is due to the thin layer
polymer coating formed as a result of the immobilization ¢~
the catechol moieties present in the polymer onto the surfac-
of the Fe;0,4 nanoparticles through metal ligand exchange.
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Figure 2. FTIR spectra of A) HEDO and B) Fe;0, & HEDO-Fe;0,
and XPS of C) HEDO & D) HEDO-Fe30,

FTIR was performed in the spectral range between 500 an~’
4000 cm™ for HEDO, Fe;0, and HEDO-Fe;0, in order t:
analyze the bonding between HEDO and Fe;04 nanoparticles
(Figure 2A & B). The FTIR spectrum of HEDO-Fe30, is near. *
identical to that of pure HEDO. However, in comparison to the
FTIR spectrum of HEDO, a strong absorption band can b
identified at 580 cm™’, and this band is assigned to thr
vibrations of the Fe—O group. The existence of the bondin -
between Fe;0, nanoparticles and polymeric chains was
confirmed, and in addition, the IR spectrum for HEDO-Fe i,
shows that phenclic C-O-H stretching vibrations (1290 cm™)
of the catechol groups in HEDO significantly decrease after
ligand exchange with Fe30,4, indicating an oxidation of th.
catechol moiety to a quinone strructure.

The XPS spectrum of the HEDO-Fe;0, nanoparticles vwus
compared to that of pure HEDO (Figure 2C&D). The surfac .
chemical composition of HEDO-Fe30, was confirmed via XP_
measurements, and as expected, the XPS data for HEDO on',
exhibited Cls (284.7 eV), Ol1s (531 eV), and N1s (399 eV,
peaks while the Fe;0,4-binding on HEDO can be seen from th .
binding energy peaks of Fe2p3/2 and Fe2p1/2 at 711.1 eV an.
724.6 eV, respectively, which is in agreement with th .
reference values for Fe304,43 XPS is a surface-sensitive
technique since it probes the outermost 5-10 nm of th

sample.44 Therefore, an XPS analysis also confirmed th:
presence of a thin HEDO layer coated onto the Fe;0,.
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Figure 3. (A) Field-dependent magnetization of Fe;0, and
HEDO-Fe;0,, (B) AMF-induced heating ability of HEDO-Fe30,
at different concentrations.

The magnetic properties of Fe;O, and HEDO-Fe;O, were
investigated by measuring magnetization as a function of the
applied field at 300K (Figure 3A). Both types of nanoparticles
were found to exhibit superparamagnetic behavior with no
coercivity or remanence. Fe;0, and HEDO-Fe;0, were also
observed to display high saturation magnetization values with
magnetization values of 93.87emu/g and 85.3emu/g,
respectively. These high magnetization values are extremely
useful in administering magnetic hyperthermia as well as in
enabling targeting applications since the particles respond
rapidly to an external magnetic field.*> The magnetic field
dependent heating ability of HEDO-Fe;0, was measured at
various concentrations (Figure 3B) and found that 1 mg/ml of
HEDO- Fe3;0, reached a hyperthermic temperature of ~43 °C
within 600 s. The heating ability of 1 mg/ml HEDO- Fe;0, were
quantified by measuring the specific absorption rate (SAR)
from the time dependent heating curves, since the
concentration is optimized to use for hyperthermia
application. The SAR value obtained to be 181.31 W/g.

In order to prepare the smart Magnetic Nanoplatform for pH
responsive anticancer drug release and hyperthermia, the
borate-containing anticancer drug has been bound to the
magnetic  nanoparticle. The drug bound magnetic
nanoparticles (HEDO-Fe3;0,-BTZ) are prepared by the initial
mixing of the anticancer drug with HEDO to initiate the
complexation between catechol functionalities and boronic
acid active site of BTZ followed by adding IONPs to initiate the
ligand exchange between the oleic acid and the unreacted
catechol groups in the HEDO-BTZ suspension. The availability
of catechol moieties for further surface functionalization of
the SPIONs after mixing HEDO with BTZ was evaluated using
UV-VIS photospectroscopy (Figure S4 of the supporting
information).

