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Abstract: Metastatic oral squamous cell carcinoma (SCC) displays a poor disease prognosis with
a 5-year survival rate of 39%. Chemotherapy has emerged as the mainstream treatment against
small clusters of cancer cells but poses more risks than benefits for metastatic cells due to the
non-specificity and cytotoxicity. To overcome these obstacles, we conjugated antibodies specific
for matrix metalloproteinase-1 (MMP-1), a prognostic biomarker of SCC, to iron-gold bimetallic
nanoparticles (FeAu NPs) and explored the capability of this complex to target and limit SSC cell
growth via magnetic field-induced hyperthermia. Our results showed that 4.32 & 0.79 nm sized
FeAu NPs were superparamagnetic in nature with a saturation magnetization (Ms) of 5.8 emu/g
and elevated the media temperature to 45 °C, confirming the prospect to deliver hyperthermia.
Furthermore, conjugation with MMP-1 antibodies resulted in a 3.07-fold higher uptake in HSC-
3 (human tongue squamous cell carcinoma) cells as compared to L929 (fibroblast) cells, which
translated to a 5-fold decrease in cell viability, confirming SCC targeting. Finally, upon magnetic
stimulation, MMP-1-FeAu NPs conjugate triggered 89% HSC-3 cellular death, confirming the efficacy
of antibody-conjugated nanoparticles in limiting SCC growth. The synergistic effect of biomarker-
specific antibodies and magnetic nanoparticle-induced hyperthermia may open new doors towards
SCC targeting for improved disease prognosis.

Keywords: oral squamous cell carcinoma; cancer theranostic; iron-gold bimetallic nanoparticles;
matrix metalloproteinase-1; magnetic hyperthermia

1. Introduction

Oral cancer is a common term for malignant tumors that occur in the oral cavity;
about 90% of them are squamous cell carcinoma [1]. It is reported that oral cancer occurs
in different parts of the mouth, such as the buccal mucosa (32%), tongue (22%), lower lip
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(11%), palate (11%), the vestibule (8%), alveolus (5%), floor of the mouth (5%), and gingiva
(3%) [2,3]. The major risk factors for oral cancer include an unhealthy lifestyle, immune
system suppression, genetic factors, chronic trauma, and human papillomavirus [4]. The
lifestyle factors that are associated with the risk of developing oral cancer are smoking,
betel nut or tobacco chewing, and poor oral hygiene [5,6]. According to the statistics of the
Ministry of Health and Welfare and the National Cancer Agency, every year about 7000
new cases are reported and about 3000 people die because of oral cancer, among which 90%
are male [3,7]. The current treatments for oral cancer include surgery, radiation therapy,
and taking anticancer drugs [8,9]. Recently, magnetic hyperthermia therapy (MHT) has
gained increasing attention owing to its non-invasiveness, high effectiveness, excellent
tissue penetration, and cost effectiveness [10-12]. This treatment modality makes use of
small magnetic nanoparticles (MNPs), that not only display surface effect and quantum
size effect but also have superparamagnetic properties [13,14]. MNPs have a larger surface
area which facilitates their modification by antibodies to enhance tumor specificity while
reducing toxicity towards the surrounding tissues. The metabolism of tumor cells is
comparatively faster than that of normal cells making the former more reactive to any
change in pH and surrounding temperature [15,16]. It has been reported that cancer cells
are destroyed at temperatures in the range of 41-45 °C while healthy cells can withstand
these temperatures. Upon excitation with an alternating magnetic field (AMF), MNPs are
capable of transforming electromagnetic radiation (EMR) to heat, and the heat generated
can be utilized to destroy cancer cells [17,18]. The inner region of the MNPs has an internal
resistance, and the current flow through the tissue causes energy loss, thereby generating
heat to target cancer cells. Hence, MNPs can be utilized as carriers of hyperthermic
treatment for cancers [19,20].

The bimetallic nanoparticles are more efficient than the corresponding single metal
component nanoparticles due to their chemical and physical diverse properties. FeAu
NPs have multifunctional characteristics, including optical and magnetic properties [21].
Furthermore, the presence of gold allows for the ease of functionalization with biomolecules
such as nerve growth factor, as shown by Yuan et al. [22]. Other attractive properties of
using FeAu bimetallic nanoparticles include their ability to degrade into smaller particles
in a physiological environment which facilitates their clearance by the body [23]. Finally, as
shown by Song et al., the presence of Au allows functionalization with polymeric materials
for the formation of amphiphilic nanomaterials [24]. In this study, FeAu bimetallic NPs
were prepared by the thermal pyrolysis method. We previously found that FeAu NPs are
capable of generating 1.33 x 10° ] of heat energy per mole in the presence of high-frequency
induction waves (HFIW) [25,26]. Moreover, FeAu bimetallic NPs prepared by this method
have excellent biocompatibility, superior optical properties, superparamagnetic effects, and
suitable monodispersity in water, and can be easily functionalized with sulfur-containing
biomolecules [21,27]. FeAu bimetallic NPs are an excellent choice for magnetic guidance,
and magnetothermal therapy [28]. Thus, the matrix metalloproteinase-1 (MMP-1) antibody
was modified on the surface of FeAu bimetallic NPs to act as a target for MMP-1 targeting
high concentrations in and out of oral cancer cells. The matrix metalloproteinases (MMPs),
zinc-dependent endopeptidases are primarily involved in remodeling of extracellular
matrix (ECM) [29,30]. MMP-1 is also known as interstitial collagenase and fibroblast
collagenase, which is responsible for the digestion of type I, II, and III natural fibrillar
collagen in the extracellular environment [31,32]. According to previous research, the high
expression of MMP-1 in cancer is relevant, as it is particularly helpful during the invasion
and metastasis of tumor cells [33-36]. Thus, we present a novel approach to conjugate
MMP-1 antibodies for targeting oral carcinoma cells followed by their cellular death via
magnetothermal treatment.
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2. Materials and Methods
2.1. Material and Characterization

