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FePt nanoparticles (NPs) have recently been revealed to be significant multifunctional materials for the
applications of biomedical imaging, drug delivery and magnetic hyperthermia due to their novel
magnetic properties. In this study, a newly discovered photothermal effect activated by the near infrared
(NIR) femtosecond laser for FePt NPs was demonstrated. The threshold laser energy to destroy cancer
cells was found to be comparable to that of gold nanorods (Au NRs) previously reported. Through the
thermal lens technique, it was concluded that the temperature of the FePt NPs can be heated up to
a couple of hundreds degree C in picoseconds under laser irradiation due to the excellent photothermal
transduction efficiency of FePt NPs. This finding boosts FePt NPs versatility in multifunctional targeted

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The application of thermal heat to eliminate or restrain specific
cancer cells is a widely acknowledged approach in optimizing
cancer therapy [1]. This non-invasive technique to eradicate tumor
cells is generally referred to as hyperthermia or thermotherapy, in
which the elevated temperature can promote the denaturation of
intracellular protein and/or the disruption of membrane, leading to
cell death. The performance of thermotherapy is mainly influenced
by the power density of the applicators, and the energy absorption
and thermal conductance of the biological environment. Thermo-
therapy has far fewer restrictive side effects than conventional
chemotherapy and radiotherapy [2]. It also has greater potential in
evading any developed intracellular resistance mechanism, and is
beneficial in dealing with some types of malignant tumor cells.

Thermotherapy has been wunder investigation for some
time now, the main challenge in its development is in achieving
highly localized thermal effect on tumor cells with defined lesion
boundaries within a short period of time. Recently,
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thermotherapies based on NIR irradiation—activated nanomaterials
have received significant attention due to their efficacy in
destroying cancer cells. In particular, because of their unique optical
and thermal properties, gold and carbon based nanomaterials
gained significant interest [3—8]. Nonetheless, the approach is by
no means perfect, and the investigation into exploring superior
materials and methodology is still imperative. In this study, we
present the possibility of using magnetic FePt NPs excited by NIR
femtosecond laser for aforementioned tumor-targeted therapy.
FePt NPs have recently gained recognition as a superior material in
cancer diagnosis and therapy [9—11]. The excellent super-
paramagnetic property and high X-ray absorption of FePt NPs make
it a potential dual modality contrast agent for computed tomog-
raphy (CT) and magnetic resonance imaging (MRI). The transport
and/or immobilization of magnetic nanoparticles to a targeted
region of a tumor can be easily manipulated by an external
magnetic field gradient. Similarly, the magnetic FePt NPs can
respond resonantly to an external AC magnetic field and result in
a controllable heating effect, serving as hyperthermia agents
delivering thermal energy to targeted tumors. Thus, FePt NPs
present an opportunity in realizing CT, MRI, magnetic—thermal,
and photothermal treatments all within a single agent. The bene-
fits of such versatility should make FePt NPs, or similar materials,
competitive candidates in future cancer therapies.
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FePt NPs were chemically synthesized and functionalized with
folates to target breast cancer cells EMT-6. When subjected to
activation by NIR femtosecond laser, we discovered that FePt NPs
triggered considerable intracellular explosions, which resulted in
the perforation and/or sudden rupture of the plasma membrane.
The distinctive thermal—optical property of FePt NPs was further
investigated using thermal lens spectroscopy. The energy fluence
threshold for cancer cells destruction and the photon-to-heat
conversion efficiency of FePt NPs were compared with that of Au
NRs.

