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Abstract: Previously, iron core—gold shell nanoparticles (Fe@Au) have been shown to possess
cancer-preferential cytotoxicity in oral and colorectal cancer (CRC) cells. However, CRC cell lines
are less sensitive to Fe@Au treatment when compared with oral cancer cell lines. In this research,
Fe@Au are found to decrease the cell viability of CRC cell lines, including Caco-2, HT-29, and
SW480, through growth inhibition rather than the induction of cell death. The cytotoxicity induced
by Fe@Au in CRC cells uses different subcellular pathways to the mitochondria-mediated autophagy
found in Fe@Au-treated oral cancer cells, OECMI. Interestingly, the Caco-2 cell line shows a similar
response to OECM1 cells and is thus more sensitive to Fe@Au treatment than the other CRC cell
lines studied. We have investigated the underlying cell resistance mechanisms of Fe@Au-treated
CRC cells. The resistance of CRC cells to Fe@Au does not result from the total amount of Fe@
Au internalized. Instead, the different amounts of Fe and Au internalized appear to determine the
different response to treatment with Fe-only nanoparticles in Fe@Au-resistant CRC cells com-
pared with the Fe@Au-sensitive OECM1 cells. The only moderately cytotoxic effect of Fe@Au
nanoparticles on CRC cells, when compared to the highly sensitive OECM1 cells, appears to arise
from the CRC cells’ relative insensitivity to Fe, as is demonstrated by our Fe-only treatments. This
is a surprising outcome, given that Fe has thus far been considered to be the “active” component of
Fe@Au nanoparticles. Instead, we have found that the Au coatings, previously considered only as
a passivating coating to protect the Fe cores from oxidation, significantly enhance the cytotoxicity
of Fe@Au in certain CRC cells. Therefore, we conclude that both the Fe and Au in these core—shell
nanoparticles are essential for the anticancer properties observed in CRC cells.
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Introduction
With the development of nanomedicine, magnetic nanomaterials have great potential
for use as a combined therapeutic and diagnostic tool in medical applications, espe-
cially in cancer treatment.' In diagnostic applications, magnetic nanomaterials can
be detected by magnetic resonance imaging (MRI)** and X-ray computed tomography
(CT).’? In therapeutic applications, metallic nanomaterials can not only serve as drug
carriers,® but they can also be applied as thermotherapeutic probes under radial
high-frequency fields.” Among those current magnetic nanomaterials, iron oxide-
based nanoparticles have a key advantage with high biocompatibility.>*° Indeed, iron
oxide-based nanoparticles used as MRI contrast agents were among the first approved
clinical nanomaterials.'

Nevertheless, elemental iron has a much larger magnetic susceptibility than iron
oxides; therefore, it has immense potential if it is able to be stabilized in a nanoscale
form. As a result, Carpenter et al designed iron nanoparticles passivated by a gold
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coating in order to stabilize the iron core and delay its
oxidation.'"'? These iron core—gold shell nanoparticles (Fe@
Au) have been proposed for use as MRI contrast agents,'
CT contrast agents,'* molecular diagnostic tools,"* magnetic
guidable drug-carriers,'* and thermotherapeutic probes.'®
Intriguingly, our previous research demonstrated that Fe@Au
showed cancer-preferential cytotoxicity toward oral cancer in
vitro and in vivo, which was caused by the nonoxidized iron
in the nanoparticles.!” Furthermore, we determined that the
nanoparticles caused their cytotoxic effect in OECM 1 through
mitochondria-mediated autophagy.'® Similarly, Thurber et al'’
have demonstrated that Fe doping of ZnO nanoparticles
improved their ability to selectively kill leukemia cells. They
suggested that pure iron possesses potential as a cancer-
selective anticancer agent, in accordance with our results.
Although Fe@Au nanoparticles show a similar cancer-
preferential cytotoxicity in colorectal cancers (CRC), it
seems that CRC is much more resistant to Fe@Au treatment,
compared with oral cancer cells.'” However, the underlying
mechanism of CRC resistance to the Fe@Au treatment is
still unclear. Unraveling the puzzle of differential responses
of different cancer types to Fe@Au treatment should lead to
more efficient anticancer strategies in the future. Therefore,
the research presented here aims to investigate the differential
response of CRC to Fe@Au treatment. We first investigated
the underlying molecular mechanisms of the cytotoxicity
induced by Fe@Au in CRC and then explored the role of dif-
ferent elements in anticancer properties that we observed.