Didecyldimethyl ammonium bromide (DDAB), toluene 99%, C¢HsCHj, ferrous sul-
fate heptahydrate (FeSO4-7H,0), sodium borohydride (NaBHy4) 99.9%, tetrachloroauric
(IIT) acid trihydrate (HAuCly-4H,0), 3-mercapto-1-propanesulfonic Acid 90%, absolute
ethanol 99.9%, L-cysteine, cysteamine, and all other chemicals of analytical grade were
purchased from Sigma or Merck. EDC, Sulfo-NHS, and MES Buffer were obtained from
R&D Systems. MMP-1 antibody was acquired from R&D Systems. Transmission elec-
tron microscopy (TEM, JEM2100F/JEOL/, Tokyo, Japan) was used for the morphological
analysis of FeAu NPs and MMP-1 antibody-conjugated FeAu NPs. The particle size and
surface potential of nanoparticle-peptide conjugation were studied using Image J and
Zetasizer (JEM2100F/JEOL/, Tokyo, Japan), respectively. X-ray diffraction (XRD) spec-
troscopy (X'Pert® powder/PANalytical/, Almelo, The Netherlands) was used to observe
the crystalline structure of the FeAu NPs while the composition was confirmed using
energy dispersive X-ray spectroscopy (EDS). FTIR (FT720/Horiba/, Kyoto, Japan) and
raman spectroscopy (DongWoo) studies were used to confirm the conjugation of MMP-1
antibodies with FeAu NPs. Magnetic properties were analyzed using a superconducting
quantum interference device (SQUID; MPMS3/Quantum Design/, San Diego, CA, USA).

2.2. Synthesis of Iron-Gold (FeAu) Bimetallic NPs

FeAu bimetallic NPs were prepared via thermal pyrolysis method. Ferrous sulfate
heptahydrate (FeSO4-7H,0) and tetrachloroauric (III) acid trihydrate (HAuCly-4H;O)
were used as the Fe and Au precursors, respectively. Toluene was used as a solvent,
didecyldimethyl ammonium bromide (DDAB), and sodium borohydrate (NaBH4) were
used as protecting and reducing agents, respectively. Initially, 20 mL of toluene containing
0.16 mM of dodecyl dimethyl was taken in a three-necked flask. Meanwhile, N, gas was
passed into the solvent to expel excess oxygen, and the temperature was maintained at
110 °C using a thermocouple thermometer under constant magnetic stirring for 15 min.
After that, 0.08 mM of FeSO,-7H,0 was dissolved in 1 mL of DI water and injected into
the above solvent. The color of the solution changed and turbidity appeared. After 2 min,
1 mL of 0.015 M NaBH, was added to the solution to reduce Fe, which was confirmed
by observing the formation of a black suspension. Stirring was continued for another
20 min. Later, 21.2 mM of 3-fluorenyl-1-propane sodium sulfate was dissolved in 0.013 M
of HAuCly-4H,0, and the color of the solution was observed to change from yellow to
colorless. This colorless Au solution was injected into a three-necked bottle and the color
of the solution turned red. A total of 1.5 mL of 0.015 M NaBH, was added to the mixture
to reduce HAuCl,-4H,O to Au. At this time of injection, the solution displayed a purple
color, slowly turning into a light reddish color. The solution was then stirred for 30 min.
Next, 1 mL of 0.515 M NaBH, was again injected into the same solution, and the stirring
was stopped. The temperature of the solution was maintained at 84 °C for 3 h. Finally, the
synthesized product was separated via centrifugation at 9000 rpm for 15 min and washed
with ethanol. After centrifugation, the FeAu MNPs were collected using 4000 G magnet
and dried for 4 h using a vacuum pump.

2.3. Surface Modification and Synthesis of MMP-1 Antibody Conjugated FeAu NPs

For surface modification, L-cysteine (L-cys) and FeAu NPs were taken in 1:10 weight
percent, dispersed in a weakly alkaline solution containing 30 mL of water and 1 mL of 1 M
NaOH. The above solution was stirred for 24 h at 25 °C to ensure that L-cys successfully
modified the FeAu NPs through the formation of bonds between sulfur of L-cys and Au of
FeAu NPs. For conjugation of MMP-1 antibodies to FeAu NPs, 10 mg of FeAu NPs and
1 mg of MMP-1 antibodies were added into 20 mL PBS (pH 7.4) and then stirred for 24 h
under an inert atmosphere. The mixture was ultrasonicated until a uniform dispersion was
formed. Subsequently, the dispersion was centrifuged at 4000 rpm for 20 min and repeated
several times to remove unbound MMP-1 antibodies. Finally, MMP-1 antibody-conjugated
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FeAu NPs were magnetically collected using a 4000 G magnet and dispersed in PBS. The
antibody-nanoparticle conjugates were dried using a vacuum pump.

2.4. Magnetic Stimulation-Induced Concentration-Dependent Temperature Elevation

The ability of NPs to generate heat with various concentrations was studied using an
alternating magnetic field (AMF, 700-1100 KHz) for 10 min. For this, NPs were prepared
with different concentrations (0.5, 1, 2.5, 5 mg/mL) in water.

2.5. Cell Culture

Mouse fibroblasts (L929) and human oral squamous cell carcinoma (HSC-3) were used
for in vitro experiments in this study. L929 and HSC-3 cells were cultured in Dulbecco’s
modified eagle medium (DMEM) and modified eagle medium (MEM), respectively. Cells
were cultured in T75 flasks in an incubator maintained at 37 °C, with a 5% CO, atmosphere.
Cells were passaged every 2 to 3 days.

2.6. In Vitro Cytotoxicity Analysis

In vitro cytotoxicity was evaluated using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. A total of 5 mg/mL MTT reagent was prepared
and stored at 4 °C in dark. First, the stock solution was diluted 10-fold using the culture
medium. The cells were seeded at a density of 5 x 10* cells/mL in 24-well plates for
24 h to evaluate the in vitro cytotoxicity of FeAu or MMP-1 antibody conjugated FeAu
NPs. After 24 h of incubation, culture media was removed and cells were washed twice
using pre-warmed PBS. 50 puL of MTT reagent in a 0.5 mL culture medium was added to
cells and incubated for 4 h in a dark environment. After 4 h, MTT reagent was removed
from the culture medium and 1 mL of DMSO was added to dissolve the purple crystals.
After shaking using a rotary shaker at 100 rpm for 10 min, 200 uL was taken from each
experimental group and transferred to 96-well plates. Absorbance was measured at 570 nm.
A total of 0.1 g of Teflon was taken as a negative control, 0.1 g latex was taken as a positive
control, and DMEM medium was used as a blank. Cell viability was calculated using the
following formula:

Cell viability — Absorbance (Sample) — Absorbance (Blank)
Y= Absorbance (Control) — Absorbance (Blank)

x 100 1)

2.7. The Evaluation of Cell-Specific MMP-1 Antibody-Conjugated FeAu NPs Ingestion

MMP-1 antibody-conjugated FeAu NPs were used in this experiment. The cells were
seeded at a density ot 3 x 10° cells/mL into a 35 mm petri dish with 1 mL of culture
solution and cultured in an incubator for 24 h. The next day, the purified FeAu NPs and
MMP-1 antibody-conjugated FeAu NPs were irradiated with UV light for 30 min. MEM
was configured to a concentration of 100 ug/mL; 1 mL was added into the petri dish and
incubated for 0.5 and 2 h. After washing three times with PBS, 0.5 mL of trypsin-EDTA was
added to each well. After the cells were purified via centrifugation, 1 mL of concentrated
nitric acid was added to the cells. Then DI water was added to the media for a 10-fold
dilution, and the iron concentration was measured using inductively coupled plasma
atomic emission spectrometry (ICP-AES).