The pH-sensitive binding of BTZ HEDO-Fe;0,
nanoparticles (HEDO-Fe30,-BTZ, was confirmed by observing
the release of BTZ in buffer solutions at different pH levels to
mimic the tumor environment (pH=5.0) and normal tissue or
blood (pH=7.4). As illustrated in Figure 4, the release of BTZ
from the HEDO-Fe3;0,4-BTZ nanoparticles was pH dependent.
During a 12 h period, ~20% of the BTZ was released from the
HEDO-Fe;0,-BTZ nanoparticles that were kept at a pH of 7.4
while 86% of the BTZ was observed to be released at a pH of 5.
These results clearly indicate the pH-dependent drug release
of HEDO-Fe;0,-BTZ nanoparticles. This behavior is a result of

onto
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the pH-dependent BTZ dissociation from the catechol-
presenting HEDO-Fe30,4-BTZ nanoparticles. The complexation
between BTZ and the catechol groups present in the HEL °

Fe;0, dissociate at a low pH, which contributes to the smar’
drug release, while at physiological pH or higher, the HEDC:
Fe;0,-BTZ nanoparticles are inactive, resulting in a minim:r
drug release. Therefore, this smart chemotherapeut :
platform can be considered to be unique in such a way that it
is inactive in normal tissue but allows BTZ activity to kL :
triggered in cancerous tissue, where the pH is low. This
behavior has the potential to reduce the side effects cause 1
by the early release of chemotherapeutic agents during
circulation, thus improving specific drug delivery.
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Figure 4. BTZ release from HEDO-Fe;0, —BTZ nanoparticles
over time in buffers at two different pH values pH 5.0, and 7.4

Biocompatibility is an important factor to consider before 1
material is used in any biological application. Fe;0,
nanoparticles are well known to be promising candidates fc -
use in biomedical applications because they possess excellent
biocompatibility and stability in a physiological environment. ’
We used an MTS assay to investigate the biocompatibility ot
different concentrations of HEDO-Fe3;0, in murine fibrob'-
(NIH3T3) cell lines after 1-day, 3 day and 5 day period o
incubation. The cell viability for HEDO-Fe3;0, was almost equal
to that of control for all concentration ranges from 0.01 mg/mn’
to 5 mg/ml, even after 5 days of incubation (Figure 5), whic.
confirmed its excellent biocompatibility.

The cellular uptake of HEDO-Fe;0, nanoparticles we

observed via Prussian blue staining, as shown in Figure 5 B&t
Prussian blue staining is an efficient method to qualitativel
analyze the uptake of iron oxide nanoparticles that are staine.
blue. Here we observed that, murine squamous carcinom-
(SCC7), and murine colon carcinoma (CT-26) cell line-
exhibited an increased uptake of HEDO-Fe;0, nanoparticle
after a short incubation time of 2 hours. Moreover the intt

cellular uptake of HEDO-Fe3;0, nanoparticles was almost the
same in both cell lines, which indicate that no specific uptak.
mechanism is involved for the uptake of HEDO-Fe;0, and both
cancer cell lines had an equal chance to uptake tk 2
nanoparticles. This can be explained by the small size of the
nanoparticles. Thus the improwved uptake without specificitv
towards a specific cancer cells makes HEDO-Fe;0,; q

This journal is © The Royal Society of Chemistry 20xx



suitable for use in clinical application in a wide range of cancer
types.

LA ) B Control B0 1mg [ 2mg
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Figure 5. A) In vitro biocompatibility of HEDO-Fe;0, taken at
different concentrations, B&C) Intracellular localization of
HEDO-Fe;0, by Prussian blue staining in B) CT-26 (murine
colon cancer) and C) SCC7 (murine head and neck cancer).

After the biocompatibility and intra cellular uptake of HEDO-
Fe;0, nanoparticles was confirmed, the applicability of the
mussel inspired magnetic nanoparticles for generating the
localized anticancer effects in response to an AMF was
investigated. The anticancer efficacies were tested on SCC7
cell lines and compared in three scenarios, which include
hyperthermia alone (HEDO-Fe;0,, AMF on), drug alone
(HEDO-Fe304-BTZ, no AMF) and combined hyperthermia and
chemotherapy (HEDO-Fe3;0,-BTZ, AMF on) and the cell
viabilities were tested at 24 hour after hyperthermia
application (Figure. 6).
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Figure 6. A) In-vitro anticancer effects of HEDO-Fe30,4-BTZ on
SCC7 cell lines.