Materials and methods
Synthesis of Fe@Au and Fe nanoparticles

The core—shell structures were synthesized and character-
ized by using a sequential synthesis technique provided
by reverse micelles in a cetyltrimethylammonium bromide
(CTAB), n-butanol and water system.!”!8202* The Fe nano-
particles were synthesized by two microemulsion solutions
([water]:[detergent] = 2.54). Briefly, the size of the particles
was controlled by the molar ratio of the water to surfactant
(o = [H,0)/[CTAB]). The reaction process was carried out
under flowing argon gas. In the first step, two microemul-
sion solutions were prepared using 0.2 M FeSO, (aqueous
[aq]) (catalog number F8633, Sigma-Aldrich, St Louis,
MO, USA) and 0.5 M NaBH, (aq) (catalog number 480886,
Sigma-Aldrich), respectively, in a ratio of @ = 2.54. These
solutions were mixed together using a magnetic stirrer at a
speed of 260 rpm, and the solution turned black upon the
reduction of'the iron. In the second step, the shell of gold was
synthesized. Two additional micellar solutions were prepared

using 0.05 M HAuCl, (aq) (catalog number 254169, Sigma-
Aldrich) and 0.8 M NaBH, (aq), respectively, with @ = 3.8.
These solutions were purged by argon to minimize the oxy-
gen contamination caused during oxidation of the iron core.
These solutions were added to the reaction mixture from Step
1. In this case, the size of micelles in Step 2 solutions was
increased slightly (@ = 3.24), within the reaction mixture to
allow for the growth of gold shell on the core. The reaction
was stirred under flowing argon for 2 hours. The nanopar-
ticles were ultrasonically washed in argon-purged ethanol
three times and then magnetically collected. The particles
were then dried under vacuum and sealed in argon. The Fe
nanoparticles were synthesized in a similar way; however,
only two microemulsion solutions with 0.05 M of FeSO,
(aq) and 0.5 M of NaBH, (aq) were combined to form Fe
nanoparticles, as described in Step 1.2*? The Fe nanoparticles
were then washed and recovered in the argon-purged absolute
ethanol solutions for the following experiments.

Cell lines

The OECM1 cell line, established from a male Taiwanese oral
cancer patient with a betel nut chewing history,* was cultured
in Roswell Park Memorial Institute medium (RPMI) 1640
(catalog number 72400047, Invitrogen, Carlsbad, CA, USA),
supplemented with 10% fetal bovine serum (FBS) and anti-
biotic-antimycotic (AA) reagent (catalog number 15240-062,
Invitrogen). The human colorectal cancer cell lines Caco-2,
HT-29, and SW480 were obtained from American Type
Culture Collection (ATCC; Middlesex, UK). Caco-2 and
HT-29 cells were kept in Advanced Dulbecco’s Modified
Eagle’s Medium (catalog number 12491023, Invitrogen),
supplemented with 10% FBS, 2 mM of L-glutamine (catalog
number 35050079, Invitrogen), and 1XAA. The SW480 cells
were grown in L-15 (Leibovitz) medium (catalog number
11415-064, Invitrogen), supplemented with 10% FBS and
AA. For the media-substitution experiments, Caco-2, HT-29,
and SW480 were first cultured in a mixture of original culture
medium and RPMI 1640 in a ratio of 3:1 for 2 days, followed
by 1:1 for 2 days, and 1:3 for another 2 days. Then, the cells
were cultured in pure RPMI 1640 medium.

