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Abstract

Cancer remains as a top leading cause of death for decades. Thus, efforts have been devoted in exploring effective
therapeutic methods of treating patients suffering from the disease. In this study, we proposed a targeted hyperthermia
approach that can be used to inhibit the growth of cancer cells by combining functional iron oxide (Fe,O,) magnetic
nanoparticles (MNPs) with illumination of near-infrared (NIR) light. Cancer cells express more glucose receptors on
their cell membrane than normal cells. Furthermore, Fe,O, MNPs are known to possess photothermal features. An
aqueous solution containing the generated MNPs (1 pg pL, 100 yL) can be heated from 37°C to over 50°C under
irradiation of a NIR laser (808 nm) within 3 min. We immobilized glucose-6-phosphate on the surface of Fe,O, MNPs
(Glu-Fe,O, MNPs) through phosphate-Fe(lll) chelation and used the generated glucose functionalized MNPs as probes
to target cancer cells, i.e., hepatocellular, breast, and prostate cancer cells, in which different amounts of Glu receptors
were expressed in their cell membrane. After irradiating the MNP-target cell conjugates using a NIR laser (808 nm),
the growth of cancer cells containing more Glu receptors can be better inhibited than normal cells containing fewer
receptors within 1 min. More than 90% of these cancer cells were killed under NIR light irradiation within 3 min. The
results showed that the Glu-Fe,O, MNP-targeted hyperthermia approach can effectively inhibit the growth of cancer
cells. On the basis of the targeting capacity of the Glu-Fe,O, MNPs against cancer cells, the Glu-Fe,O, MNP probes

can be potentially used as universal probes for the photothermal hyperthermia of cancer cells.
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Introduction

Cancer cells are usually more vulnerable to temperature change
than normal cells. Thus, photothermal-based hyperthermia is used
as a therapeutic for inhibiting cancer cell growth [1-8]. Heat sources
are commonly from electromagnetic radiation [2-8]. Near-infrared
(NIR) light has the capacity to penetrate deeper into tissues; thus NIR
light is used as the light source in photothermal-based hyperthermia.
Nanoparticles (NPs) possess tunable optical absorption capability that
make them suitable agents and can be combined with electromagnetic
radiation to facilitate photothermal therapy. NPs such as gold NPs [9-
12], gold nanorods [3-16],and gold nanoshells [17-21] with absorption
capacities in the NIR region are reported to be effective photothermal-
agents to inhibit the growth of cancer cells. Additionally, iron oxide
(Fe,0,) magnetic nanoparticles (MNPs) have been lately demonstrated
to be effective photothermal agents for inhibiting the cell growth of
pathogens [22]. Furthermore, using Fe,O, MNPs for photothermal
hyperthermia to inhibit the growth of cancer cells has been reported
[23-30]. However, most studies focus on using non-targeting based
approach [26-30]. One reason that MNPs are not modified to have
targeting capacity is the limited choices of probe molecules and
consideration of cost. For example, although antibodies have good
specificity toward their target species [31-37], antibody-functionalized
MNPs are only good for a short period of time because maintaining
the good condition of antibodies on MNPs is difficult. The cost of
antibodies is also an obstacle in large-scale use. Furthermore, when the
identities of target cells are unknown, using antibody-functionalized
MNPs as probes is ineffective. Functionalized NPs with broadband
affinities toward different types of cancer cells with a low cost are ideal
when conducting photothermal hyperthermia.

Glycolytic enzyme and glucose transporter GLUT-1 are known to
be overexpressed in the cell membrane of human cancer cells, owing
to cancerous tissues and requiring more glucose than normal tissues

[38,39]. The phenomenon was discovered by the German scientist Otto
Warburg, and therefore it is so called Warburg effect [40,41]. On the
basis of this discovery, we used glucose immobilized NPs as broadband
affinity probes toward cancer cells through recognition of the GLUT-
1 on the cells. Fe,O, MNPs can interact with phosphorylated species
by Fe-phosphate chelation [42]. Thus, glucose was immobilized on
the MNPs, by linking glucose-6-phosphate and Fe,O, MNPs through
phosphate-Fe(III) chelation. The generated Glu-Fe,O, MNPs were used
as probes to target cancer cells. The generated Glu-Fe,O, MNPs have
several desirable features including magnetic property, photothermal
capability, and targeting ability for cancer cells. The effectiveness of
using Glu-Fe,O, MNPs combined with illumination of NIR light to
inhibit the cell growth of target cancer cells was investigated in this
study.