2.8. The Effect of Magnetic Field-Induced Hyperthermia on HSC-3

To understand the therapeutic effect of magnetic field-induced hyperthermia on oral
cancer cells, HSC-3 cells were cultured in a 35 mm culture dish with a cell density of
3 x 10° cells/mL for 24 h. After 24 h, the culture solution was removed and discarded.
FeAu NPs and MMP-1-FeAu NPs were sterilized using UV light for 30 min and then diluted
in culture medium at a concentration of 100 ug/mL. A total of 1 mL of this concentration
was added to each culture dish. The cells were incubated with FeAu NPs and MMP-1-FeAu
NPs for 4 h. After 4 h, samples were subjected to alternating magnetic field stimulation
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(AMF) for 0, 5, 10, and 15 min, and then placed in the incubator for 24 h. On the third day,
MTT reagent was added in a darkened environment. After 4 h, the reagent was removed
and 1 mL of DMSO was added to each well and placed on an orbital shake at 100 RPM for
10 min. Later, 200 pL of the solution from each dish was transferred to a 96-well plate. The
absorbance was measured at 570 nm using an ELISA reader.

2.9. Analysis of Nanoparticle Ingestion Using Bio-TEM

Bio-TEM analysis was performed to estimate the intracellular localization of MMP-1
antibody-conjugated FeAu NPs or lone FeAu NPs. HSC-3 cells were seeded at a density
of 3 x 10° cells/mL in 2 wells of a multi-well culture plate. The cells were allowed to
attach and grow for 24 h. The next day, the purified FeAu NPs and MMP-1 antibody-
conjugated FeAu NPs were irradiated with UV light for 30 min. MEM was configured to a
concentration of 100 ug/mL and added to each well containing HSC-3 cells for 24 h. The
cells were kept in a fixative solution containing paraformaldehyde (2%) and glutaraldehyde
(2.5%) in 0.1 M cacodylate. Subsequently, the samples were dipped in PBS buffer followed
by dehydration and then vacuum drying. The intracellular location of nanoparticles was
analyzed using TEM.

2.10. In Vivo Mouse Model for Evaluation of Anti-Cancer Treatment

A total of 15 4-week-old Balb/c Nude mice (weight = 18-22 g) were employed for
this study. The animals were acclimatized for at least one week prior to the experiment.
The experiments were carried out at MacKay Memorial Hospital with their guidelines to
the care and use of animals. All the protocols for animal study and use were approved by
the affiliated Institutional Animal Care and Use Committee (IACUC) under the affidavit
no. MMH-A-5-108-16. The animals had ad libitum access to standard rat chow and
water at all times. For surgical anesthesia, zoletil 50 (Virbac, Carros, France) was injected
intraperitoneally at a dosage of 20 mg/Kg.

2.11. The Measurement of Tumor Growth in Nude Mice

To monitor the suppression of tumor growth in xenograft model mice, 4 week-old fe-
male immuno-deficient nude mice (Balb/c Nude) were used. HSC-3 cells (10* cells/uL/mice)
were injected subcutaneously into the hind limbs. The animals were acquired from Bi-
oLASCO Taiwan Co., Ltd. (Taipei, Taiwan), and kept in a specific pathogen-free (SPF)
environment at the Laboratory Animal Unit.

2.12. The Growth of HSC-3 Cells Was Inhibited by Magnetic Hyperthermia Therapy

When the tumor volume reached around 40 mm?, the mice were randomly divided
into three groups (n = 5 for each group) and intratumorally injected with FeAu NPs
(0.2 mg/200 uL), antiMMP1-FeAu NPs (0.2 mg/200 pL) suspended in PBS, and PBS alone
(control group). For the next 2 h, NPs were allowed to penetrate in tumor tissue via
phagocytosis (the process by which a cell engulfs solid particles). Hereafter, to inhibit
the tumor growth via the NPs injected, we used an alternating magnetic field (AMF,
700-1100 kHz) for 10 min. The average tumor volume was measured and recorded every
3 days for a period of 30 days after magnetic hyperthermia treatment.

2.13. Statistics

All experiments were performed at least thrice using nanoparticles. Student’s two-
tailed ¢-test was used to identify if the difference between experimental groups was statis-
tically significant. The level of significance was set as 0.05 or 0.01. p-values < 0.05 were
denoted with * and p-values < 0.01 were denoted with **.
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3. Results and Discussions
3.1. The Characterization of FeAu Nanoparticles

The morphological characteristics and particle size distribution of FeAu NPs and
MMP-1 antibody-conjugated FeAu NPs were investigated by TEM and analyzed using
Image J. The TEM image of the FeAu NPs showed a spherical structure (Figure 1a). In
the case of MMP-1 antibody-conjugated FeAu NPs, similar spherical FeAu particles were
observed without the agglomeration of NPs (Figure 1b). The average particle size of FeAu
NPs was observed to be 4.32 £ 0.79 nm (Figure 1c). Additionally, the average particle
size of MMP-1 antibody-conjugated FeAu NPs was 4.98 & 1.23 nm, as shown in Figure 1d.
TEM-EDS analysis was performed to further understand the compositional ratio of FeAu
NPs. EDS analysis highlighted that (Figure 1e and Table 1), the weight percentage of Fe and
Au obtained were 18.40 and 81.60 wt.%, respectively. Additionally, the ratio of theoretical
weight percentage and the molar ratio of Fe and Au were found to be close to 1:1, as shown
in Table 2.

