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Abstract

Nanostructured materials that have low tissue toxicity, multi-modal imaging capability and high
photothermal conversion efficiency have great potential to enable image-guided near infrared
(NIR) photothermal therapy (PTT). Here, we report a bifunctional nanoparticle (BFNP, ~16 nm)
comprised of a magnetic Fe3O4core (~9.1 nm) covered by a fluorescent carbon shell (~3.4 nm)
and prepared via a one-pot solvothermal synthesis method using ferrocene as the sole source. The
BFNP exhibits excitation wavelength-tunable, upconverted and near-infrared (NIR) fluorescence
property due to the presence of the carbon shell, and superparamagnetic behavior resulted from the
Fe304 core. BFNPs demonstrate dual-modal imaging capacity both in vitro and in vivo with
fluorescent imaging excited under a varying wavelength from 405 nm to 820 nm and with T»,-
weighted magnetic resonance imaging (r> = 264.76 mM ~1 s71). More significantly, BFNPs absorb
and convert NIR light to heat enabling photothermal therapy as demonstrated mice bearing C6
glioblastoma. These BFNPs show promise as an advanced nanoplatform to provide imaging
guided photothermal therapy.
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Introduction

Photothermal therapy (PTT) is a cancer treatment recourse whose efficacy primarily depends
on the ability of the deployed phototherapeutic agents to absorb electromagnetic radiation
from a known source and convert it into localized heat [1, 2], The current standard of cancer
remediation typically involves surgical resection, which does not always result in the utter
removal of cancerous tissue, followed by the administration of chemotherapeutics and
radiation therapy, which are both toxic to healthy tissues. In contrast to the nonselective
cellular destruction attendant to chemotherapy and radiotherapy, PTT capitalizes on the
human body’s translucency to near-infrared (NIR) light allowing a laser to penetrate deep
into tissues noninvasively and energize phototherapeutic agents exposed to photons to
increase the temperature in their vicinity to above a threshold at which cell death occurs [3,
4], Thermal ablation of healthy tissue is thus minimized in PTT by spatially controlling the
NIR light source to illuminate only pre-defined regions. Spatial regulation of NIR exposure
paired with the ability of prudently designed phototherapeutics to passively and actively
target cancerous lesions discriminately over normal tissue reinforces PTT with another layer
of specificity that chemotherapy and radiotherapy lack. To bring PTT out of the realm of the
laboratory and into the clinic, phototherapeutic agents with the following properties must be
made available: high photothermal energy conversion efficiency, low tissue toxicity, and
tumor-targeting capability [4, 5], Additionally, it would be highly advantageous to be able to
monitor the location, distribution profile, and retention and secretion properties of
phototherapeutics over the course of the therapy with an noninvasive imaging technique such
as fluorescence (FL) or magnetic resonance imaging (MRI) [6-8]. The combination of
phototherapeutic and imaging capabilities in a single particle would allow for the precise
identification of tumor regions and verification that phototherapeutics are within cancer
lesions during the treatment process of PTT [9-13].

A number of materials have been investigated as phototherapeutic agents for PTT including
gold nanoparticles [14, 15], copper sulfide nanocrystals (CuS) [16], molybdenum sulfide
nanosheets (MoS,) [17, 18], carbon materials [19-22], conjugated polymers [23], metal-
organic frameworks [13], and iron oxide nanoparticles [24, 25]. Many of these thermo-
optically active nanomaterials demonstrated to be highly effective in ablating cancer in
preclinical animal models [26, 27]. However, most of the reported phototherapeutic agents
serve only as photon absorbers that convert light into heat without imaging capability, or
vice versa, or they are toxic to cells and tissues in nature limiting their application in
medicine.[23, 28, 29] A low tissue toxic phototherapeutic agent coupled with an imaging
capacity such as MRI or an FL imaging or both would be highly desirable in clinical
settings. MRI is a pervasive imaging modality used in cancer detection because of its high-
spatial resolution and safe profile [30]. In order to accurately distinguish lesions from
healthy tissues, MRI contrast agents are commonly employed [31, 32]. In FL imaging, an
exogenous light source is used to excite fluorophores residing in regions of interest being
imaged. These fluorophores absorb energy from the light source and in response emit
photons of a different wavelength than the source photons. FL imaging has been used in
image-guided surgery wherein fluorescent probes aid surgeons to better view the boundaries
of malignant tissues being removed [33].
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Here, we report on the development of a bifunctional nanoparticle (BFNP) formulation that
demonstrates efficient photothermal energy conversion for PTT while providing contrast
enhancement for both MRI and fluorescence imaging. The BFNP is comprised of an FesCV
core and a carbon shell, with an average diameter of approximately 16 nm, which is
considerably smaller than all the Fe3Oy4 cluster/carbon core/shell NPs reported thus far
(>100 nm) and is highly desirable for vivo application [34], BFNPs are synthesized by a
simple one-pot high-yield process. These BFNPs demonstrate photoluminescence property
and have thus the potential to serve as a detectable optical marker in FL imaging. Similarly,
the superparamagnetic iron oxide cores of BFNPs provide a source of 7, contrast
enhancement in 7,-weighted MRI. In vitro experiments and in vivo experiments were
performed to test their cytotoxicity and tissue toxicity, respectively. Finally, BFNPs are
tested for their ability to kill tumor cells in vitro and inhibit tumor growth in vivo via
photothermal therapy.