Experimental Section

Reagents and materials

Iron(III) chloride  hexahydrate, = sodium  bicarbonate,
tetramethylammonijum  hydroxide  pentahydrate, kanamycin,
D-glucose-6-phosphate  dipotassium  salt,  4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid, sodium pyruvate, dimethyl sulfoxide

(DMSO), trypan blue solution (0.4%), 3-(4,5-dimethylthiazol-2-
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yD)-3,5-diphenylformazan (MTT formazan, powder) ammonium
hydroxide solution (30%-33%), Roswell Park Memorial Institute
(RPMI)-1640 medium (with L-glutamine), Dulbecco’s modified eagle
medium-high glucose (DMEM), and minimum essential medium
eagle (MEM) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Mammary epithelium basal medium (MEBM) did not contain
antimicrobial agents. Sodium sulfite was purchased from Riedel-de
Haén (Seelze, Germany). Hydrochloric acid (36.5-38.0%) and dextrose
anhydrous powder were purchased from J. T. Baker (Phillipsburg, NJ,
USA). Streptomycin sulfate was purchased from Merck (Darmstadt,
Germany). Phosphate buffered saline (PBS) (10x without calcium
without magnesium) solution was purchased from Biowest (Nuaillé,
France). Fetal bovine serum (FBS) and insulin (human recombinant)
were obtained from Biological Industries (Kibbutz Beit Haemek, Israel).
Hoechst 33342 dye was obtained from Life Technologies (Eugene, OR,
USA). Prostate cancer cells (LNCap clone FGC), breast cancer cells
(Hs578T and T-47D), and Hep G2 cancer cells were purchased from
the Food Industry Research and Development Institute (Hsinchu,
Taiwan). Mammary gland/breast cells MCF-10A (CRL-10317"™) were
purchased from the American Type Culture Collection (Manassas, VA,
USA).

Generation of functional Fe O, MNPs

Iron (III) chloride (3.24 g) was dissolved in aqueous HCI (2 M,
6 mL), in a double-necked flask. Deionized water was added into the
double-necked flask to have a final volume of 50 mL. The air in the flask
was pumped out by a vacuum pump, and was replaced by nitrogen gas.
The reaction in the flask was stirred under nitrogen protection followed
by injection of sodium sulfite solution (0.08 M, 25 mL), and aqueous
ammonia (5%, 22.5 mL) using two syringe pumps with the flow rates
of 1.7 and 0.6 mL min’, respectively. The reaction was continuously
stirred at 70°C for another 30 min. The generated Fe,O, MNPs were
collected by magnetic isolation, and aggregated by applying an external
magnetic field followed by elimination of the supernatant after the
reaction solution was cooled to room temperature. The remaining
Fe,O, MNPs were rinsed with deionized water (40 mLx2). The MNPs
were then magnetically isolated and the supernatant was removed.
Tetramethylammonium hydroxide solution (2.5 mg mL?, 20 mL) was
added to Fe,O, MNP suspension (20 mL) to disperse the MNPs well
in the solution under stirring for 1 h. The well dispersed Fe,O, MNPs
were magnetically isolated followed by elimination of the supernatant
and rinsed with deionized water (40 mLx2). The Fe,O, MNPs were re-
suspended in deionized water and stored in a refrigerator at 4 °C before
use.

The Glu-Fe,O, MNPs were freshly prepared by vortex-mixing
the Fe,O, MNPs (1 mg) with D-glucose-6-phosphate dipotassium (1
mM, 1 mL) in PBS buffer for 3 h. The excess p-glucose-6-phosphate
dipotassium was removed by rinsing with PBS (1 mLx3).