(a) (b)
3

(c) (d)

30 Mean = 4.32 = 0.79 20 Mean = 4.98 = 1.23

0 @0
o o2
1] 8 154
§ 2 5
Q Q
= 5 10
& &
o 104 E-]
£ E 5
3 3
z z

0- 0-

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 3 4 5 6 7 8 9 10
Nanoparticle size (nm) Nanoparticle size (nm)

(e)

Figure 1. The characterization of FeAu and MMP-1 antibody-conjugated FeAu NPs. (a) TEM micro-
graph of FeAu NPs, (b) TEM micrograph of MMP-1 antibody-conjugated FeAu NPs, (c) size distribu-
tion of FeAu NPs, (d) size distribution of MMP-1 antibody-conjugated FeAu NPs, and (e) elemental
composition of FeAu NPs analyzed using EDS analysis.

Table 1. Elemental distribution analysis using EDS.

Element Weight% Atomic%

Fe 18.40 44.29
Au 81.60 55.71
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Table 2. Molar ratio analysis using ICP.

Element Atomic% Molar Ratio%
Fe 49 0.96
Au 51 1.04

X-ray diffraction spectroscopy was used to analyze the crystalline phase of the FeAu
bimetallic NPs (Figure 2a). The XRD pattern of FeAu bimetallic NPs shows the main
peaks at 26 value at 44.67° and 65.02° corresponding to the crystal plane of (110) and
(200), which is due to the body-centered cubic (BCC) structure of Fe (JCPDS 00-006-0696)
and multiple peaks at 38.28°, 64° and 77.77° which correspond to the crystal planes of
(111), (220) and (311), indicating the face-centered cubic (FCC) structure of Au (JCPDS
03-065-2870). Moreover, no additional peaks were observed for iron oxide, confirming the
successful formation of FeAu bimetallic NPs.

(a) (b)
=
—_— @
3 g
3 ‘ Iron (JCPSD 00-006-0696) g
g Gold (JCPSD 03-065-2870) g
£ 1 1 (S
I Iron oxide (JCPSD 00-026-1136)
l L 1 1 l l i
30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
20 Wavelength (em-1)
(c) —Fea (d)
antiMMP1-FeAu , 283nm =—MMP-1
’4 — FeAu
e MMP-1-FeAu
5 8
& §
z g
a 8
2 2
£
R
e R e
250 300 3% 00 350 200 300 400 500 GO0 700 800

Raman shift (cm™1) Wavelength (nm)

Figure 2. Confirmation of MMP-1 conjugation to FeAu nanoparticles. (a) X-ray diffraction pattern of
FeAu NPs, (b) FTIR pattern of FeAu and FeAu-Cys, (c¢) Raman spectra before and after FeAu NPs
modification, and (d) UV-Vis spectrum of FeAu NPs before and after MMP-1 antibody modification.

3.2. The Confirmation of FeAu-Cys NPs Formation

FTIR was performed to confirm the conjugation of cysteine to FeAu NPs (Figure 2b).
As can be seen in Figure 2b, upon comparing the spectra before and after modification,
the band generated at 1000~1078 cm ™! is due to CO (stretch) and the absorption band at
1580~1710 cm ! is due to the C=0 signal, confirming the successful surface modification
of FeAu NPs by cysteine. As can be seen from the Raman spectra (Figure 2c), FeAu-Cys
NPs exhibit absorption peaks at 290 cm ™! to 330 cm ™!, which is the absorption peak of
Au-sulfur bonding. It occurs as a result of bond formation between the Au of NPs and
the -SH group of cysteine, which further confirms the surface modification of FeAu NPs
by cysteine. UV-Vis analysis was performed to investigate the conjugation of the MMP-1
antibody to FeAu NPs. From the UV-vis spectra (Figure 2d), it can be seen that the MMP-1
antibody has an absorption peak at a wavelength of 280 nm. Further, the UV-vis spectrum
of MMP-1 antibody-conjugated FeAu NPs exhibits the characteristic absorption peak of
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MMP-1 antibody at a wavelength of 283 nm confirming successful conjugation of the
MMP-1 antibody to FeAu NPs.

3.3. Confocal Analysis

It is known through UV-Vis spectroscopy that FeAu NPs have an absorption peak
at 600 nm. After exciting FeAu NPs with a laser light source at a wavelength of 515 nm,
confocal microscopy was performed using different wavelength filters, as shown in Figure 3.
Fluorescent images were obtained while using filters for 600 & 37 nm and 530 + 43 nm.
Among them, intense red fluorescence was observed with 600 = 37 nm laser light source
(Figure 3b), indicating the fluorescence of FeAu NPs, which could be used to determine the
fluorescent images of subsequent biological samples.

(b)

(d)§

Figure 3. Confocal images of FeAu in different filters under 515 nm laser. (a) Null, (b) 600 & 37 nm,
(c) 530 £ 43 nm, (d) 440 + 40 nm.

3.4. Analysis of Magnetic Properties of FeAu NPs and MMP-1 Antibody-Conjugated FeAu NPs

The magnetic properties of nanoparticles were evaluated using SQUID. The ZFC/FC
curve showed the maximum at 140 K, which was the block transition temperature (TB). At
temperatures lower than TB, the magnetization direction of the NPs is not consistent, and
the amount of magnetization decreases with the temperature. The ferromagnetic substances
loses its spontaneous magnetic moment and changes from an ordered ferromagnetic phase
to a disordered paramagnetic phase (Figure 4a). The hysteresis curve passes through
the origin, and there is no coercive force or residual magnetism, indicating that both
FeAu NPs and MMP-1 antibody-conjugated FeAu NPs exhibit superparamagnetism; the
saturation magnetization values of FeAu NPs and MMP1-FeAu NPs were found to be 5.8
and 6.5 emu/g, respectively, indicating that MMP-1 antibody conjugation had little effect
on the saturation magnetization (Figure 4b).
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Figure 4. Magnetic properties of FeAu NPs as analyzed using SQUID. (a) ZFC/FC curve of FeAu NPs
and MMP1-FeAu NPs (M-T curve), (b) hysteresis curves of FeAu NPs and MMP1-FeAu NPs (M-H
curve) and (c) temperature elevation of the solution with the addition of different concentrations of
FeAu NPs and stimulation with AMF over 10 min.