Experimental section

2.1. Synthesis of BFNPs

Ferrocene (0.01 g, Aldrich) was dissolved in acetone (30 mL, Aldrich) in a 50 mL beaker
covered with a foil to avoid the volatilization of acetone. After intense sonication (42 kHz,
EW-08891-21 sonicator, Cole-Parmer) for 30 min at room temperature, 1.0 mL of 30%
H,0, (Aldrich) solution was slowly added using a pipette within 30 min while stirring. The
resultant mixture solution was further stirred for 30 min with a magnetic stirring apparatus.
This precursor solution was transferred to a 50.0 mL Teflon-lined stainless-steel autoclave.
After sealing, the autoclave was heated to and maintained at 200°C for 24 h. The autoclave
was then cooled naturally to room temperature. After intense sonication for 15 min, the
brown solution from the autoclave were magnetized for 10 min with a rare earth neodymium
magnet (model N52, 2 cm x 2 cm x 1 cm). The resultant BFNPs were adsorbed to the
bottom of a beaker (50 mL) and the supernatant was discarded under the applied magnetic
field. BFNPs were then washed with acetone three times to remove carbon-based by-
products. Finally, BFNPs were cool-dried in a vacuum oven.

2.2. Characterization

TEM and high-resolution TEM images were acquired on a Tecnai G2 F20 electron
microscope (FEI, Hillsboro, OR) operating at a voltage of 200 kV. Powder X-ray diffraction
(XRD) patterns were acquired from lyophilized samples using a D8 Bruker X-ray
diffractometer with Cu Ka radiation. Raman spectra were acquired with a Raman-
Microscope (Renishaw-InVia) using an Ar* laser (514.5 nm) at room temperature. UV-Vis
absorption spectra were obtained on a UV-Vis Spectrometer (Agilent Technologies, Santa
Clara, CA). PL spectra were obtained on a JOBIN YVON Co. FluoroMax®-3
Spectrofluorometer equipped with a Hamamatsu R928P photomultiplier tube. X-ray
photoelectron spectroscopy (XPS) experiments were carried out at the National ESCA and
Surface Analysis Center. The magnetic properties of BFNPs were measured using a
superconducting quantum interference device magnetometer (Quantum Design MPMS
XL-7). The hydrodynamic size was determined using a Zetasizer Nano-ZS (Malvern
Instruments, Worcestershire, UK) at room temperature. Fourier transform infrared (FT-IR)
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spectra were acquired using a Nicolet 5-DXB FTIR spectrometer with a resolution of 4 cm
-1

Cell culture

In vitro

In vitro

Human SF-763 glioblastoma cells were kindly provided by Prof John R. Silber and grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
and 1% antibiotic-antimycotic (Life technologies, Grand Island, NY). Cells were cultured in
an incubator maintained at 37°C and 5% CO, with 95% humidity.

confocal imaging

SF-763 cells were seeded onto glass cover slips in a 6-well plate. After overnight incubation,
cells were incubated with BFNPs (50 pg/mL) for 2 h. Cells were then washed with cold PBS
3 times and fixed with 4% paraformaldehyde for 15 min at 37°C. Cells were then mounted
onto glass slides with ProLong® Gold Antifade Mountant (Life Technologies Inc.,
Gaithersburg, MD). The images of cells were acquired using a Laser Scanning Microscope
Leica SP8X (Leica Microsystems GmbH, Germany). Three excitation wavelengths were
used: 405, 488 and 546 nm.

two-photon fluorescent imaging

SF-763 cells were seeded onto glass cover slips in a 24-well plate. Twenty-four hours after
seeding, cells were incubated with BFNPs (50 pg/mL) for 2 h. Cells were then washed with
PBS 3x and fixed with 4% paraformaldehyde for 10 min. Nuclei were stained with DAPI
before cells were mounted onto glass slides with ProLong® Gold Antifade Mountant (Life
Technologies Inc., Gaithersburg, MD). Two-photon imaging was performed using an
Olympus FV1000 MPE BX61 multi-photon microscope with excitation wavelength of 820
nm.