2. Materials and methods
2.1. Preparations of FePt NPs

The FePt NPs were prepared through confined decomposition of Fe(CO)s (iron
pentacarbonyl, Fluka, 99%) and reduction of Pt(acac), (platinum acetylacetonate,
ACROS, 97%) in the presence of oleic acid (Aldrich, 90%) and oleyl amine (Aldrich,
70%) [9,12]. Briefly describing, Pt(acac), 1,2-hexadecandiol (Aldrich, 90%), dioctyl
ether (ACROS, 90%), Fe(CO)s, oleyl amine and oleic acid were mixed and heated to
240° C. After several minutes, the reaction mixture was cooled to room temperature.
The black product was separated by adding ethanol and centrifugation. The final
product was stored in hexane or toluene, and the water-soluble NPs were obtained
by the following ligand-exchange procedures. The dry FePt NPs were then redis-
persed in a mixture of Dimethylsulfoxide (DMSO, Sigma) and 3-mercaptopropionic
acid. Then the nanoparticles were separated by centrifugation, and the precipitate
was dispersed in water (pH ~12). The UV—visible absorption spectra of nano-
particles were obtained by the spectrophotometer (Spectronic, GENESYS-8), and the
size and morphology of nanoparticles were analyzed on a Philips/FEI Tecnai 20 G2 S-
Twin transmission electron microscope.

2.2. Preparation of the folate-conjugated FePt NPs

The folate-conjugated FePt NPs were prepared by conjugating the nanoparticles
with carboxyl group with folic acid. These nanoparticles were first activated with N-
ethyl-N 8-(dimethylaminopropyl)-carbodiimide (EDC), and then folic acid was
added and stirred for at least 12 h at room temperature. The folate-conjugated
nanoparticles were then separated by centrifugation and washed several times.

2.3. Cell culture and cell viability assay (MTT)

EMT-6 cells were cultured in folic acid free medium to ensure overexpression of
folate receptors on the surface of the cells. To determine the cytotoxicity of nano-
particles, the cell viability is generally quantified by colorimetric assay. Briefly, the
number of living cells is directly proportional to the absorbance of formazan which
was produced from the mitochondrial oxidation of 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) in living cell. EMT-6 cells were harvested after
passage and plated at a density of 1.25 x 10° cells/mL in 96-well plates with 300 pL
medium (100 pL/well), and incubated at 37° C under a 5% CO; atmosphere for 24 h.
After that, these cells were further incubated for 24 and 48 h with 3-
mercaptopropionic acid-modified FePt at varying concentrations; these were then
treated with a freshly prepared 12 mm MTT solution (10 pL) and incubated for an
additional 3 h. Next, MTT solution was removed and 50 pL of DMSO was added to
each well. The wells were left for 30 min in the dark, and then assayed with an
automated reader, the absorbance was fixed at 570 nm. The acquired cell viability
was expressed as a percentage relative to cells incubated with medium only.

2.4. Femtosecond laser triggered photothermolysis of cancer cells

The photothermolysis of cancer cells was performed on an inverted scanning
microscope (LSM510, META/Observer, Z1, Zeiss). A femtosecond (fs) Ti:Sapphire
laser (Spectra-physics MaiTai HP) with a duration time of 100 fs, linearly polarized
and with a repetition rate of 80 MHz was equipped in the microscope as the exci-
tation source. The wavelength and average power of the laser beam were tunable,
and a water-immersion objective lens (NA = 1.4) was used. For photothermolysis
studies, the centered wavelength can be tuned from 700 to 990 nm, an area of
90 x 90 um? (512 x 512 pixels; each pixel area = 176 x 176 nm?) was scanned at
arelatively slow exposure time of 164 s per pixel per scan to activate FePt NPs. The
exposure time of nanoparticles was calculated following the established method
[13]. In this work, one scan of two different excited power densities (148 and 19 W/
cm?) were applied to the objectives. The calculated energy fluences were about 70
and 10 mJ/cm?, respectively.

2.5. Preparation of cell specimens for electron microscopy

The EMT-6 cells were cultured in a Petri dish and treated by trypsins. Next, the
cells were fixative and pelleted by a series of standard protocol. Then, cell pellets

were post-fixed in 0sO4 solution, washed and finally dehydrated in ethanol series
and acetone. The samples were further hardened under the procedure of infiltrating
in Spurr’'s embedding mediums. The ultrathin sections were cut by using an ultra-
microtome (LEICA, EM, UC6), and stained with uranyl acetate and lead citrate for
observation by a transmission electron microscope (Hitachi, H-600).