3.5. Heat Generation upon Magnetic Field Stimulation

The main reason for using FeAu NPs in this study is their ability to generate hyperther-
mia upon magnetic stimulation. Importantly, cancer cells are more sensitive to heat than
healthy cells. Furthermore, the cancer cells exhibit abnormal behavior or cellular death at
temperatures ranging between 39-43 °C whereas healthy cells can survive temperatures as
high as 46 °C [37]. For this experiment, FeAu NPs with different concentrations (0.5, 1, 2.5,
and 5 mg/mL) were diluted in 1.5 mL DI water and exposed to AMEF. The results revealed
the relationship between the concentration of the NPs and the temperature elevation. At
the concentration of 2.5 mg/mL, the solution temperature increased to 43.8 °C, elucidating
the fact that a small concentration of the NPs is enough to and required to target cancer
cells (Figure 4c). Furthermore, the temperature elevated to 45 °C at 5 mg/mL concentration
of NPs, indicating that FeAu NPs are good carriers for magnetic heat therapy of cancer.

3.6. In Vitro Cytotoxicity Analysis

MTT assay was performed to evaluate in vitro cytotoxicity, which showed that both
FeAu and MMP-1 antibody-conjugated FeAu NPs exhibited maximum bio-compatibility
with a cell viability of 50% even at a concentration of 1 mg/mL (Figure 5a). No signifi-
cant difference in the cell viability of L929 fibroblast cells was observed with Fe-Au and
MMP1 antibody-conjugated FeAu NPs, indicating that MMP1 conjugation did not elevate
cytotoxicity of the nanoparticles. Thus, MMP-1-FeAu NPs were considered suitable for
further experiments. The present study aims to target HSC-3 cells using MMP1 antibody-
conjugated FeAu NPs. Hence, the cell viability was evaluated by incubating HSC-3 cells
in the presence of FeAu/MMP1-FeAu NPs and it was observed that the cell viability was
inversely proportional to the concentration of Fe-FeAu/MMP1-FeAu NPs (Figure 5a).
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Moreover, the cell viability was decreased to almost 50% with MMP1-FeAu NPs at a con-
centration of 250 ug/mL. Notably, this concentration is one-fourth of the concentration
used to evaluate L929 cell viability (1 mg/mL), demonstrating that the MMP1-FeAu NPs
exhibit significant and specific cytotoxicity against HSC-3 carcinoma cell.
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Figure 5. Cell responses of FeAu NPs and MMP-1 antibody-conjugated FeAu NPs. (a) Cellular viabil-
ity of L929 and HSC-3 by the MTT assay (n = 3); (b) bio-TEM micrographs of human oral squamous
carcinoma incubated with FeAu and MMP1-FeAu over different time periods; (c¢) quantification
of cellular uptake of FeAu NPs and MMP1-FeAu NPs in HSC-3 cells and L929 cells analyzed by
ICP-AES, (d) FeAu NPs and MMP1-FeAu NPs stimulated magnetically.

3.7. Analysis of Nanoparticle Ingestion Using Bio-TEM

We anticipated that the conjugation of MMP-1 antibody to FeAu NPs would enhance
the cellular uptake of MMP-1-FeAu NPs, resulting in increased cell death. Therefore, time-
based Bio-TEM was performed to verify the qualitative visualization of FeAu NPs and
MMP-1-FeAu NPs endocytosis. As shown in Figure 5b, the Bio-TEM results showed the
visibly enhanced ingestion of MMP-1 antibody conjugated FeAu NPs by HSC-3 cells as
compared to FeAu NPs.
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3.8. The Effects of NP-Mediated Hyperthermia on HSC-3 Cells

The uptake of FeAu NPs and MMP-1 antibody-conjugated FeAu NPs by HSC-3 and
L929 fibroblast cell lines was analyzed using ICP-AES (Figure 5c). The result revealed that
cellular uptake of MMP-1 antibody-conjugated NPs was higher (1.27-fold) than that of
FeAu NPs. To investigate the effect of FeAu NPs-generated hyperthermia on the HSC-3
cell death, we incubated the cells with FeAu NPs and MMP-1 antibody-conjugated FeAu
NPs, and stimulated both experimental groups with an external magnetic field. The time-
based stimulation method was followed to determine the ideal time for which magnetic
field exposure is needed to attain cancer cell death. As can be seen in Figure 5d, the cell
survival rates of the FeAu NPs and MMP1-FeAu NPs groups decreased with increased
magnetothermal treatment time. After 15 min of magnetic stimulation, the percentages of
viable cells in FeAu NPs and MMP-1 antibody-conjugated FeAu NPs groups were 18% and
11%, respectively.

3.9. The Effects of NP-Mediated Magnetic Hyperthermia Therapy on Nude Mice

To study the therapeutic effects of NP-mediated magnetic hyperthermia on cancer cells,
an in vivo mouse model of cancer was used, as described above. The human squamous-cell
carcinoma (SCC) cells were injected subcutaneously into the hind limbs.

When the tumor volume reached around 40 mm?, the mice were randomly divided
into three groups (N = 5 for each group) and intratumorally injected with FeAu NPs
(0.2 mg/200 uL), antiMMP1-FeAu NPs (0.2 mg/200 pL) suspended in PBS, and PBS alone
(control group). Further, after phagocytosis for 2 h, phagocytosis is the process where a
cell engulfs the particle. Hereafter, to inhibit the tumor growth via the NPs injected, we
used an alternating magnetic field (AMF, 700-1100 kHz) for 10 min. The average tumor
volume was measured and recorded every third day for a period of 30 days after magnetic
hyperthermia treatment.

As shown in Figure 6 and Table 3, after 30 days of magnetic hyperthermia treatment,
the tumor volume was increased by 10.9% in the experimental group treated with PBS
only. In contrast, the tumor volume was reduced by 4.1% in the mice injected with FeAu
NPs. The tumor volume of the antiMMP1-FeAu NPs group was reduced by 16.8% which
highlights higher therapeutic efficacy of MMP-1-conjugated nanoparticles.

*k
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Figure 6. The in vivo anti-cancer effects magnetic heat after 30 days. (a) The tumor volume % of
original; (b) the tumor volume % of PBS (control groups). Statistical analysis was performed using
two-tailed student’s t-test and the level of significance was set at 0.05. * represents p-value < 0.05 and
** represents p-value < 0.01.
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Table 3. Tumor volume change in animal study by magnetic hyperthermia therapy.
Volume (mm?) Variation (%)

Original (before magnetic heat treat) 39.5+0.6 -

Control (magnetic heat treat after 30 day) 43.79 £1.5 +10.9
FeAu NPs (magnetic heat treat after 3787+ 1.0 41

30 day)

antiMMP1-FeAu NPs (magnetic heat 3088 + 13 _168

treat after 30 day)

Based on the experimental results, it can be concluded that while the magnetothermal
effect of FeAu NPs is sufficient for treating oral squamous tumors, FeAu NPs modified
with antiMMP1 have superior therapeutic effects.