Characterization of the MNPs

The generated MNPs were 2000-fold and diluted by deionized
water before placing the solution (2 uL) on a copper disk with 200
mesh coated with carbon (No. 01800-F, Ted Pella, Inc.). After dried
at room temperature, the sample was further dried by using a vacuum
pump to remove the remaining solvent. The sample was under
investigation using a JEM2000 FX II TEM from JEOL (Tokyo, Japan).
The functional groups on the surface of the MNPs were analyzed by a
PerkinElmer infrared (IR) spectroscope (Waltham, MA, USA). Prior
to IR spectroscopic analysis, the MNPs and KBr powder were placed in
an oven at 60°C for 12 h to remove moisture. Subsequently, the MNP

sample and KBr powder were mixed with a weight ratio of 1/100 and
milled together to make a tablet under a high pressure of ~4000 psi.

Observation of microscopic images of the cellular uptake of
Glu-Fe, O, MNPs

Mode cells (40000 cells, 1 mL) were loaded on a glass coverslip in a
6 well plate and cultured at 37°C for one day. After rinse, new medium
containing Glu-Fe,O, MNPs (0.5 mg) were then mixed with the cells
followed by incubation for 4 h. The cells were rinsed with PBS buffer (1
mLx3) under shaking for 10 min. The cells were then fixed by addition
of 4% formalin (1 mL) and standing at 37°C for 1 h followed by rinse
with PBS buffer (1 mLx3) under shaking for 10 min. Block solution
(0.1 mL) composed of 10% FBS and 0.25% Triton X-100 prepared in
PBS buffer was added to the cell samples and stood at 37°C for 1 h.
Hoechst 33342 dye (0.01 mg/mL, 0.1 mL) was added to the cell samples
and stood at 37°C for 30 min. The resultant cells were rinsed with wash
buffer (1 mLx3), which was composed of 0.25% Triton X-100 in PBS
buffer, under shaking for 5 min. The cells were than covered with the
other glass slide and sealed with nail polish. The samples were ready for
observation by a Nikon Eclipse 80i fluorescent microscope.

Cell biocompatibility test

Cell culture was conducted in a Shel Lab CO, incubator (5%
CO,, 37°C) (USA). Cell counting was conducted using a microscope
from Hamlat (Amersham, Bucks, UK). Different types of model cells
including breast cancer cells (T-47D and Hs578T), mammary gland/
breast cells MCF-10A, prostate cancer cells (human LNCaP cone FGC
cells), and human hepatocellular carcinoma cells (HePG2 cells) were
cultured in different mediums. T-47D and LNCaP clone FGC cells were
cultured in RPMI-1640 medium. Hs578T cells were grown in DMEM
medium, whereas Hep G2 cells were cultured in MEM medium.
MCF-10A cells were incubated in MEBM medium. A given amount
of cells (Hs578T ~4000 cells, T-47D ~8000 cells) were incubated
with the MNPs at a given concentration for 16 h to examine their cell
biocompatibility. MTT can be reduced by the NAD(P)H-dependent
cellular oxidoreductase enzymes in metabolically active cells to purple
crystal formaza. Thus, the level of the enzymatic product can be used as
an indicator for evaluation of cell viability. After the cells were treated
with the MNPs, the resultant cells were incubated with MTT (1 mg mL-
', 100 pL) for 4 h in a CO, incubator (5% CO, 37°C). DMSO (99.9%,
150 uL) was added to dissolve purple formazan. The dissolved purple
formazan was analyzed by Varian Cary 50 UV/visible spectroscope
(Palo Alto, CA, USA). The difference between the absorbance at the
wavelength of 560 nm and the absorbance at the wavelength of 630
nm (as background signal) in the absorption spectrum of the purple
formazan sample was recorded to estimate cell viability.

Examination of the photothermal effects of the functional
Fe,O, MNPs

The functional Fe,O, MNPs (0-2 mg mL", 100 pL) rinsed with PBS
buffer (1 mLx2) and medium (1 mLx1) were prepared in a 96-well
plate. The MNP suspension was irradiated by an NIR laser (808 nm,
~400 mW cm?) for a given time (0-15 min). The fiber output of the
NIR laser to the liquid surface on the 96-well plate was distanced at 4.5
cm. The temperature was measured by a thermocouple.