In vivo NIR imaging

In vitro

All animal studies were conducted in accordance with the University of Washington’s
Institute of Animal Care and Use Committee (IACUC) approved protocols as well as with
federal guidelines. BFNPs were injected intratumorally into athymic nude mice (Jackson
Labs, Bar Harbor, ME). Fluorescence images were taken with a Xenogen VIS imaging
system (PerkinElmer Inc.).

MRI

MRI measurements were conducted on a Bruker Avance I11 600 MHz, 14 T wide bore
spectrometer. BFNPs in phosphate buffered saline were pipetted into glass vials (3.25 mm
I.D.,5mm O.D., 200 pL volume). The vials were fixed in place inside a water reservoir; the
water served as a homogeneous background signal to minimize magnetic susceptibility
variations near the samples. The secured vials were placed in a 25-mm single-channel 1H
radiofrequency receiving coil (PB Micro 2.5). 75 values were measured using a multi-spin
multi-echo (MSME) pulse sequence with TR = 2500 ms, TE = 6.7 + 6n ms (n = 0-16), and
78 x 156 um? in-plane resolution with 0.5 mm slice thickness for 14 slices. 7>-weighted
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images were acquired with a RARE pulse sequence with TE = 6.78 ms, TR= 4000 ms, and
78 x 52 um? in-plane resolution with 0.5 mm slice thickness for 14 slices.

In vivo MR

Tr-weighted imaging was performed on C57BL/6 wild-type mice prior to and after BFNP
injection (200 pL, 1 mg/mL), using a Bruker Avance 111 600 MHz, 14 T vertical-bore
imaging system. Mice were anesthetized with isoflurane (Piramal Healthcare), and fixed in a
coil-integrated respiratory monitoring system (SA Instruments; MR-compatible small
animal monitoring and gating system) with nose-cone for oxygen/anesthetic, ear-bar head
holder, circulating-bath temperature control, respiratory monitoring, and residual gas
extraction. Abdominal scans were performed using rapid acquisition with refocused echoes
(RARE) To-weighted (TR/TE = 691/5.5 ms, in-plane resolution 93 x 62 pm2, matrix 256 x
284) sequence with slices placed in the transverse plane with 0.5 mm slice thickness and
0.75 mm interslice gap allowing for coverage from the liver to the pelvic floor.

2.9 Cell viability

SF-763 and HEK293T cells were seeded in a 96-well plate and incubated overnight in an
incubator at 37°C and 5% CO, with 95% humidity. On the following day, the medium was
replaced with a medium containing BFNPs or with medium control. Three drug
concentrations (100, 50 and 25 ug/mL) were used, and samples at each concentration were
ran in sextuplicate. The cells were incubated with BFNPs for 72 h. Wells containing the
normal medium without samples were used as the control. The cells were irradiated with 1.5
W cm~2 NIR laser (825 nm) for 5 min in photothermal treatment. Briefly, the medium was
replaced with cell culture medium containing reagent and incubated for 2 h. Following the
incubation, a microplate reader (SpectraMax i3, Molecular Devices, Sunnyvale, CA) was
used to determine the fluorescence intensity of the dye (550ex/590em). The fluorescence
intensity from cells treated with BFNPs was compared to that from untreated control cells to
determine percent viability.

2.10 Histopathological evaluation

Four days after intravenous administration of BFNPs at 0.5 mg/mL, mice were euthanized
and whole organs (heart, kidney, liver, lung and spleen) of C57BL/6 mice were removed and
preserved in 10% formalin for 48 h. Tissues were then embedded in paraffin, sliced into 5
um sections, and stained with hematoxylin and eosin. Microscopic images of tissues were
acquired using a Nikon ECLIPSE TE2000-S microscope.