2.6. Thermal lens spectroscopy

100 fs pump pulses (800 nm, 80 MHz) were focused to the samples with a 30 cm
lens. The incidence power was ~30 mW, and the diameter of the focused spot was
~0.22 mm. The pump beam was modulated with a chopper, which controls the
exposure time. The chopping frequency varies between 10 Hz and 400 Hz in the
experiment. Another 638 nm continuous-wave lasers (probe) were focused with
a 20 cm lens, and the incidence power was attenuated to 0.2 mW. The focal point
was 2 cm in front of the samples, and the diameter of the spot was ~0.13 mm. The
diverging probe beam (after the focal point) was carefully aligned to overlap with
the pump spot at the sample. A photodiode (with active area 0.8 mm?) was placed
~2 m behind the sample to measure the intensity at the center of the diverged spot.
The electrical signal from the photodiode was demodulated with a lock-in amplifier.

3. Results and discussion
3.1. Characterization of FePt nanoparticles

Cubic-like shaped FePt NPs with a face-centered cubic structure
were prepared by the thermolysis of metal-organic precursors and
surfactant-assisted methods [9]. The average size of the prepared
FePt NPs is 12 + 1.0 nm in diameter, and its alloying composition is
found to be Fes4Ptse (Fig. 1). To characterize the magnetic proper-
ties of FePt NPs, a superconducting quantum interference device
(SQUID) was employed to measure their magnetic properties. In the
inset of Fig. 2a, the superparamagnetic behaviors of FePt NPs with
blocking temperature (Tg) ~ 100 K is shown, and the magnetic field
dependence of magnetization below and above Tp is revealed
(Fig. 2a). To have FePt NPs suitable for biological applications,
a ligand-exchange procedure was performed on FePt NPs to
displace the original surfactants on the nanoparticles’ surface. Here,
3-mercaptopropionic acid (MPA) was chosen to produce COOH-
terminated water-dispersible FePt NPs [14]. The surfaces of MPA-
FePt NPs were then modified with folic acid to specifically target
folate receptors that are often overexpressed in breast, lung, colon

Fig. 1. The TEM image and solution color feature of FePt NPs.
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Fig. 2. (a) The magnetization versus field for FePt NPs at 5 and 300 K respectively. The inset is an enlargement of low field region. (b) Absorption spectra of folate-conjugated FePt
NPs and polystyrenesulfonate capped Au NRs with aspect ratio 3.9 and 40 nm in long axis. Peaks at 525 and 780 nm represent plasma resonance of Au NRs [18].

cancer cells [15]. Fig. 2b shows the absorption spectra of FePt NPs
and Au NRs. For FePt NPs, instead of the unique feature of plasmon
resonance as that of Au NRs, a broadband absorption at NIR region
was observed. To directly examine the photothermal effect of FePt
NPs, an experiment with a very simple design was conducted.
Firstly, FePt NPs were dispersed in water and sealed in a home-
made microchamber which is a 5 x 5 mm? groove with 10 pm in
depth. As FePt NP agglomerates were irradiated by 100 fs laser with
A =800 nm, an energy threshold of ~85 mJ/cm? was obtained for
the immediate generation of microbubbles (Fig. 3). It is known that
the formation of explosive vapor bubbles on FePt NPs surely
requires an elevated temperature higher than the critical temper-
ature of the water [16]. Therefore, we speculate that the tempera-
ture of FePt NPs should be transiently heated to a couple of hundred
degrees Celsius and/or reach their melting point during NIR
femtosecond laser pulse irradiation. The localized accumulated
heat would also cause the thermal disassembly of FePt NP
agglomerates into smaller fragments, and dispersed to the
surroundings. Although such explosive evaporation process
occurred within a nanosecond [17], the nature of the phenomenon
can be confirmed from formed bubbles trapped in the chamber.
Contrastingly, in a control experiment with no nanoparticles, no
microbubble could be detected, even with laser intensity up to
1000 mJ/cm?. The proposed mechanism is further supported by
transmission electron microscopy (TEM), wherein featureless fused
FePt agglomerates were observed; an expected result of local
heating.