Photothermal inhibition of the growth of model cells

Scheme 1 shows the photothermal approach for killing target cells.
Model cells were prepared in a 96-well plate. Each well was loaded with
a given amount of model cells (~4000 cells, 0.1 mL). The cell samples
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Scheme 1: Fe,0, MNP-based photothermal for inhibition the growth of target
cancer cells.

were incubated at 37°C for 16 h prior to further experiments. After
16 h, the medium was replaced by the medium containing the Glu-
Fe,O, MNPs (1 mg mL", 100 uL) followed by incubation at 37°C for
12 h. After rinse by fresh medium, the cells were irradiated with an
NIR laser for a given time. An NIR laser (1=808 nm) with an optical
fiber (diameter=400 pm) and the maximum power of 1 W was used
to examine the photothermal effects of the MNPs. When conducting
the experiment, the output current was set to 0.85 A, corresponding to
~400 mW cm™ The distance between the fiber output and the surface
of the sample liquid (0-2 mg mL", 100 pL) placed on a 96 well plate
was 4.5 cm.

Examination of cell survival rate

After photothermal treatment, the survival rates of the cells were
examined by the MTT assay. The resultant cells were incubated with
MTT (1 mg mL", 100 uL) for 4 h in an incubator (5% CO,) at 37°C.
Subsequently, DMSO (99.9%, 150 uL) was added to release the dye.
The resultant solution was analyzed by a Varian Cary 50 UV/visible
spectrophotometer. The difference between the absorbance at the
wavelength of 560 and 630 nm (as background signal) in the absorption
spectrum of the sample was recorded for estimation of cell viability.

Results and Discussion

The Glu-Fe,O, MNPs were first generated by mixing glucose-6-
phosphate with Fe,O, MNPs. Several analytical methods were used to
characterize the generated MNPs. Figures 1A and 1B show the TEM
images of Fe,O, MNPs and Glu-Fe,O, MNPs, respectively. The average
particle size of Fe,O, MNPs was estimated to be 20 nm. The aggregations
of the Glu-Fe,O, MNPs were quite apparent. The serious aggregations
presumably resulted from the hydrogen bonding of glucose units
among the Glu-Fe,O, MNPs. The blurred images may be due to the
poor focusing of the high electron energy beam in TEM toward the
Fe,O, MNPs immobilized with glucose. Figures S1A and S1B show the
DLS results of the Fe,O, MNPs and Glu-Fe,O, MNPs, respectively. It
is clear that the size is increased after the surface of Fe,O, MNPs was
coated with glucose. The average size of the MNPs is much larger than

observed from TEM because DLS provides hydrodynamic diameter of
the MNPs.

IR spectroscopy was used to characterize the functional groups
on the generated MNPs. Figure 2 shows the IR spectra of Fe,O, MNPs
(black), Glu-Fe,O, MNPs (red), and p-glucose-6-phosphate (blue).
In the spectrum of Fe O, MNPs, the bands appearing at 493 and 561
cm'! correspond to Fe-O vibration modes, while the bands at 889 and
1630 cm™ are likely derived from OH-bending [43]. A very evident
difference between the IR spectra of the bare Fe,O, MNPs and the
Glu-Fe,O, MNPs was the broad band appearing at 1100 cm™, which is
likely derived from 2° alcohol of the glucose on the Glu-Fe,O, MNPs
[44]. This observation can be taken as the evidence that D-glucose-6-
phosphate was successfully bound to the surface of the Fe,O, MNPs.
This band was also clearly observed in the IR spectrum of p-glucose-
6-phosphate (blue). Furthermore, the band at 977 cm™ presumably
representing vibration mode of phosphate in the IR spectrum of
D-glucose-6-phosphate disappeared in the IR spectrum of Fe,O, @
glucose MNPs [45], indicating the phosphate group was used in the
binding between the glucose and the MNPs.