WST-1 cytotoxicity assay

To evaluate the cytotoxicity of Fe@Au nanoparticles, cells
growing in the log phase were seeded at a density of 5,000 cells
per well in a 96-well culture plate. Prior to each in vitro experi-
ment, particles were resuspended in phosphate-buffered saline
(PBS) at 10 mg/mL as the stock solution. The 3-methyladenine
(3-MA) (catalog number M9281, Sigma-Aldrich) was prepared
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at a concentration of 200 mM, as 20x stock solutions in PBS,
and stored at —80°C. The 3-MA was dissolved by heating
prior to usage, at a final concentration of 10 mM cyclosporin
A (CsA) (catalog number C3662, Sigma-Aldrich) was pre-
pared at a concentration of 5 mM as 1,000x stock solutions
in dimethyl sulfoxide (DMSO); it was then stored at —20°C.
Cells were cultured and treated with different concentrations
of nanoparticles or an assigned cotreatment. In our previous
study, the best time for assessing cell viability was 48 hours
after the treatment;'”'® therefore, we tested for cell viability
at the 48 hour time point throughout this experiment. The cell
viability tests were performed by the WST-1 (water-soluble
tetrazolium salt) cytotoxic assay, according to the user manual
(catalog number 630118, Clontech Laboratories, Madison,
WI, USA).?’?® Briefly, treated cells were washed with PBS
and incubated in medium containing WST-1 at the work-
ing concentration as instructed in the user manuals. After
2 hours, the change in optical absorbance was recorded in a
microplate reader at 450 nm (Sunrise Absorbance Reader,
Tecan, Mannedorf, Switzerland), with 650 nm as the reference
wavelength. The half maximal inhibitory concentration (IC,,)
was calculated mathematically by extrapolation.'s

Bright-field microscopy

To assess cell morphology, cells were seeded on number 1,
13 mm diameter glass coverslips (catalog number G402, Pro-
SciTech Proprietary Limited, Kirwan, QLD, Australia) and
allowed to attach for 24 hours. Cells were then treated with Fe@
Au for 24 hours. OECMI1 cells were treated with 10 pg/mL
Fe@Au, while CRC cells were treated with 50 pg/mL, which
are about the half-maximal inhibitory doses. Cells were washed
and fixed in 4% paraformaldehyde in PBS for 15 minutes. Cells
were then mounted on the glass slides and sealed with nail
polish for imaging with differential interference contrast (DIC)
microscopy (FV-1000, Olympus Corporation, Tokyo, Japan).

Scanning electron microscopy

Cells were grown on 13 mm Thermanox™ coverslips (catalog
number 26028, Thermanox, Nunc, Rochester, NY, USA) and
then treated for 24 hours with a corresponding concentration
of Fe@Au (ie, 10 ug/mL Fe@Au for OECM1 or 50 pg/mL
Fe@Au for CRC). Cells were then fixed with 2% glutaral-
dehyde (catalog number G5882, Sigma-Aldrich) for 1 hour
at 4°C. Samples were washed twice in PBS, followed by
secondary fixation in 1% osmium tetroxide in PBS for 1 hour
at 4°C, in the absence of light. Subsequently, samples were
dehydrated in graded ethanol solutions. Cells were soaked in
30%, 50%, 70%, 80%, 90%, and 95% ethanol for 5 minutes

each and then 100% ultrapure ethanol for 5 minutes; with
the soak in 100% ultrapure ethanol repeated twice more.
The specimens were then immersed for 3 minutes in 100%
hexamethyldisilazane (HMDS) (catalog number H4875,
Sigma-Aldrich). Dried samples were then coated with 5 nm
of platinum by using a sputter coater (EmiTech K550X; GaLa
Instrument, Bad Schwalbach, Germany).