4. Conclusions

In the present study, we have developed MMP-1 antibody-conjugated iron-gold
bimetallic NPs as a potential platform for hyperthermia-mediated cancer cellular death.
The FeAu NPs were proved to be superparamagnetic in nature and capable of generating
heat in a dose-dependent manner when exposed to AMF. Upon magnetic stimulation,
MMP-1-FeAu NPs conjugate triggered cellular death in 89% of HSC-3 cells, confirming the
efficacy of antibody-conjugated nanoparticles in limiting SCC growth. Further experiments
confirmed a higher uptake of MMP-1 antibody-conjugated FeAu NPs by HSC-3 cells as
compared to the L929 cells, confirming the efficacy of MMP-1-FeAu NPs in limiting SCC
growth. Moreover, as the conjugate material displays autofluorescence and endocytosis, it
might be used to diagnose cancers with a high concentration of MMP-1 in the future.

Author Contributions: M.-T.T.: Writing—original draft, Methodology, Formal analysis, Data Cu-
ration, Visualization, Writing—review and editing, Funding acquisition. Y.-S.S.: Writing—review
and editing, Methodology, Formal analysis, Data curation, Visualization. M.K.: Writing—original
draft, Methodology, Formal analysis, Data curation, Visualization, Writing—review and editing.
A K.P.: Writing—review and editing, Methodology, Formal analysis, Data curation, Visualization.
U.D.: Writing—review and editing, Methodology, Formal analysis, Data curation, Visualization.
Y.-H.C.: Investigation, Formal analysis, Data curation, Validation. C.-F.L.: Investigation, Formal
analysis, Data curation. M.H.: Resources, Formal analysis, Data curation. H.-Y.W.: Conceptualization,
Methodology, Supervision, Project administration, Funding acquisition, Writing—review and editing.
R.-J.C.: Conceptualization, Methodology, Supervision, Project administration, Funding acquisition,
Writing—review and editing. All authors have read and agreed to the published version of the
manuscript.

Funding: The authors are grateful for the financial supports of this research by the Ministry of Science
and Technology of Taiwan (MOST 110-2223-E-182-001-MY3; MOST 104-2221-E-027-061; MOST 107-
2221-E-027-014; MOST 108-2628-E-027-003-MY3), the National Taipei University of Technology-
Mackay Memorial Hospital Joint Research Program (NTUT-MMH-107-04, NTUT-MMH-108-08,
NTUT-MMH-109-04).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of MacKay Memorial Hospital (MMH-A-5-108-16).

Informed Consent Statement: Not applicable.

Acknowledgments: Technical assistance from Instrumentation Center of National Taiwan University
with the SQUID is appreciated. Technical assistance from the Precision Analysis and Material
Research Center of National Taipei University of Technology (Taipei Tech) is appreciated.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2022, 12, 61 13 of 14

References

1. Chen, Z.G. The cancer stem cell concept in progression of head and neck cancer. J. Oncol. 2009, 2009, 894064. [CrossRef]

2. Tahir, A.; Nagi, A.H.; Ullah, E.; Janjua, O.S. The role of mast cells and angiogenesis in well-differentiated oral squamous cell
carcinoma. J. Cancer Res. Ther. 2013, 9, 387.

3.  Oji, C; Chukwuneke, F. Poor oral hygiene may be the sole cause of oral cancer. |. Maxillofac. Oral Surg. 2012, 11, 379-383.
[CrossRef] [PubMed]

4. Bagan, J.; Sarrion, G.; Jimenez, Y. Oral cancer: Clinical features. Oral Oncol. 2010, 46, 414-417. [CrossRef]

5. Ong, T.; Murphy, C.; Smith, A.; Kanatas, A.; Mitchell, D. Survival after surgery for oral cancer: A 30-year experience. Br. J. Oral
Maxillofac. Surg. 2017, 55, 911-916. [CrossRef]

6. Vermorken, J.; Specenier, P. Optimal treatment for recurrent/metastatic head and neck cancer. Ann. Oncol. 2010, 21, vii252-vii261.
[CrossRef] [PubMed]

7. Haen, S.P; Pereira, PL.; Salih, H.R.; Rammensee, H.-G.; Gouttefangeas, C. More than just tumor destruction: Inmunomodulation
by thermal ablation of cancer. Clin. Dev. Immunol. 2011, 2011, 160250. [CrossRef]

8. Zhao, Q.; Wang, L.; Cheng, R.; Mao, L.; Arnold, R.D.; Howerth, EW.; Chen, Z.G.; Platt, S. Magnetic nanoparticle-based
hyperthermia for head & neck cancer in mouse models. Theranostics 2012, 2, 113. [PubMed]

9. Al Moustafa, A.-E. Development of Oral Cancer: Risk Factors and Prevention Strategies; Springer: Berlin/Heidelberg, Germany, 2017.

10. Li, Y;; Dhawan, U.; Wang, H.Y.; Liu, X.; Ku, H.H.; Tsai, M.T.; Yen, HW.; Chung, R.J. Theranostic Iron@ Gold Core-Shell
Nanoparticles for Simultaneous Hyperthermia-Chemotherapy upon Photo-Stimulation. Part. Part. Syst. Charact. 2019, 36,
1800419. [CrossRef]

11.  Christodoulou, E.; Nerantzaki, M.; Nanaki, S.; Barmpalexis, P.; Giannousi, K.; Dendrinou-Samara, C.; Angelakeris, M.; Gounari,
E.; Anastasiou, A.D.; Bikiaris, D.N. Paclitaxel Magnetic Core-Shell Nanoparticles Based on Poly (lactic acid) Semitelechelic Novel
Block Copolymers for Combined Hyperthermia and Chemotherapy Treatment of Cancer. Pharmaceutics 2019, 11, 213. [CrossRef]