The photothermal effect of the generated Fe,O, MNPs was
examined. The model cells used in this study were either prepared in
DMEM or RPMI. The photothermal effects of the functional MNPs
were initially examined in different mediums. Figures 3A and 3B show
the plots of the temperature increase (AT) versus the irradiation time
of an NIR laser obtained from DMEM and RPMI medium containing
Fe,O, MNPs, respectively. The initial temperature was maintained
at 37°C. The curve in black was the blank control obtained in the
absence of the Fe,O, MNPs. The temperature of the control sample
was increased only 2°C after 15 min. However, the temperature

Figure 1: TEM images of the (A) Fe,O, MNPs and (B) Glu-Fe, O, MNPs. The
scale bar is 100 nm.

Figure 2: IR absorption spectra of Fe,O, MNPs (black), Glu-Fe,O, MNPs (red),
and D-glucose-6-phosphate (blue).
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Figure 3: Plots of the temperature increase (AT) versus the irradiation time of an NIR laser obtained from (A) DMEM (0.1 mL) and
(B) RPMI medium (0.1 mL) containing different concentrations of Fe,O, MNPs and from (C) DMEM (0.1 mL) and (D) RPMI medium
(0.1 mL) containing different concentrations of Glu-Fe,O, MNPs. The temperature of the samples was maintained at 37°C in the

beginning of the laser irradiation.
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increase was proportional to the irradiation time of the NIR light in the
presence of the Fe,O, MNPs. Within 3 min, all the suspensions reached
their maximum temperature owing to the equilibrium with ambient
temperature. The maximum temperature was higher in the suspension
containing higher concentrations of the Fe,O, MNPs. Furthermore,
the temperature was elevated significantly as the concentration of the
Fe,O, MNPs was increased. Within 3 min, the temperature (AT) of the
suspension (2 mg mL, 100 pL) was increased ~18°C. The temperature
was increased from 37°C to 55°C. The photothermal effects of the Fe,O,
MNPs prepared in different mediums were similar. Furthermore, the
maximum temperature reached ~55°C when the concentration of the
MNPs in the suspension was > 1 mg mL™. Figures 3C and 3D show
the plots obtained by irradiating the mediums containing different
concentrations of the Glu-Fe,O, MNPs as a function of time with the
illumination of the NIR laser (808 nm, ~400 mW cm). Similar effects
were observed as those shown in Figures 3A and 2B. Nevertheless, the
maximum AT was ~16°C, slightly lower than that observed in Figures
3A and 3B. This is taking into consideration the weight contribution of
glucose to the Glu-Fe,O, MNPs. Glucose does not have photothermal
effects but it contributes to the total weight of the suspension. Although
the photothermal efficiency of the Glu-Fe,O, MNPs was slightly worse,
the temperature of the samples containing Glu-Fe,O, MNPs under
NIR light irradiation was quickly raised and reached to the maximum
equilibrium temperature within 3 min. The results showed that the
Fe,O, MNPs and Glu-Fe,O, have desirable photothermal effect.

After demonstrating the photothermal effects of the generated
MNPs, the cytotoxicity test was conducted. MTT Assay was conducted
to examine the cell biocompatibility of the MNPs after incubating

Figure 4: Examination of cell biocompatibility of the Glu-Fe,O, MNPs. Cell
viability test obtained by incubating Glu-Fe,O, MNPs at different concentrations
with (A) T47D cells (~ 8000 cells, 0.1 mL) and (B) Hs578T cells (~ 4000 cells,
0.1 mL).

the MNPs with the model cells including breast cancer cells (T-47D
and Hs578T) for 16 h. Figures 4A and 4B show the results of the cell
viability test of the Glu-Fe,O, MNPs incubated with breast cancer cells
T-47D and Hs578T, respectively. Clearly, the survival rate was > 90%
even with increasing concentration of the MNPs to 2 mg mL™ in these
two cell samples. The results indicated that these MNPs have good cell
biocompatibility.