2.11 Biodistribution and half-life in blood circulation

Mice with flank xenograft C6 tumors were injected via tail vein with 200 pL of 0.5 mg/mL
of BFNPs. Mice receiving no injection were used as controls. Mice were divided into three
groups (n = 3 per group). At 24 h, 48 h and 96 h after BFNP injection, animals were
euthanized and whole organs of liver, spleen, kidney, lung, heart, and tumor were harvested.
Fluorescence was acquired for each tissue type using a Xenogen 1VIS imaging system at an
excitation wavelength of 640 nm. For assessment of serum half-life of BFNPs, blood was
collected from mice at 0.15, 1, 1.5, 2, 2.5, 3, 4, 6, 8, and 10 h after injection of 200 pL of 1
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mg/mL of BFNPs. Blood was centrifuged, and plasma was collected. Plasma from mice
receiving no BFNPs injection was used to eliminate the background fluorescence.
Fluorescence was acquired using a Xenogen IVIS imaging system at an excitation
wavelength of 640 nm.

In vitro PTT

SF-763 cells at a density of 1 x 10 8 cells per well were incubated for 2 h with PBS solution
and BFNPs at a concentration of 1 mg/mL and irradiated with an 825-nm laser at the power
density of 1.5 W cm™2 for 5 min. The cells were stained with Calcein-AM and propidium
iodide (PI) for 15 min, washed with PBS, and then imaged with a confocal fluorescence
microscope at an excitation wavelength of 488 nm for cytoplasm and 546 nm for cell nuclei.

In vivo therapy with BFNPs and NIR irradiation

Flank xenograft C6 tumors were prepared by subcutaneous injection of one million C6 cells
suspended in Matrigel (BD Biosciences, San Jose, CA) into the right flanks of athymic nude
mice (Jackson Labs, Bar Harbor, ME). Tumors were allowed to grow for 2 weeks. Mice
bearing tumors were divided into four groups (n = 4 per group). Two groups were
intratumorally injected with 200 uL of PBS with one if two groups subsequently receiving
NIR irradiation (825 nm, 1.5 W/cm?) for 5 min. Another two groups were intratumorally
injected with BFNPs (200 uL, 0.5 mg/mL) for two times and then one of the two groups
were treated with NIR irradiation (825 nm, 1.5 W/cm?) for 5 min. Tumor sizes were
measured every 2 days for 10 days. The length and width of the tumors were measured with
a digital caliper. Ten days after BENP injection, tumors were harvested for H&E analysis as
described in previous section (2.10).

3. Results and discussion

The morphology and structure of BFNPs are examined with transmission electron
microscopy (TEM), high-resolution TEM (HRTEM) and selected-area electron diffraction
(SAED). Fig. 1a shows that BFNPs are virtually spheroidal and quite uniform in size with an
average diameter of about 16 nm. An HRTEM image of a single BFNP (Fig. 1b) reveals the
architecture of BFNPs as consisting of a crystalline iron oxide core (9.1 nm in diameter)
surrounded by a carbon shell with a thickness of 3.4 nm. Furthermore, Fig. 1c displays the
lattice fringes associated with the Fe3Cy4 crystal structure that correspond to the (311)
reflections of magnetite. A typical SAED pattern of BFNPs is shown in Fig. 1d showing the
diffraction dots which confirm the crystalline nature of BFNPs. X-ray photoelectron
spectroscopy (XPS) was used to verify the elemental composition of BFNPs; the results
(Fig. S1) show that BFNPs are composed of 58.8% carbon, 33.2% oxygen and 8.0% iron in
weight.

The crystallographic structure and phase purity of as-prepared BFNPs were examined by X-
ray powder diffraction (XRD) and Raman scattering techniques. The observed reflections of
220, 311, 400, 422, 511 and 440 in the XRD pattern (Fig. 1e) match well with standard
magnetite XRD reflections. In the Raman scattering pattern of BFNPs (Fig. 1f), the strong
peak at ~1590 cm~1 may be assigned to the G band of the carbon shell, while another
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dominant peak at ~1387 cm~1 may be ascribed to the D band of the carbon shell [35-37].
Additionally, the high-resolution XPS spectrum (Fig. S2) of the C 1 s signal shows oxidized
carbon in the form of a carboxylate group at a binding energy of 288.1 eV [38].