Apoptosis and necrosis assay

The apoptotic and necrotic cells were analyzed with the
Dead Cell Apoptosis Kit (catalog number V13245, Invit-
rogen), following the manufacturer’s instructions.?® Cells
treated with 10 ng/mL tumor necrosis factor (catalog
number 210TA, R&D Systems, Minneapolis, MN, USA)
and 1 pg/mL of cycloheximide (catalog number 01810,
Fluka Chemie, GmbH, Deisenhofen, Germany) for 4 hours
were used as the positive control for apoptosis. Briefly, the
treated cells were harvested in cold PBS and stained with
propidium iodide (PI) and Alexa Fluor® 488 annexin V.
After 15 minutes, the stained cells were analyzed by flow
cytometry (FACScan, BD Biosciences, Franklin Lakes, NJ,
USA), measuring the fluorescence emission at 530 nm and
575 nm under 488 nm excitation.

Quantification of Fe@Au internalization
via inductively coupled plasma optical

emission spectrometry

The 500,000 OECM1 and CRC cells were seeded on plas-
tic culture dishes (catalog number 5550300, Milian USA,
Gahanna, OH, USA) and allowed to adhere for 24 hours.
Fe@Au nanoparticles were added to the culture medium
at a final concentration of 50 pg/mL. The cells were then
washed, counted, and dissolved in a mixture of 70% nitric
acid (catalog number 84382, Sigma-Aldrich) and 36%
hydrochloric acid (catalog number H7020, Sigma-Aldrich)
in a volume ratio of 2:3. Samples were digested at 60°C
for 4 hours. Later, the digested samples were analyzed for
iron and gold content by using inductively coupled plasma
optical emission spectrometry (ICP-OES) (OPTIMA 7300;
PerkinElmer, Waltham, MA, USA).

Flow cytometry

To assess cell-cycle progression, cells were harvested by
using 0.25% trypsin with 1 mM of ethylene diamine tetra-
acetic acid (EDTA) (catalog number 25200-256, Invitrogen)
and fixed in 70% ice-cold ethanol overnight. The fixed cells
were then centrifuged to thoroughly remove the ethanol.
Subsequently, the cells were washed twice in 5 mL PBS and
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resuspended in 1 mL of Pl-staining solution for 15 minutes at
37°C. The staining solution comprised 20 pug/mL PI (catalog
number 81845, Sigma-Aldrich), 0.1% Triton X-100 (catalog
number T8787, Sigma-Aldrich), and 0.2 mg/mL of RNase
A (catalog number R4642, Sigma-Aldrich) in PBS. Samples
were subsequently analyzed by using flow cytometry (FAC-
Scan, BD Biosciences).

For flow cytometry studies to assess mitochondrial
membrane potential, JC-1 (5,5,6,60-tetrachloro-1,10,3,30-
tetracthylbenzimidazolylcarbocyanine) was used to estimate
the polarization status of mitochondria. The aggregated form
of JC-1 has maximal absorption and emission at 585 nm
and 590 nm, respectively, while the monomer occurs at
510 nm and 527 nm. Staining was performed by using a
mitochondria-staining kit (catalog number CS0390, Sigma-
Aldrich), according to standard instructions. Briefly, cells
were treated with their specific IC, drug concentration for
an assigned period of time. OECM1 cells were treated with
10 ug/mL of Fe@Au, and CRC cells were treated with
50 ug/mL of Fe@Au. Later, cells were harvested, stained
with the kit, and analyzed by flow cytometry at the 530 nm
and 590 nm emission wavelengths.

Statistical analysis

Data are presented as means or means * standard error
(SE). Statistical differences were evaluated using analysis
of variance and Student’s ¢-test. The P-values are provided
in context when above 0.0001. All data were obtained from
at least three independent experiments.

Results
Differential cytotoxicity of Fe@Au
in CRC cells

The Fe@Au nanoparticles used in this study have been carefully
characterized and reported in our previous studies,'”!* during
which we found that CRC cells were less sensitive to Fe@Au
treatment than oral cancer cells.!” Therefore, the oral cancer
cell line OECM1 was used in this study as a positive control
for the in-depth assessment of the cancer-specific cytotoxicity
of Fe@Au across the different cancer cell lines investigated.
Caco-2, HT-29, and SW480 colorectal adenocarcinoma cells
were used in this study to investigate the different response of
CRC versus oral cancer to Fe@Au treatment for 48 hours. As
shown in Figure 1, the IC, of OECMI, Caco-2, HT-29, and
SW480 cells is 3.5, 42.9, 80.5, and 39.0 ug/mL, respectively.
Although the nanoparticles caused a dose-dependent cytotoxic
response both in the CRC and OECM 1 cells after 48 hours, the
CRC cells were at least an order of magnitude less sensitive,