12.  Yang, W.-H.; Xie, J.; Lai, Z.-Y,; Yang, M.-D.; Zhang, G.-H.; Li, Y,; Mu, ].-B.; Xu, J. Radiofrequency deep hyperthermia combined
with chemotherapy in the treatment of advanced non-small cell lung cancer. Chin. Med. . 2019, 132, 922. [CrossRef] [PubMed]

13. Ha, PT; Le, T.T.H.; Bui, T.Q.; Pham, H.N.; Ho, A.S.; Nguyen, L.T. Doxorubicin release by magnetic inductive heating and in vivo
hyperthermia-chemotherapy combined cancer treatment of multifunctional magnetic nanoparticles. New J. Chem. 2019, 43,
5404-5413. [CrossRef]

14. Bharath, G.; Rambabu, K ; Banat, F; Ponpandian, N.; Alsharaeh, E.; Harrath, A.H.; Alrezaki, A.; Alwasel, S. Shape-controlled
rapid synthesis of magnetic nanoparticles and their morphological dependent magnetic and thermal studies for cancer therapy
applications. Mater. Res. Express 2019, 6, 66104. [CrossRef]

15. Daboin, V.; Bricefio, S.; Sudrez, J.; Carrizales-Silva, L.; Alcald, O.; Silva, P; Gonzalez, G. Magnetic SiO2-Mn1-xCoxFe204
nanocomposites decorated with Au@ Fe304 nanoparticles for hyperthermia. . Magn. Magn. Mater. 2019, 479, 91-98. [CrossRef]

16. Farzin, A.; Hassan, S.; Emadi, R.; Etesami, S.A.; Ai, J. Comparative evaluation of magnetic hyperthermia performance and
biocompatibility of magnetite and novel Fe-doped hardystonite nanoparticles for potential bone cancer therapy. Mater. Sci. Eng.
C 2019, 98, 930-938. [CrossRef]

17.  Goswami, M.M.; Das, A_; De, D. Wetchemical synthesis of FePt nanoparticles: Tuning of magnetic properties and biofunctional-
ization for hyperthermia therapy. J. Magn. Magn. Mater. 2019, 475, 93-97. [CrossRef]

18. Gupta, R.; Sharma, D. Evolution of magnetic hyperthermia for glioblastoma multiforme therapy. ACS Chem. Neurosci. 2019, 10,
1157-1172. [CrossRef] [PubMed]

19. Dabbagh, A.; Hedayatnasab, Z.; Karimian, H.; Sarraf, M.; Yeong, C.H.; Madaah Hosseini, H.R.; Abu Kasim, N.H.; Wong, TW.;
Rahman, N.A. Polyethylene glycol-coated porous magnetic nanoparticles for targeted delivery of chemotherapeutics under
magnetic hyperthermia condition. Int. ]. Hyperth. 2019, 36, 104-114. [CrossRef]

20. Lachowicz, D.; Kaczyriska, A.; Wirecka, R.; Kmita, A.; Szczerba, W.; Bodzon-Kutakowska, A.; Sikora, M.; Karewicz, A.; Zapotoczny,
S. A hybrid system for magnetic hyperthermia and drug delivery: SPION functionalized by curcumin conjugate. Materials 2018,
11, 2388. [CrossRef]

21. Srinoi, P; Chen, Y.-T.; Vittur, V.; Marquez, M.D.; Lee, T.R. Bimetallic nanoparticles: Enhanced magnetic and optical properties for
emerging biological applications. Appl. Sci. 2018, 8, 1106. [CrossRef]

22. Yuan, M.; Wang, Y.; Qin, Y.X. Promoting neuroregeneration by applying dynamic magnetic fields to a novel nanomedicine:
Superparamagnetic iron oxide (SPIO)-gold nanoparticles bounded with nerve growth factor (NGF). Nanomedicine 2018, 14,
1337-1347. [CrossRef]

23. Torresan, V.; Forrer, D.; Guadagnini, A.; Badocco, D.; Pastore, P.; Casarin, M.; Selloni, A.; Coral, D.; Ceolin, M.; Fernandez van
Raap, M.B.; et al. 4D Multimodal Nanomedicines Made of Nonequilibrium Au-Fe Alloy Nanoparticles. Acs Nano 2020, 14,
12840-12853. [CrossRef]

24. Song,].; Wu, B,; Zhou, Z.; Zhu, G; Liu, Y.; Yang, Z.; Lin, L.; Yu, G.; Zhang, F.; Zhang, G.; et al. Double-Layered Plasmonic-Magnetic
Vesicles by Self-Assembly of Janus Amphiphilic Gold-Iron(II, III) Oxide Nanoparticles. Angew Chem. Int. Ed Engl. 2017, 56,
8110-8114. [CrossRef] [PubMed]

25.  Chung, R.-J.; Wang, H.-Y.; Wu, K.-T. Preparation and characterization of Fe-Au alloy nanoparticles for hyperthermia application.

J. Med. Biol. Eng. 2014, 34, 251-255. [CrossRef]


http://doi.org/10.1155/2009/894064
http://doi.org/10.1007/s12663-012-0359-5
http://www.ncbi.nlm.nih.gov/pubmed/24293926
http://doi.org/10.1016/j.oraloncology.2010.03.009
http://doi.org/10.1016/j.bjoms.2017.08.362
http://doi.org/10.1093/annonc/mdq453
http://www.ncbi.nlm.nih.gov/pubmed/20943624
http://doi.org/10.1155/2011/160250
http://www.ncbi.nlm.nih.gov/pubmed/22287991
http://doi.org/10.1002/ppsc.201800419
http://doi.org/10.3390/pharmaceutics11050213
http://doi.org/10.1097/CM9.0000000000000156
http://www.ncbi.nlm.nih.gov/pubmed/30958433
http://doi.org/10.1039/C9NJ00111E
http://doi.org/10.1088/2053-1591/ab0a85
http://doi.org/10.1016/j.jmmm.2019.02.002
http://doi.org/10.1016/j.msec.2019.01.038
http://doi.org/10.1016/j.jmmm.2018.11.024
http://doi.org/10.1021/acschemneuro.8b00652
http://www.ncbi.nlm.nih.gov/pubmed/30715851
http://doi.org/10.1080/02656736.2018.1536809
http://doi.org/10.3390/ma11122388
http://doi.org/10.3390/app8071106
http://doi.org/10.1016/j.nano.2018.03.004
http://doi.org/10.1021/acsnano.0c03614
http://doi.org/10.1002/anie.201702572
http://www.ncbi.nlm.nih.gov/pubmed/28557263
http://doi.org/10.5405/jmbe.1569