The surface properties of BFNPs were further investigated using Fourier transform infrared
(FT-IR) spectroscopy (Fig. S3). The FT-IR absorption peak at 1708 cm~1 may be attributed
to the C=0 stretching band of the carboxylic acid groups conjugated with condensed
aromatic carbon, whereas the broad absorption around 3391 cm™1 may be assigned to —OH
groups [39, 40]. These hydrophilic functional groups facilitates the dispersion of BFNPs in
phosphate buffered saline (PBS) solution. BFNPs in PBS have a hydrodynamic diameter of
about 27 and a narrow size distribution (Fig. S4a). Furthermore, BFNPs in PBS (Fig. 2a) and
in PBS containing 10% serum (Fig. S4b) remained well-dispersed over 7 days and 14 days,
respectively, suggesting high-level stability. The UV-Vis absorption spectrum (Fig. 2b) of
BFNPs shows a sharp absorption peak at —243 nm which is ascribed to the m-r* transition
of aromatic domains in the carbon shell of BFNPs [41, 42]. A shoulder peak at 404 nm is
also observed and is attributable to the Fe30,4 core of BFNPs [43].

The photoluminescence (PL) properties of BFNPs were studied under different excitation
wavelengths (Agx). As shown in Fig. 2c, when Ay increases from 240 nm to 500 nm, the
emission peak gradually shifts to longer wavelengths and the PL intensity gradually
increases, reaches a peak, then decreases. The PL quantum yield of BFNPs was determined
to be 5.8 % using rhodamine B as a standard. BFNPs also demonstrate excellent
photostability since only a slight change in PL intensity was observed after 2 h continuous
exposure of BFNPs in PBS solution to UV excitation light (Agx =360 nm) in a
fluorospectrometer (Fig. S5). More importantly, the PL spectra (Fig. 2d) of BFNPs excited
by long-wavelength light (700 < A¢x < 980) nm clearly demonstrate upconverted emissions
from 424 to 530 nm. The tunable PL properties of BFNPs are attributed to the quantum
confinement of conjugated rt-electrons in sp? network and multiphoton active processes
within the carbon shell [44, 45].

The magnetic properties of BFNPs were investigated using a superconducting quantum
interference device (SQUID) magnetometer. Fig. 2e shows the hysteresis loop of BFNPs
measured at 300 K in an applied magnetic field of up to +20,000 Oe, which indicates that
the saturation magnetization (M) of BFNPs is 13.6 emu g~1. The value of Ms is relatively
low because the BFNPs contain only about 41.22 % of Fe3Oy4, which reduces the relative
mass ratio of the magnetic component to the carbon shell in BFNPs may affect the surface
property of Fe30,4 [46]. No remanence or coercivity was observed at room temperature,
which is indicative of the superparamagnetic behavior of BFNPs, an essential for
applications in bioseparation, MRI contrast enhancement, and magneto-thermal therapy [47-
49]. An expanded view of the hysteresis loop is displayed in the inset of Fig. 2e showing the
resultant magnetization for applied field strengths between —4 and 4 Oe; this plot shows that
the coercive force and remaining magnetization saturation is 1.62 Oe and 0.039 emu g1,
respectively. BENPs show strong NIR absorption (Fig. S6) due to the aromatic, highly rc-
conjugated carbon structure of their shells, suggesting that BFNPs can serve as
phototherapeutic agents inPTT [50, 51]. Fig. 2f shows the photothermal effect of BFNPs
upon exposure to an NIR laser irradiation (825 nm) at a power density of 1.5 W/cm?,
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resulting in a concentration- and time-dependent temperature increase. Based on the time
constant for heat transfer (Fig. S7) and using the reported method for calculation of the
photothermal conversion efficiency (PCE), the PCE of BFNPs can be as high as 20.03%,
similar to that reported for gold nanorod (24.4 %) and Fe@Fe304 NPs (20.3 %) [16, 24]. In
comparison, the temperature change of water, used as a control, was much less significant
under the same irradiation condition.

Due to the fact that BFNPs consist of both fluorescent carbon shells and superparamagnetic
Fe304 cores, these particles should provide dual-modal imaging capabilities for FL
bioimaging and MRI. Human SF-763 glioblastoma cells were used to evaluate the FL
imaging functionality of BFNPs in vitro. Fig. 3 a-c show laser scanning confocal images of
SF-763 cells incubated with BFNPs acquired at different excitation wavelengths (405, 488,
and 546 nm). BFNPs produced a bright FL signal and illuminated SF-763 cells. A
comparison of confocal images (Fig. S8) of SF-763 cells incubated with PBS solution
further confirms that such optical property was generated by BFNPs. Additionally, the
confocal FL signal did not decrease after continuous irradiation with Ay = 488 nm for 60
min (Fig. S9), suggesting that BFNPs have excellent photo stability and can be used for
long-term cellular imaging. BFNPs were primarily localized in the cytoplasm of SF-763
cells and did not appear in cell nuclei. This indicates that BFNPs could potentially be used
as a phototherapeutic agent capable of infiltrating the cell membrane of cancerous cells
which would be advantageous in PTT.