Il OECM1
&4 Caco-2
2100
=
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© 504
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1 | 5 10 50
Fe@Au (ug/mL)

Figure | Bar graph illustrating the different cytotoxicity of Fe@Au nanoparticles in
CRC and OECMI cells, as assessed with the WST-| assay.

Notes: The CRC cell lines Caco-2, HT-29, and SW480 are directly compared with
the OECMI oral cancer cell line. From this graph, it becomes clear that CRC cells
are less sensitive to Fe@Au treatment (Caco-2 cells, P = 0.0253; HT-29, P = 0.0376;
SW480, P = 0.0601; t-test), compared to OECMI cells.

Abbreviations: CRC, colorectal cancer; Fe, iron; Au, gold; WST-I, water-soluble
tetrazolium salt.

based on IC, | dosage, to Fe@Au treatment than OECMI cells
(Caco-2, P=0.0253; HT-29, P=0.0376; SW480, P=0.0601;
compared to OECMI, #-test).

In the subsequent experiments, we applied doses of 10 g/
mL and 50 pug/mL of Fe@Au to treat OECM1 and CRC cells
respectively; these concentrations are close to the half-maximal
inhibitory doses for the cell lines. Using a single dose of Fe@
Auin different CRC cells facilitates the scientific comparison
between different cell lines and different experiments.

Cell death and cell cycle analysis

in Fe@Au treated cells

Under bright-field microscopy (Figure 2) and high-resolution
SEM (Figure 3), no structural difference in cell morphology was
found when cells were treated for 24 hours — the time window
to observe apoptosis and necrosis morphologically*®*! —and
this was comparable to control conditions. The density of
cells markedly decreased upon Fe@Au exposure, which is in
accordance with the results shown in Figure 1. However, the
molecular analysis of cells for apoptosis and necrosis showed
that there was no statistically significant increase in the rate of
apoptosis or necrosis in Fe@Au-treated cells (Figure 4). The
slight, nonsignificant increase in apoptotic and necrotic cells
clearly cannot account for the dramatic decrease in overall
cell viability observed in Figure 1.

As the Fe@Au treatment diminished cell viability without
inducing apoptotic or necrotic cell death, the inhibition of cell
growth must therefore be considered. In our previous work, we
demonstrated that Fe@Au retarded cell growth at the S-phase
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Caco-2

HT-29

SwW480

Figure 2 The bright-field optical images show the morphology of Fe@Au-
treated cells.

Notes: Except for a different cell density, the CRC and OECMI cells show no
significant alteration in overall morphology after 24 hours of Fe@Au exposure. All
images were recorded at the same magnification. Scale bar, 100 um.
Abbreviations: CRC, colorectal cancer; Fe, iron; Au, gold.

rather than causing cell death in OECMI1 cells after a 24-hour
treatment.!” Therefore, we next analyzed the cell cycle profile
of Fe@Au-treated CRC. In Figure 5, OECMI1 cells show
S-phase delay, as found in our previous report.'” Intriguingly,
Fe@Au caused a G1/G0 delay in CRC cells. Therefore, the
decreased cell survival rate of Fe@Au-treated CRC cells is
the result of growth inhibition, rather than cell death, which is
consistent with our observations in oral cancer cells."’

Fe@Au treatment and assessment

of mitochondrial membrane potential
We previously demonstrated that oral cancer cells, including
OECMI, exposed to Fe@Au suffered a loss of mitochondria

OECM1

HT-29

WOz G200k age et sincrre |

SW480

Caco-2

T WO =30mm EHT =200 ke Mag = 1000kx s Aetons 5 557

Figure 3 Fe@Au-treated cells visualized under intermediate- and high-magnification
scanning electron microscopy.