Nanomaterials 2022, 12, 61 14 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bafiobre-Lopez, M.; Teijeiro, A.; Rivas, ]. Magnetic nanoparticle-based hyperthermia for cancer treatment. Rep. Pract. Oncol.
Radiother. 2013, 18, 397-400. [CrossRef]

Gurav, D.; Varghese, O.P; Hamad, O.A.; Nilsson, B.; Hilborn, J.; Oommen, O.P. Chondroitin sulfate coated gold nanoparticles: A
new strategy to resolve multidrug resistance and thromboinflammation. Chem. Commun. 2016, 52, 966-969. [CrossRef]
Kalyane, D.; Raval, N.; Maheshwari, R.; Tambe, V.; Kalia, K.; Tekade, R.K. Employment of enhanced permeability and retention
effect (EPR): Nanoparticle-based precision tools for targeting of therapeutic and diagnostic agent in cancer. Mater. Sci. Eng. C
2019, 98, 1252-1276. [CrossRef] [PubMed]

George, A.; Ranganathan, K.; Rao, U.K. Expression of MMP-1 in histopathological different grades of oral squamous cell
carcinoma and in normal buccal mucosa—an immunohistochemical study. Cancer Biomark. 2010, 7, 275-283. [CrossRef] [PubMed]
Ruan, S.; Cao, X.; Cun, X.; Hu, G.; Zhou, Y.; Zhang, Y.; Lu, L.; He, Q.; Gao, H. Matrix metalloproteinase-sensitive size-shrinkable
nanoparticles for deep tumor penetration and pH triggered doxorubicin release. Biomaterials 2015, 60, 100-110. [CrossRef]
[PubMed]

Pereira, A.C.; do Carmo, E.D.; da Silva, M.A.D.; Rosa, L.E.B. Matrix metalloproteinase gene polymorphisms and oral cancer. J.
Clin. Exp. Dent. 2012, 4, €297. [CrossRef]

Chaudhary, A.K,; Pandya, S.; Mehrotra, R.; Bharti, A.C.; Jain, S.; Singh, M. Functional polymorphism of the MMP-1 promoter
(-1607 1G/2G) in potentially malignant and malignant head and neck lesions in an Indian population. Biomarkers 2010, 15,
684-692. [CrossRef]

Tang, M.-L.; Bai, X.-J.; Li, Y.; Dai, X.-J.; Yang, E. MMP-1 Over-expression Promotes Malignancy and Stem-Like Properties of
Human Osteosarcoma MG-63 Cells In Vitro. Curr. Med. Sci. 2018, 38, 809-817. [CrossRef] [PubMed]

Rao, V.H,; Singh, RK; Finnell, R H.; Dave, B.J.; Beuhler, B.A_; Sanger, W.G.; Schaefer, G.B. Matrix metalloproteinases and their
inhibitors in tumor invasion and metastasis. In Proceedings of the Indian Academy of Sciences-Chemical Sciences; Springer: New Delhi,
India, 1999; pp. 239-254.

Hadler-Olsen, E.; Winberg, J.-O.; Uhlin-Hansen, L. Matrix metalloproteinases in cancer: Their value as diagnostic and prognostic
markers and therapeutic targets. Tumor Biol. 2013, 34, 2041-2051. [CrossRef] [PubMed]

Pulukuri, S.M.K,; Rao, J.S. Matrix metalloproteinase-1 promotes prostate tumor growth and metastasis. Int. J. Oncol. 2008, 32,
757-765.

Hsu, S.P; Dhawan, U.; Tseng, Y.-Y.; Lin, C.-P; Kuo, C.-Y.; Wang, L.-F.; Chung, R.-]. Glioma-sensitive delivery of Angiopep-2
conjugated iron gold alloy nanoparticles ensuring simultaneous tumor imaging and hyperthermia mediated cancer theranostics.
Appl. Mater. Today 2020, 18, 100510. [CrossRef]


http://doi.org/10.1016/j.rpor.2013.09.011
http://doi.org/10.1039/C5CC09215A
http://doi.org/10.1016/j.msec.2019.01.066
http://www.ncbi.nlm.nih.gov/pubmed/30813007
http://doi.org/10.3233/CBM-2010-0191
http://www.ncbi.nlm.nih.gov/pubmed/21694466
http://doi.org/10.1016/j.biomaterials.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25988725
http://doi.org/10.4317/jced.50859
http://doi.org/10.3109/1354750X.2010.511267
http://doi.org/10.1007/s11596-018-1947-5
http://www.ncbi.nlm.nih.gov/pubmed/30594980
http://doi.org/10.1007/s13277-013-0842-8
http://www.ncbi.nlm.nih.gov/pubmed/23681802
http://doi.org/10.1016/j.apmt.2019.100510

	Introduction 
	Materials and Methods 
	Material and Characterization 
	Synthesis of Iron-Gold (FeAu) Bimetallic NPs 
	Surface Modification and Synthesis of MMP-1 Antibody Conjugated FeAu NPs 
	Magnetic Stimulation-Induced Concentration-Dependent Temperature Elevation 
	Cell Culture 
	In Vitro Cytotoxicity Analysis 
	The Evaluation of Cell-Specific MMP-1 Antibody-Conjugated FeAu NPs Ingestion 
	The Effect of Magnetic Field-Induced Hyperthermia on HSC-3 
	Analysis of Nanoparticle Ingestion Using Bio-TEM 
	In Vivo Mouse Model for Evaluation of Anti-Cancer Treatment 
	The Measurement of Tumor Growth in Nude Mice 
	The Growth of HSC-3 Cells Was Inhibited by Magnetic Hyperthermia Therapy 
	Statistics 

	Results and Discussions 
	The Characterization of FeAu Nanoparticles 
	The Confirmation of FeAu-Cys NPs Formation 
	Confocal Analysis 
	Analysis of Magnetic Properties of FeAu NPs and MMP-1 Antibody-Conjugated FeAu NPs 
	Heat Generation upon Magnetic Field Stimulation 
	In Vitro Cytotoxicity Analysis 
	Analysis of Nanoparticle Ingestion Using Bio-TEM 
	The Effects of NP-Mediated Hyperthermia on HSC-3 Cells 
	The Effects of NP-Mediated Magnetic Hyperthermia Therapy on Nude Mice 

	Conclusions 
	References