3.2. Cellular uptake and biocompatibility of FePt nanoparticles

FePt NPs were then introduced into cellular environment. The
TEM micrograph shows that the cellular framework was well
preserved with no visible abnormalities following incubation of
FePt NPs for 4 h (Fig. 4a). Most of the ingested folate-conjugated
FePt NPs were found to gather into numerous clusters in several
large vesicular structures. The ingested numbers of FePt NPs in each
cluster are around several thousands to ten-thousands. On average,
several ten-thousands of nanoparticles were taken up per cell. An
analogous phenomenon was also observed in similar experiment
with Au NRs [18], and such accumulation of nanoparticles into
clusters has been proven profitable in the reduction of laser energy
threshold due to collective heating effects [19,20]. Furthermore, cell
viability assays revealed no adverse toxicity effects on live EMT-6
breast cancer cells after their exposure to various concentrations
of FePt NPs (5—100 pg/mL) for 24 and 48 h (Fig. 4b). These results
thus justify their biocompatibility to further in vitro and in vivo
photothermal therapeutic investigations.

3.3. In situ real-time observation of selective photothermolysis in
cancer cells

To investigate the details of photothermal effect of FePt NPs
in vitro, a linearly polarized pulsed laser was employed to irradiate
nanoparticles at a repetition rate of 80 MHz, and the simultaneous
transition of cellular nucleus was monitored by the fluorescent dye

Fig. 3. Bright-field micrographs of FePt NP solution before (a) and after (b) pulsed laser excitation, respectively. The black circles are water bubbles.
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Fig. 4. (a) The TEM micrograph of partial fixed cell showing few clusters of FePt NPs (marked by red circles). On average, the size of FePt NP cluster is about 1—3 um. (b) Cell viability
of EMT-6 cells exposed to FePt NPs after 24 and 48 h incubation. The viability of the cells was normalized with respect to a media-only control. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

exclusion method [18]. Typically, two dyes, YOPRO-1 (green
coloring) and propidium iodide (red coloring) are used to qualita-
tively indicate plasma membrane integrity of the cells. EMT-6
cancer cells without FePt NPs were initially irradiated in order to
determine the secure energy fluence of laser irradiation. It was
found that EMT-6 cells survived with laser powers not exceeding
110 mj/cm?: a value that is slightly above the established safety
standard of 100 m]/cm? for medical lasers [21]. For cells incubated
with FePt NPs, subjected to such high powers, cells with trace of
FePt NPs were completely destroyed through a process resembling
an instantaneous internal hyperthermic explosion. A series of
confocal images, taken with a 60 s frame rate, of cells incubated
with FePt NPs (N ~ 6—10 clusters) and exposed to a reduced laser
energy fluence of ~70 mJ/cm? (power density = 148 W/cm? and
time duration = 505 ps), showed a discernible explosion
phenomenon along with the formation of characteristic cavities in
the targeted cell, especially near nanoparticle agglomerates (Fig. 5).
The loss of cellular membrane integrity was finally verified from
dual-color staining of the nucleus. Further reduction of laser power
revealed that an energy threshold of ~10 mJ/cm? was sufficient for
the generation of microbubbles, and killed cells ingested with
relatively higher numbers (N ~ 30—60) of FePt NP clusters (Fig. 6).
In this case, the intracellular detonations and injuries of plasma
membrane were milder than those caused by higher energy flu-
ences, yet it was still effective in damaging cancer cells. The
destruction process and physiological symptom of the cell are very
similar to that observed in the hyperthermia inflicted with Au NRs,
i.e,, the process initiates with an oncosis, along with cellular
swelling, blebbing and increased membrane permeability, and
finally leading to necrosis. It is noted that the results from laser
exposures with other different laser wavelengths (700, 900, and
990 nm) at constant power level showed that the intracellular
explosion was independent of excitation wavelengths. Specifically,
the characteristic processes were observed in all cases.