Notes: At both magnifications, no significant fine-structure differences could be
observed in the different cancer cells when treated with Fe@Au for 24 hours;
ie, all cells remained well attached to the substratum and maintained their typical
surface morphology, such as microvilli and numerous lamellipodia, corresponding to
control conditions (data not shown). Insets illustrate the presence of discrete Fe@
Au clumps (white arrows) on the surface of the cells. Scale bars inset, | um.
Abbreviations: Fe, iron; Au, gold.

membrane potential in 4 hours and 24 hours'® and, therefore,
induced cytotoxicity via mitochondria-mediated autophagy.'”
To investigate whether Fe@Au nanoparticles cause cytotox-
icity in CRC cells via a common mechanism, we used flow
cytometry to analyze the status of mitochondria in Fe@Au-
treated CRC cells. Our data (Figure 6), however, revealed
that Caco-2 cells showed only a minor membrane potential
loss after 24-hour treatment, while HT-29 and SW480 cells
displayed no loss of membrane potential at all. To further
explore the underlying mechanism of the Fe@Au-induced
cytotoxicity in CRC, cells were treated with the mitochondria
membrane potential transition blocker, CsA, and autophagy
inhibitor, 3-MA. As shown in Figure 7, OECM1 and
Caco-2 cells showed a similar response to the nanoparticle
treatment. The 3-MA provided significant protection to the
OECMI1 and Caco-2 cells from the cytotoxicity of Fe@Au,
but not to the HT-29 and SW480 cells. However, CsA was
found to restore the cytotoxicity of Fe@Au in OECM1 but
not in CRC cell lines, in accordance with the JC-1 staining
results. This observation suggests that Fe@Au-induced cyto-
toxicity in HT-29 and SW480 cells occurs via an alternative
pathway compared with oral cancer cells.

Fe@Au resistance in CRC cells versus

oral cancer cells
Next, we explored the amounts of Fe@Au internalized
in CRC and OECMI1 cells. Fe@Au-treated cells were
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Figure 4 The apoptosis and necrosis of Fe@Au-treated cells were analyzed by flow cytometry.
Notes: The treated CRC cells show only a small increase in the number of apoptotic and necrotic cells. 10 pg/mL Fe@Au was used in OECMI; 50 pg/mL Fe@Au was used

in CRC. Cells were treated for 24 hours.
Abbreviations: CRC, colorectal cancer; Fe, iron; Au, gold.

collected after specific exposure periods of up to 2 hours
(internalization of most nanomaterials has been reported to
plateau within 2 hours*?), and then cells were lysed and
analyzed by ICP-OES.

In Figure 8, at 2 hours posttreatment, Caco-2 cells show the
highest amount of internalized Au and Fe, followed by SW480,
OECM1, and then HT-29 cells. The highest internalization rate
within the first hour occurred in SW480, followed by OECM1,
HT-29, and then Caco-2 cells. It is noteworthy that neither the
amount nor the rate of Au and Fe internalization explains the
differential responses between OECM1 and CRC cell lines, as
depicted in Figure 1. Intriguingly, we found that the internal-
ization profiles of Au and Fe were different between OECM1
and HT-29. In accordance with our previous research,'”'® the
nanoparticles served as a package of Fe and Au. The ratio

of internalized Au and Fe elements should be constant, on
average, and if the cells absorb a large number of unchanged
nanoparticles. Intriguingly, when plotting the molar ratio of Fe
to Au at different time points (Figure 9), it becomes apparent
that different ratios occur between the different cell lines.

In particular, the Fe to Au ratio of treated HT-29 cells is
significantly lower than the ratio of treated OECM1 cells at
all-time points investigated (P = 0.0210; #-test). This sug-
gests that the proportion of intracellular Fe and Au plays an
important role in the relative sensitivity versus the resistance
of cells to Fe@Au treatment.