This journal is © The Royal Society of Chemistry 20xx

It was found that the average viabilities of the treated cells are
decreased considerably after the treatments. In hyperthermia
alone group, accounted for the: death of a significant amou
of cells (16 %) even after a 10 minute of AMF exposure
whereas the chemotherapy alone group accounted a 26% ¢~
cell death due to the cancer cell specific BTZ release after 27
hour of incubation compared to the control sample. /.
expected, cell death due to the combination of hyperthermia
and chemotherapy was found to be 80% due to the synergist :
effect of both hyperthermia and chemotherapy. Compared to
the hyperthermia alone group and chemotherapy alor :
group, the combination therapy group exhibited an enhancea
anticancer efficacy. This may be due to the physiological effect
of mild hyperthermia, which facilitate the HEDO-Fe;0,-BT.
extravasation in cancer cells, which bring about the enhance .
drug accumulation along with effective hyperthermia Y7 Thes
results prove the enhanced anticancer efficacy of HEDO-Fe;0
BTZ, in combination with hyperthermia.

i
20 pm

Figure 7. A-F) Live/dead assay displaying the localize"
anticancer effect. A-E) cells stained with calcein and B-F) cells
stained with ethidium homodimer. A&B) Hyperthermia alor 2
sample (HEDO-Fe;0,, AMF on), C&D) Chemotherapy alone
sample (HEDO-Fe;0,-BTZ), A&D) sample, E&F) combinatio
therapy sample (HEDO-Fe3;0,-BTZ, AMF on).

J. Name., 2013, 00, 1-3 | 7



The effects of the combined scenario in
comparison to hyperthermia alone and chemotherapy alone
were further confirmed by performing a live/dead cell
cytotoxicity assay, as shown in Figure 7. The cell viability was
assessed using calcein AM staining, and found that the
hyperthermia alone or chemotherapy alone samples were
found to have minor effects in terms of their cell viability
relative to the combined scenario, as evidenced by the green
fluorescence. This was further examined by a dead assay using
an ethidium homodimer. For the dead assay, the red
fluorescence intensity of the combination therapy applied
samples was higher than that of the other samples, indicating
greater ethidium homodimer uptake through the damaged
cell membrane and nucleic acid attachment. The results are in
good agreement with the results of the in vitro study. Cell
death in chemotherapy alone can be accounted by the drug
cytotoxicity while the enhanced cell death in the combined
hyperthermia and chemotherapy applied samples can be the
result of the synergistic effect of hyperthermia along with the

drug release. This further confirmed the therapeutic efficacy
of HEDO-Fe30,4-BTZ to be applied for the combination therapy

for cancer.

anticancer

—
20pm

Figure 8. Magic Red TM assay showing the apoptosis-inducing
effect (red fluorescence). A) Hyperthermia alone (HEDO-
Fe304, AMF on), B) Chemotherapy alone (HEDO-Fe;0,4-BTZ),
and C) Combined application of hyperthermia and
chemotherapy (HEDO-Fe3;0,4-BTZ, AMF on).

Several studies have shown that the efficient eradication of
cancer cells are caused by the apoptosis induced cell death
mechanism when mild hyperthermia and chemotherapy
applied 8 47. %8 Therefore we set out to detect the apoptosis
inducing ability of the mussel inspired magnetic nanoparticles
in hyperthermia alone, chemotherapy alone and the
combined scenario using a Magic Red caspase detection kit
since caspases 3 and 7, play central roles in triggering
apoptotic processes in mammalian cells® (Figure 8). Magic
Red™ Caspase 3 and 7 Assay Kits measure apoptosis-
associated DEVDase enzyme activity in living, intact cells.
Hyperthermia alone samples (HEDO-Fe;0,, AMF on) and
chemotherapy alone samples (HEDO-Fe;0,-BTZ, AMF off)
displayed a weak red fluorescence (Figure 8A&B) relative to
the combined hyperthermia and chemotherapy samples
(HEDO-Fe;0,-BTZ, AMF on) (Figure 8C). The weak red
fluorescence in the hyperthermia alone and chemotherapy
alone samples designate that there is a small change in the
cellular apoptotic activity due to hyperthermia alone and
chemotherapy alone. On the other hand the strong red