As mentioned earlier, cancer cells usually overexpress more glucose
receptors than normal cells [39]. Consequently, the Glu-Fe,O, MNPs
should have better trapping capacity toward cancer cells than normal
cells. According to a previous study [39], hepatocellular carcinoma
cells overexpress more glucose receptors than breast cancer cells. The
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Glu-Fe,O, MNPs should have higher affinity toward hepatocellular
carcinoma cells than toward breast cancer cells. On the other hand,
bare Fe,O, MNPs should have no preference in trapping different types
of cells. Figure 5 shows the trapping capacity of the Fe,O, MNPs and
the Glu-Fe,O, MNPs toward mammary gland/breast cells MCE-10A,
prostate cancer cells LNCaP clone FGC, breast cancer cells (Hs578T
and cells T-47D), and hepatocellular cancer cells Hep G2 at 37°C as
a function of time. The results indicated that Fe,O, MNPs had no
selectivity toward these cells and its trapping capacities were similar.
However, the Glu-Fe,O, MNPs have better trapping capacity toward
hepatocellular cancer cells Hep G2 and worse trapping capacity toward
mammary gland/breast cells MCF-10A. Notably, the trapping capacity
achieved nearly equilibrium at ~15 min. With prolonged incubation
time, the trapping capacity was still increased (Figures 5A and 5B).
This was because once cells were trapped on the MNPs, the interactions
between cells and cells also took place. Therefore, as the incubation
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Figure 5: Trapping capacity of (A) Fe,O, MNPs and (B) Glu- Fe,O, MNPs
toward MCF-10A cells, prostate cancer cells LNCaP clone FGC, breast cancer
cells (T-47D and Hs578T cells), and hepatocellular cancer cells Hep G2 at
37°C as a function of time.

Trapping time (min)

Figure 6: Microscopic images obtained in (A) bright field and by (B) a
fluorescence microscope of the mixture (1 mL) containing MCF-10A cells
(~40000 cells) and breast cancer cells Hs578T (~40000 cells) obtained after
incubated with Glu-Fe,O, (~500ug) for 4 h followed by rinse with PBS and
stained with Hoechst 33342 dye. Microscopic images obtained in (C) bright
field and (D) by a fluorescence microscope obtained from the mixture (1 mL)
containing MCF-10A cells (~40000 cells) and breast cancer cells Hs578T
(~40000 cells) after incubated with bare Fe,O, (~500 pg) for 4 h followed by
rinse with PBS and stained with Hoechst 33342 dye. The excitation wavelength
was set at 330-380 nm and the emission wavelength was set at 420 nm. The
scale baris 10 ym.

time was extended, more cells can attach to the cells on the MNPs.
Nevertheless, the results showed that the Glu-Fe,O, MNPs have better
trapping capacity toward cancer cells than normal cells. The trapping
capacity toward cancer cells is varied, depending on the type of cancer
cells containing different numbers of GLUT-1 receptors.

In addition, cancer cells are assumed to have capability to engulf
more Glu-Fe,O, MNPs than normal cells. We observed the optical
images obtained after incubating the cell mixture containing cancer
cells and normal cell with the Glu-Fe,O, MNPs to examine the MNP
uptake results. Figure 6 shows the microscopic images obtained after
incubating the Glu-Fe,O, MNPs and a cell mixture containing breast
cancer cells Hs578T (~40000 cells) and MCF-10A (~40000 cells) for 4 h
followed by removing excess MNPs. To investigate the cells clearly, the
nuclei of the cells were stained with Hoechst 33342 dye. The cell shape
of the breast cancer cells Hs578T is round, whereas MCF-10A cells
is spindle shaped. Figures 6A and 6B show the resultant microscope
images obtained under bright filed and a fluorescence microscope,
respectively. The Glu-Fe O, MNPs have brown color. The distribution
of the MNPs is clearly seen in the images (Figure 6A). The stained
nuclei with blue emission were clearly observed under a fluorescence
microscope (Figure 6B). The cytoplasm in round shape cells, i.e. breast
cancer cells Hs578T (circled by orange) were distributed with more
Glu-Fe,O, MNPs than that in spindle shaped cells, i.e. MCF-10A cells
(circled by yellow). The results correspond to what was expected, cancer
cells Hs578T are able to engulf more Glu-Fe,O, MNPs than MCF-10A
cells because cancer cells overexpress more glucose receptors. We also
incubated bare Fe,O, MNPs with the cell mixture. Figures 6C and 6D
show the corresponding microscopic images obtained in bright field
and by a fluorescence microscope. After the cell mixture was incubated
with bare Fe,O, MNPs for 4 h, the uptake amount of the bare Fe O,
MNPs by Hs578T cells (circled by orange) was much lower (Figure
6C) than that shown in Figure 6A. Furthermore, the MCF-10A cells
seemed internalizing fewer bare Fe,O, MNPs. The results indicated that
the Glu-Fe,O, MNPs have good affinity toward cancer cells and can
facilitate the uptake process.