Based on these findings, we propose that the ability of
cells to deal with Fe may be the main reason for the different
cytotoxic response observed in the cell lines studied. To test
this hypothesis, cells were treated with Fe-only nanoparticles.
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Figure 5 The cell cycle of Fe@Au treated cells analyzed via flow cytometry.
Notes: When compared to the S-phase delay of OECMI cells, Fe@Au-treated
CRC cells show a sharper peak at the left after 24 hours of treatment, indicating
cell-cycle retardation at the G1/GO phase.

Abbreviations: CRC, colorectal cancer; Fe, iron; Au, gold.

Negative control

Positive control

The cytotoxic effect was directly compared with Fe@Au.
Figure 10 provides support for this hypothesis, revealing
that OECM1 and Caco-2 cells are more sensitive to Fe-only
nanoparticles at most concentrations tested. However,
the HT-29 cells show a significant resistance to Fe-only
nanoparticles (P = 0.0205; t-test). SW480 cells are more
resistant to Fe-only nanoparticles than to Fe@Au, only at the
concentration of 50 Lg/mL (P=0.0041; #-test). This observation
supports the idea that the resistance to Fe-only nanoparticles is
highly correlated to the relative sensitivity or resistance of the
different cells to the Fe@Au nanoparticles. We also noticed
that the presence of Au in Fe(@Au nanoparticles seems to play
an important role in the Fe@Au-induced cytotoxicity in the
Fe-resistant HT-29 and SW480 cells.

Discussion

In this study, we investigated the mechanisms of CRC cell
resistance to treatments with Fe@Au nanoparticles and
directly compared the responses with the Fe(@Au-sensitive
OECMI oral cancer cell line. We found that Fe@Au retards
growth in both CRC and OECMI cell lines, but the Fe@Au-
treated CRC cells are arrested in G1/G0 phase, rather than
in the S-phase, as observed in the treated OECM1 cell line.
Furthermore, we observed that the mitochondrial responses
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Figure 6 The mitochondrial response examined before and after Fe@Au treatment.

Notes: Among the CRC cell lines investigated, only Caco-2 cells show a minor increase in mitochondrial membrane potential after 24 hours of treatment. ‘4 hours Fe@Au’
indicates a 50 ug/mL Fe@Au treatment for 4 hours, and 24 hours Fe@AU’ indicates a 50 ug/mL Fe@Au treatment for 24 hours.

Abbreviations: Fe, iron; Au, gold; CRC, colorectal cancer.
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Figure 7 Bar graph illustrating the overall viability of Fe@Au-treated cancer cells,
and the influence of the mitochondrial membrane potential blocker CsA and the
autophagy inhibitor 3-MA.

Notes: WST-| cell viability analysis was performed after 48 hours with the assigned
treatment; ie, either in the presence with 5 UM CsA or 10 mM 3-MA. The cell viability
of Fe@Au + CsA and Fe@Au + 3-MA was calculated according to the matching
control conditions of CsA alone and 3-MA alone. *P < 0.05; **P < 0.01; t-test.
Abbreviations: Fe, iron; Au, gold; CsA, cyclosporin A; 3-MA, 3-methyladenine;
WST-I, water-soluble tetrazolium salt.
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Figure 8 Line graph summarizes the internalization profiles of Fe@Au nanoparticles
as assessed by ICP-OES.

Notes: Cells were treated with 50 ug/mL of Fe@Au for the assigned times; the cells
were harvested; and the Fe and Au concentration was analyzed. From this graph, it
becomes clear that the total amount of internalized Fe or Au is not proportional to
the cytotoxicity observed in individual cells.

Abbreviations: ICP-OES, inductively coupled plasma optical emission spectrometry;
Fe, iron; Au, gold.

Figure 9 The ratio of internalized Fe and Au elements was explored at different times.
Notes: The molar ratio of Fe to Au is used as an index of internalized elements. In
the early time points (30 minutes and | hour), the OECMI cells show the highest
Fe:Au ratio. Interestingly, the Fe:Au ratio in HT-29 cells is significantly lower than
in OECMI cells (P = 0.0210; t-test), which correlates with HT-29 cells’ extreme
resistance to Fe@Au treatment (Figure 1).