Given the observed PL upconversion properties of BFNPs (Fig. 2d), these particles are
expected to serve as convenient optical marker in two-photon FL imaging. Fig. 3d-f shows a
transmission image (d), a two-photon FL image (e) and their overlay (f) of SF-763 cells after
up taking BFNPs and being excited with a femtosecond infrared laser (Agx = 820 nm). These
images show that cell structures may be highlighted using the upconverted FL signal emitted
by BFNPs upon excitation with an NIR laser irradiation. NIR imaging with BFNPs was
further investigated in vivo by injecting BFNPs into flank tumors of mice. As shown in Fig.
3 g-j and k-n the FL signal of BFNPs injected into a tumor (dose = 10 mg kg™1) and BFNPs
in PBS solution at excitation wavelengths of 605, 640 and 675 nm using an in vivo imaging
system (IVIS) was observed.

The superparamagnetism exhibited by BFNPs indicates their ability to serve as 7, contrast
agents for MRI; this was tested in vitro using a quantitative 7, imaging sequence to
determine the transverse relaxivity rate (,) of BFENPs. Fig. 4a shows the inverse relaxation
times (1 /75) of BFNPs as a function of iron concentration. The transverse relaxivity of the
BFNPs was found to exhibit a linear relationship with iron concentration, with r», = 264.76
mM~1s71 an r, which is much greater than those of commonly used clinical 7, contrast
agents (e.g., Feridex, /> = 185.84 mM~1 s, Fig. S10). 7>-weighted magnetic resonance
images and /5 maps (Fig. 4b) reveal that the 7, MRI signal intensity declines with
increasing BFNP concentration; the reason for this is that magnetic Fe304 cores shorten the
transverse relaxation time (i.e., 7,) by dephasing the spins of protons in their vicinity [52].
The incremental decrease in MRI signal intensity is indicated by the enhanced darkness at
increased iron concentrations. To evaluate their MR imaging capability in vivo, BFNPs (1
mg/mL, 200 pL) were administered through intravenous injection. 7,-weighted MR images
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of the cross-section views of mice centered on kidney and spleen were acquired before and
after the injection (Fig. 4c). BFNPs demonstrated a substantial contrast enhancement
throughout the duration of the experiment (60 min). These results show the ability of the
BFNPs to serve as contrast agents in 7,-weighted MRI for diagnosis and monitoring
treatment of cancer.

The in vitro cytotoxicities of BFNPs with and without NIR irradiation were evaluated using
a glioma cell line (SF-763) and a healthy cell line (HEK293T). Fig. 5a and b show the
cytotoxicity of BFNPs at various concentrations with and without 5 min exposure to 1.5
W/cm? NIR light. More than 95% of cells from both cell lines survived 72 h after treatment
with BFNPs without NIR irradiation, which indicates that BFNPs are nontoxic to the tested
cells at concentrations up to 100 pg mL~1. However, laser irradiation led to a significant
decrease in cell viability, down to 58%, after cells were incubated with 100 ug mL1 of
BFNPs. Conversely, exposing cells alone (i.e., cells not incubated with BFNPs) to NIR laser
irradiation showed a negligible effect on their cell viability (Fig. S11). Confocal fluorescent
images of calcein AM (green, live cells) and propidium iodide (PI) (red, dead cells) co-
stained cells shown the death of the SF-763 cells after incubation with BFNPs while no cell
death was observed in SF-763 cells after incubation with PBS solution (Fig. S12), which
further confirmed the effective photothermal therapy induced by BFNPs (Fig. 5d). These
results show the great potential of BFNPs to serve as phototherapeutic agents in PTT.