Photothermal killing experiments were further conducted after
demonstrating cancer cells have better MNP engulfment capacity.
First, the incubation time and different ratios of MNPs to the model
cells were examined. A 96-well plate was loaded with model cells
and maintained at the temperature of 37°C. Figure 7 shows the plot
obtained by incubating the Glu-Fe,O, MNPs with model cells followed
by irradiating with the NIR light (808 nm, ~400 mW cm™) as a function
of time. The results show the highest cell viability observed in incubating
MCEF-10A cells with the MNPs. The result corresponded to what was
obtained in Figure 6, since MCF-10A cells engulfed fewer MNPs than
cancer cells. Therefore, MCF-10A cells encountered less photothermal
effects than other model cancer cells within a short period of light
illumination. The survival rate of the MCF-10 A cells was still ~>95%
after being irradiated by the NIR light for 1 min. On the other hand,
the cell viability of hepatocellular cancer cells Hep G2 was only ~30%
after illumination by the NIR light for 1 min. The cell viability of breast
cancer cells (T-47D and Hs578T) was slightly higher, whereas prostate
cancer cells LNCaP clone FGC was even higher. As mentioned earlier,
the number of glucose receptors on the cell membrane is in the order
of hepatocellular cancer cells > breast cancer cells> prostate cancer
cells > normal cells [39]. For cells that can overexpress more glucose
receptors on the cell membrane, the cell survival rate is lower. The
photothermal killing effect is more apparent for those cancer cells that
can overexpress more GLUT 1 receptors. As the illumination time was
longer than 1 min, MCF-10A cells were damaged more. Nevertheless,
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Figure 7: Examination of cell survival rate of different model cells using the
current Glu-Fe,O, targeted photothermal hyperthermia approach. The model
cells (~4000 cells, 0.1 mL) mammary gland/breast cells MCF-10A, prostate
cancer cells LNCaP clone FGC, breast cancer cells (Hs578T and T-47D),and
hepatocellular cancer cells Hep G2 were incubated individually with the Glu-
Fe,O, MNPs (0.1 g) (0.1 mL, 1 mg mL") at 37°C for 12 h followed by rinse with
medium. The original concentration of the Glu-Fe,O, was. The resultant cells
were irradiated with an NIR laser (808 nm) for different times. MTT assays were
performed to estimate the cell survival rate. Three replicated were conducted.

the illumination time can be controlled to be within 1 min to limit the
damage on normal cells. Furthermore, the illumination can be applied
in multiple times with a short period of time (< 1 min) to reduce the
damage on normal cells.

Conclusions

The study demonstrated that Glu-Fe,O, MNPs can be used as

universal targeting probes and photothermal agents for several cancer
cells. Compare with conventional functional probes, the functional
NPs are more cost-effective. Furthermore, the cell toxicity of the Glu-
Fe,O, MNPs was low. Our results show that the Glu-Fe,O, MNPs have
higher targeting capacity toward cancer cells than normal cells. On the
basis of our results, cancer cells can engulf more Glu—Fe3O , MNPs than
normal cells. Cancer cells were damaged more when using this MNP-
based photothermal hyperemia approach. The photokilling efficiency
for cancer cells was quite high. Within 1 min, only ~30% hepatocellular
cancer cells HepG2 treated with the Glu-Fe,O, MNPs and illuminated
by the NIR light for 1 min survived, while only ~10% normal cells were
damaged. These results suggest the potential to be used in the treatment
of cancer patients. Further in vivo studies should be conducted to
demonstrate its practical use of the current approach.
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