Abbreviations: Fe, iron; Au, gold.

to the Fe@Au treatment were distinct in different CRC cells,
with only Fe@Au-treated Caco-2 cells showing any mito-
chondrial membrane potential loss within 24 hours (Figure 6).
Furthermore, the mitochondria membrane potential blocker,
CsA, could not protect the HT-29 and SW480 cells from
the damage caused by Fe@Au; while 3-MA significantly
restored the Fe@Au induced cytotoxicity in Caco-2 cells
(P < 0.05). According to the difference in uptake profiles of
Fe and Au (Figure 9), as well as to the responses to Fe-only
nanoparticle treatment (Figure 10), Caco-2 cells were found
to be more sensitive to Fe alone compared to the other two
CRC cell lines. Hence, Fe@Au nanoparticles apparently
induce cytotoxicity in HT-29 and SW480 cells through
pathways different to the ones observed in OECMI1 cells
and to Caco-2 cells. Given these results and the previously
demonstrated importance of Fe in the cancer-preferential
cytotoxicity!” that occurs in Fe@Au-sensitive cells, it seems
evident that the cells better able to deal with Fe will display
greater resistance to Fe@Au treatment.

It has been reported previously that Au is highly biocom-
patible in the majority of biomedical research settings.?-
Yet, in this study, we were able to demonstrate that Au plays
another role besides acting as the passivation layer on the Fe-
core nanoparticles, as Au was found essential for the toxicity
of Fe@Au in cell lines, such as HT-29 and SW480, which are
resistant to Fe-only treatments. It is interesting to note that
the work concerning the cytotoxicity and/or biocompatibility
of Au was mostly performed in cancer cell lines.*

There are two possible explanations: (1) the Au keeps a
higher level of nonoxidized Fe in the Fe(@Au nanoparticles,
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Figure 10 Cytotoxic response of different cell lines shows different sensitivity toward Fe@Au or Fe-only nanoparticle treatments.

Notes: CRC and OECMI were treated with Fe-only nanoparticles (Fe NPs) and Fe@Au nanoparticles (Fe@Au NPs) for 48 hours, analyzed by WST-1. OECMI and Caco-2 are
more sensitive to Fe nanoparticles; whereas, the other CRC, (HT-29 and SW480) are more resistant to Fe nanoparticles than to Fe@Au nanoparticles. (*P < 0.05; t-test).
Abbreviations: Fe, iron; Au, gold; NPs, nanoparticles; WST-|, water-soluble tetrazolium salt; CRC, colorectal cancer.

leading to higher redox activity within the cells than the Fe-
only NPs, and that this accounts for the preferential effects
of the coated NPs; and/or (2) there is some synergistic effect
of the Au and Fe elements and/or ions within the cells.

Our research also suggests that the resistance to Fe@Au
treatment may rely on the ability to cope with Fe. Fe-resistant
cells may either have a more robust mitochondrial system
or a more effective efflux system, such as ferroportin, to
eliminate the Fe. Ferroportin is a protein that serves as a
transmembrane ion channel to enable Fe efflux from cells*
and is expressed in hepatic cells, macrophages, and also in
enterocytes.’” More research is needed to further investigate
this hypothesis and elucidate the full mechanisms of Fe@Au
sensitivity in cancer cells.

Conclusion

In our previous study, nonoxidized Fe in Fe@Au nano-
particles was found to play an essential role in the cancer-
preferential cytotoxicity of Fe@Au in oral cancer models,
in vitro and in vivo. Here, Fe@Au nanoparticles have dem-
onstrated a similar, but less intensive, cytotoxicity in CRC

cells. We found that the cytotoxicity of the nanoparticles
was lower in particle CRC cells that were able to reduce
their internal levels of Fe. Furthermore, the Au coatings
significantly enhanced the cytotoxicity of nanoparticles in
selected CRC cells. Therefore, both the Fe core and Au shell
of Fe@Au are critical for the anticancer property observed
in cancer cells.
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