8| J. Name., 2012, 00, 1-3

fluorescence throughout the cytoplasm exhibited by the
combined sample indicated that the HEDO-Fe;0,-BTZ
significantly enhanced the activation of the caspases in
cancer cells through the synergistic effect of bot’
hyperthermia and chemotherapy. This may be due to th-
enhancement of drug cytotoxicity by the mild hyperthermi-
application.47 The results suggest that the thermii
improvement of the chemotherapeutic effects along with the
concurrent application of hyperthermia significantly induce f
apoptotic activity in the combined group, resulting in
synergistic antitumor effects. Based on the promising resul’ s
obtained from the in vitro studies, we evaluated the potentiai
anticancer efficacy of the bio inspired smart HEDO-Fe;0,-BT£
nanoparticles for the in vivo (Figure 9). Mice werc
subcutaneously injected with SCC7 cancer cells (1x106 cells,
and we waited until the tumor size became 100 mm?>. Th
mice were randomly allocated into three experimental group
of 3 rats each (n=3), namely control, the treated group and th.
untreated group. The control group was maintained as s
without any treatment. The treated (AMF On) and untreated
groups (AMF Off) were injected through an intra-tumourrc_ __
with HEDO-Fe3;0,-BTZ in PBS solution (40 mg/kg). The
enhanced effects of the combined hyperthermia with d._
release were determined by treating the one group (treate '
group) with hyperthermia for 10 minutes on day 1 by placin~
the mouse in the middle of a water-cooled magnetic inductio
coil. The AC magnetic fields (293 kHz at 12.57 Oe) wer
controlled in order to maintain a constant temperature
around the tumour, and the same procedures were furthe -
repeated two times after three days intervals.

Repeated hyperthermia application was found to hav:
improved the therapeutic efficacy, and thus, after three cycles
of hyperthermia therapy, the tumour degradation we s
evaluated by measuring the weight and volume of the tumour
(Figure 9). The samples treated through both hypertherm 1
and drug delivery exhibited a drastic reduction in the weight
and the volume of the tumour relative to both that of *' _
untreated samples and control. The results clearly indicate
that the treated samples showed an improvement in the
tumour reduction compared to both that of the untreater
samples and control; which is in close agreement with the i.
vitro results. The synergistic antitumor effects of HEDO-Fe: ™
BTZ treated groups can be attributed due to the improvemer”
in cellular uptake as well as the direct cytotoxicity of repeate '
application of hyperthermia along with the enhancement ¢’
drug cytotoxicity.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. A) Photos of the tumors in mice collected from
different groups at the end of the treatments (day 8). (A1-A3)
Samples from the control group (n=3), (B1-B3) Samples from
the untreated (AMF off) group (n=3), (C1-C3) Samples from
the treated (AMF On) group (n=3) , B-C) Average B) volumes
and C) weights of tumors collected from different groups of
mice at the end of treatments.

4. Conclusions

In conclusion, a smart nanoplatform that is responsive to a
magnetic field to administer both hyperthermia and pH-
dependent anticancer drug release in a cancer environment
has been successfully developed and applied for synergistic
anticancer treatment. A mussel-inspired surface
functionalization has been carried out using a biocompatible
copolymer poly (2-Hydroxyethyl methacrylate-co-dopamine
methacrylamide) p(HEMA-co-DMA) accommodating several
anchoring groups to produce highly stable HEDO-Fe304
nanoparticles. The resulting catechol moieties present in the
functionalized SPIONS are exploited for the complexation of
anticancer drug BTZ, in a pH-dependent manner to form
HEDO-Fe;0,-BTZ. The anticancer effect of HEDO-Fe304-BTZ
on SCC7 cell lines was evaluated and found that the synergistic
effect of chemotherapy and hyperthermia enhanced the
anticancer effect in SCC7 cells. Thus the HEDO-Fe304-BTZ
offered the capability to administer as a thermo-
chemotherapy agent to improve anticancer effects, even at a
very low concentration. Furthermore, HEDO-Fe;0,-BTZ
showed excellent antitumor efficacy in in vivo cancer
treatment study. Thus the BTZ incorporated bio-inspired
smart magnetic nanoparticles can act as a safe and effective
platform for synergistic anticancer treatment of various types
of cancers in the future by acting as both hyperthermic agent
that delivers heat when an alternating magnetic field is
applied while the BTZ-bound catechol moieties act as
chemotherapeutic agents by providing pH-dependent drug
release. Even though the present study concentrates on
surface tumors, active targeting can be easily employed in the
HEDO-Fe;0,-BTZ nanoparticles for the synergistic anticancer
treatment for deeply existing
functionalization.

tumors by further

This journal is © The Royal Society of Chemistry 20xx
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