3.4. Thermal lens spectroscopy of FePt nanoparticles

In order to understand how the laser’s energy was adsorbed by
FePt NPs, and the mechanism in which this absorbed energy dissi-
pates into the surrounding solution inevitablly killing cancer cells in

its vicinity, a specially designed thermal lens spectroscopy experi-
ment was conducted on a FePt NPs solution to measure their optical
absorption and photothermal transduction efficiency [22,23]. The
FePt NPs that dispersed in deionized water were irradiated with the
femtosecond laser (A = 800 nm and ~1 pJ/cm? per pulse). As the
photons were captured by FePt NPs, some photon energy was
transferred to heat, the heat from the high-temperature nano-
particles then dissipates to the surrounding medium. A temperature
rise in the sample solution will change the refractive index of solu-
tion, which becomes an acting “thermal lens”. Meanwhile, another
weak continuous-wave (C.W.) laser with A = 638 nm was directed
through the heated region as a temperature probe according to its
central intensity which was modulated due to the optical diffraction
from the thermal lens (Fig. 7a). Fig. 7b shows the intensity variation
of probe beam versus laser exposure time of the FePt NP solution. The
temperature rises with longer exposure time, and thus the intensity
change of the optical probe increases. The sublinear relation of the
curve in Fig. 7b results from heat diffusion during the exposure time.
According to the theoretical model developed by Snook et al. [23], the
thermal lens signal can be expressed as the following equation:

Al _ g [1 —tan~! ( 2mv ) ’
I 2 [(1+2m)2+v2 (t/26) +1+2m+V2
(1)
in which
g = Paldn/dl) “(C"{’Z 47) (2a)
and
tc = wng/4/< (2b)

In Egs. (1) and (2) I is the intensity without pump excitation,
Al(t)is intensity drop with pump exposure time t, m is the area ratio
of probe to pump at the sample, V is the ratio of distance of probe
focal point (from the sample) to the confocal distance of the probe,
dn/dT is the differential of refractive index of solution to tempera-
ture, Pq is the optical power which is converted to heat, 4, is the
wavelength of probe, and w, is the radius of the focused pump spot.
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Fig. 5. Photothermolysis of the EMT-6 cancer cell triggered by FePt NPs under energy fluence of ~70 m]/cm? (a—f) the laser activation area is marked with dash line, and the black
dots within this region are the FePt NP clusters. After laser excitation, the cellular membrane exhibited perforation and blebbing. (g—i) At 1220 s, the confocal images were analyzed
from the fluorescent signals and bright-field imaging. The red and green colorings correspond to propidium iodide and YOPRO-1 dyes, respectively. (j) Schematic representation of

the photothermolysis of cancer cells mediated by laser-activated FePt NPs.

k, p, C are thermal conductivity, density, and specific heat of the
solution, respectively.

By fitting the experimental data (Fig. 7b), P, for FePt NPs was
determined. On the other hand, the extinction power (P.) was
measured by directly recording the powers before and after the
samples, which is typically used to define the absorbance of the
sample. Here, photothermal transduction efficiency 7 is defined by
P,4/Pe. The photothermal transduction loss could result from lumi-
nescent loss and scattering loss. The parameters obtained from the