The biodistribution and tissue toxicity of BFNPs were assessed in vivo. An experimental
group and a control group of mice with a tumor were intravenously injected with BFNPs
(dose =200 pL, 1 mg mL™1) and PBS (volume = 200 pL), respectively. Mice were then
euthanized and whole organs, including liver, spleen, kidney, lung, heart, and tumor were
harvested at different time points. BFNP biodistribution was assessed by measuring the FL
signal of BFNPs using an IVIS system at an excitation wavelength of 640 nm. As shown in
Fig. 5¢, BFNPs mainly accumulated in the liver due to reticuloendothelial system uptake;
BFNPs were also found in the kidneys, spleen, lungs, heart, and tumor in order from highest
concentration to lowest. At 96 h post-injection, less than 15% of initially-accumulated
BFNPs remained in the liver and minimal amounts of BFNPs were found in the heart,
kidneys, lungs and spleen. Histological analysis of the major organs was performed to
evaluate the tisssue toxicity of BFNPs. Tissues were harvested from mice 96 h after BFNP
injection; tissues were then fixed in 10% formalin, embedded in paraffin, sectioned and
stained with hematoxylin and eosin (H & E). As shown in Fig. 5e, no discernible differences
in cell morphology or tissue structure were observed between treated mice and control mice,
suggesting that BFNPs are non-toxic to healthy tissues. In addition, the half-life of BFNPs in
blood circulation was found to be 1.36 h (Fig. S13)

Given their demonstrated photothermal conversion efficiency and non-toxic property?
[?]good compatibility, BFNPs were assessed in a preliminary in vivo PTT study. Mice
bearing C6 glioblastoma tumors were allowed to grow for 2 weeks before being
administrated with BFNPs via a single intratumoral injection and the tumor regions were
then subjected or not subjected to NIR laser irradiation (825 nm, 1.5 W/cm?2) for 5 min in
experimental and control conditions, respectively. Tumor-bearing mice were randomly
divided into 4 groups with 4 mice per group. Two groups were intratumorally injected with
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PBS solution, where one group received NIR laser irradiation and the other did not. The
mice in the other two groups were intratumorally injected with BFNPs, where one group
received NIR laser irradiation and the other did not. Tumor sizes in mice were measured
every two days up to 10 days post-treatment. As shown in Fig. 6a, the tumors in both PBS-
injected groups grew rapidly, regardless of NIR irradiation. The tumors in mice treated with
BFNPs but not NIR laser irradiation exhibited similar tumor growth profiles compared to
both PBS-treated groups. For these three groups, the tumors grew steadily, with tumor sizes
increasing 7-fold relative to the initial tumor size. In contrast, a remarkable inhibition of
tumor growth was observed in mice treated with both BFNPs and NIR laser irradiation. The
weight of all mice in each group was also recorded; Fig. 6b displays the average weight for
all the mice in a group for all 4 groups over a 10-day period. The weight of all mice in all
groups remained in a normal range and no obvious weight loss or gain was observed. At day
10, tumors from all mice were harvested and weighed. The average tumor mass from the
group treated with both BFNP and NIR laser irradiation was significantly smaller than those
from the other three groups (Fig. S14). To further elucidate the effects of PTT on tumor
regions, tumor tissues were harvested from mice after treatment (i.e., day 10). Histological
images of H&E stained tumor sections (Fig. 6¢) show that cells in tumors from mouse
groups treated with PBS, PBS + NIR irradiation and BFNP alone largely retained their
normal cancerous morphology with distinctive membranes and nuclear structures. On the
contrary, most tumor cells from the group treated with BFNPs and NIR irradiation were
severely damaged and exhibited shrinkage, loss of contact and nuclear damage. These
results suggest that BFNPs could serve as effective phototherapeutic agents for in vivo PTT
of cancer.

4 Conclusions

Theranostic hybrid nanostructures based on Fe30,4 nanocrystal cores with carbon shells were
synthesized using a one-pot solvothermal method with ferrocene as the sole precursor. The
resultant BFNPs have a uniform size of about 16 nm and excellent stability in solution due
to the presence of hydrophilic carboxyl groups on the surface of carbon shell. The carbon
shell in BFNPs exhibits excitation wavelength-tunable photoluminescence, which allow
BFNPs to serve as an optical maker for confocal, two-photon fluorescence and NIR
imaging. f The Fe30,4 cores in BFNPs are superparamagnetic in nature, which provides
contrast enhancement for To-weighted MRI in vivo. Both in vitro and in vivo studies show
that the BFNPs are non-toxic to cells and healthy tissues. Also notably, BFNPs can absorb
and convert NIR light to heat and thus, can enable photothermal therapy for tumor treatment.
With multiple favorable functionalities, this nanostructure holds great promise to improve
the outcome in imaging-guided cancer therapy.
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Highlights
. A bifunctional theranostic nanoparticle (BFNP) is developed.
. BFNP is a contrast agent for both magnetic resonance imaging and

fluorescence imaging
. BFNP converts NIR light into heat enabling photothermal therapy
. BFNP is benign to organs and healthy tissue

. Imaging and therapeutic efficacy of BFNP is demonstrated in a mouse model
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Fig.1.
Morphology and structure of BFNPs. (a) TEM image of BFNPs. (b) HRTEM image of a

single BFNP. (c) Lattice fringes of Fe304 core, (d) SAED pattern of a single BFNP. (e and f)
XRD and Raman spectrum of BFNPs, respectively.
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Fig. 2.

Characterization of BFNPs. (a) Hydrodynamic size of BFNPs as a function of time. The low
variation in hydrodynamic size versus time suggests good stability, (b) UV-Vis-NIR
absorption spectrum of BFNPs. (c) PL spectra and (d) upconverted PL spectra of BFNPs
under different excitation wavelengths, (e) Hysteresis loop of BFNPs measured at room
temperature. The top-left inset shows the respective expanded plots for fields between —4
and 4 Oe. (f) Photothermal heating curves of pure water (control) and BFNPs (0.1, 0.3 and
0.5 mg/mL) in water under 825 nm laser irradiation at a power of 1.5 W/cm? for 5 min.
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Fig. 3.

Ingvitro and in vivo FL imaging. Laser scanning confocal microscopy images of SF-763 cells
incubated with BFNPs for 2 h under different excitation wavelengths: (a) 405 nm; (b) 488
nm; (c) 546 nm. (d) Transmission, (e) two-photon fluorescence and (f) overlaid images of
SF-763 cells incubated with BFNPs. Excitation laser wavelength was 820 nm. NIR FL
images of BFNPs injected into a tumor (g-j) and BFNPs (k-n) in PBS solution (0.5 mg/mL,
inset) under various excitation wavelengths: (g and k) white light, (h and I) 605 nm, (i and
m) 640 nm and (j and n) 675 nm.
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Fig. 4.
MRI of BFNPs. (a) 7,-weighted MR images and A, maps of MRI phantoms for BFNPs at

different iron concentrations, (b) Plots of I/ 7, as a function of iron concentration. The slope
of the curve in (b) is defined as the transverse relaxivity, 7. (c) In vivo 7,-weighted MR
images of the cross-sections of mice receiving BFNPs treatment with dynamic time-resolved
MRI acquired at various time points after intravenous administration. The arrows denote
various organs: kidney (K) and spleen (Sp).
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Fig. 5.

C)E/;totoxicy and tissue toxicity of BFNPs. In vitro cytotoxicity study of BFNPs was
performed by assessing the viability of (a) SF-763 and (b) HEK293T cells with and without
5 min exposure to 1.5 W/cm?2 NIR light (825 nm). (c) Biodistribution of BFNPs in different
organs of nude mice evaluated at 24 h, 48 h and 96 h post-injection, (d) Confocal images of
calcein AM (green, live cells) and propidium iodide (red, dead cells) co-stained stained
SF-763 cells (left, cytoplasm; middle, cell nucleus; right, overlaid images) after incubation
with BFNPs and being exposed to the 825 nm laser at the power density of 1.5 W cm~2 for 5
min. (e) Histological images of H & E stained tissue sections of mouse heart, kidney, liver,
lung and spleen obtained from non-injected animals (control) and those injected with BFNPs
at a concentration of 1 mg mL™L. The scale bar is 100 um. Data in (a) are presented in mean
+ SEM (n= 6). Statistical analysis was performed using the Student’s two-tailed #test with *
p <0.05 and **p <0.01 considered as statistically significant.
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Fig. 6.

In vivo PTT using BFNPs. (a) Tumor growth curves of mice treated under different
conditions (four mice per treatment group). (b) Weight of mice from different groups over a
10-day period, (c) H & E-stained tumor sections collected from mice after treatments (scale
bar =125 um). Statistical analysis was performed using the Student’s two-tailed 7-test
(***P< 0.001).

J Control Release. Author manuscript; available in PMC 2019 November 10.



	Abstract
	Introduction
	Experimental section
	Synthesis of BFNPs
	Characterization
	Cell culture
	In vitro confocal imaging
	In vitro two-photon fluorescent imaging
	In vivo NIR imaging
	In vitro MRI
	In vivo MRI
	Cell viability
	Histopathological evaluation
	Biodistribution and half-life in blood circulation
	In vitro PTT
	In vivo therapy with BFNPs and NIR irradiation

	Results and discussion
	Conclusions
	References
	Fig.1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