thermal lens experiment are listed in Table 1, and the 7 of FePt NPs
is about 30%. Same result was also obtained for FePt NPs solution
with twice concentration. For Au NRs the measured 7 (20%) is very
consistent with the literature value [24]. The lower 7 for Au NRs
may be attributed to strong plasmonic scattering loss. While the
electrons in Au NRs oscillate with the incident electric field of light,
they also act like an antenna to re-irradiate electro-magnetic waves
out to all directions, i.e. plasmonic scattering. Since the optical
wavelength is at the plasmon resonance of Au NRs, plasmonic
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Fig. 6. Photothermolysis of the EMT-6 cancer cell triggered by FePt NPs under energy fluence of ~10 mJ/cm?.
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Fig. 7. Thermal lens spectroscopy for heat measurement in FePt NPs solution. (a) Schematic representation of the thermal lens technique. (b) The intensity variation of probe beam
versus exposure time of femtosecond laser for FePt NPs solution. The solid line represents curve fitting. (c) The derived profile of temperature rise versus distance from center for
various exposure times.
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Table 1
The absorbed power to heat (P,), the extinction power (P.), and the calculated
photothermal transduction efficiency (n) for FePt NPs and Au NRs.

FePtNPs (80 pg/mL) FePtNPs (40 pg/mL) AuNRs (40 pg/mL)

Po(mW) 42 2.2 5.7
P(mW) 139 72 284
(%) 30 30 20

scattering is enhanced, which essentially contributes to the
extinctive power, but does not contribute to heating.

It should be noted that the thermal lens spectroscopy was
operated at relatively low fluence (~1 pj/cm? per pulse) for stable
measurement of light to heat conversion. According to the exper-
imentally obtained parameters, the profiles of temperature rise of
FePt NP solution were calculated for various exposed time (Fig. 7c).
The temperature rises were on the order of 0.1 K with our experi-
mental condition. For practical photothermal therapy, the fluence
of the femtosecond pulses is ranged from 10 to 100 mJ/cm? per
pulse which is 4—5 orders higher than the measurement condition
and can generate much higher temperature to create microbubbles
in tissues [20]. It was theoretically estimated that single femto-
second pulse (with optical density above 1 mJ/cm?) can heat a Au
NR to over 1000° C within 1 ps, and the temperature of the
surrounding water at the particle surface (in nanoscale regime) can
reach over 100° C after several tens of picosecond [25].

We further compared the efficacy of FePt nanoparticle photo-
thermal therapy in cancer cells with typical plasmonic Au NRs.
Comparisons were made on the basis of microbubble-formation
thresholds, which play a crucial role in selective photothermolysis
of cancer cells targeted with nanoparticles [20]. Under nearly the
same uptake amount of ~10~'% g nanoparticles per cell (based on
the TEM and confocal laser scanning microscopic images), the FePt
NPs’ bubble-formation threshold ( ~ 10 mJ/cm?) is almost 80% lower
than that of AuNRs ( ~ 18 mJ/cm?) [18]. This fact makes FePt NPs very
promising in the laser treatment of cancer. The higher bubble-
formation threshold of Au NRs, was conjectured to be that as Au
NRs were heated above the melting temperature, they change their
shape from rod to sphere which not only has less the absorption
cross section (~36%) but also significantly shift the longitudinal
surface plasmon resonance absorption peak away from NIR region
[26]. Moreover, the relative lower photothermal transduction effi-
ciency of Au NRs is also another concern. In contrast, FePt NPs could
consistently convert light to heat regardless of the changes of shapes
and refractive index of the surrounding media.

4. Conclusions

The in situ real-time observations show that localized photo-
thermal effects of FePt nanoparticles are sufficiently high in trig-
gering considerable intracellular explosion, and result in the
perforation and/or sudden rupture of the plasma membrane. The
energy fluence required to destroy cancer cells greatly depends on
the number of nanoparticles within the cell. And in general, in cells
with nanoparticles, the applied energy fluence is much lower than
the medical safety level. Furthermore, the thermal lens spectrom-
etry was applied to study the photothermal heating phenomena of
FePt NPs, and several factors that influence the photothermal
transduction efficiency of nanoparticles were discussed. This work
presents an encouraging potential of utilizing FePt NPs assisted
with ultrafast laser for the purpose of photothermal cancer therapy.
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