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ARTICLE INFO ABSTRACT
Article history: A single nanomaterial with multiple imaging contrasts and functions is highly desired for multiscale
Received 15 January 2016 theragnosis. Herein, we demonstrate single 1—1.9 pm infrared-active FePt alloy nanoparticles (FePt NPs)

Accepted 25 January 2016

‘ ) offering unprecedented four-contrast-in-one molecular imaging — computed tomography (CT), magnetic
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resonance imaging (MRI), photoacoustic (PA) imaging, and high-order multiphoton luminescence
(HOMPL) microscopy. The PA response of FePt NPs outperforms that of infrared-active gold nanorods by
3- to 5.6-fold under identical excitation fluence and particle concentrations. HOMPL (680 nm) of an
isolated FePt NP renders spatial full-width-at-half-maximum values of 432 nm and 300 nm beyond the
Multi-modality contrast optical diffraction limit for 1230-nm and 920-nm excitation, respectively. The in vivo targeting function
Multiphoton luminescence was successfully visualized using HOMPL, PA imaging, CT, and MR, thereby validating FePt as a single
Photoacoustic responses nanomaterial system covering up to four types (Optical/PA/CT/MRI) of molecular imaging contrast,
Molecular imaging ranging from the microscopic level to whole-body scale investigation.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction personalized medicine [1]. With the help of molecular contrast
agents, the spatial distribution and dynamics of disease-related
Molecular imaging has become an indispensable tool for pre- molecules or the pharmacokinetics of therapeutics can thus be

clinical research, clinical trials, and clinical practice in the context of visualized and quantitatively analyzed in vivo. To provide strong
contrast and sufficient sensitivity in different imaging modalities,
various nanomaterial systems have been developed. Radiolabeled
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plasmon-resonance (SPR) absorption provided valuable contrast
for photoacoustic (PA) imaging [10,11]. Lipid- or albumin-based
microbubbles offered a designable template for ultrasound mo-
lecular imaging [12,13]. In optical spectroscopy or microscopy,
molecular information can be obtained through absorption or
luminescence by endogenous pigments, immunofluorescence-
labeled antibodies, bio-luminescent probes, transgenically labeled
fluorescent proteins, and functionalized quantum dots [14].
Different molecular imaging modalities, however, have their own
advantages and disadvantages in terms of sensitivity, spatial-
temporal resolution, and imaging depth [1]. To gain a compre-
hensive understanding of the physiology or pathology of diseases
in vivo, multi-modal molecular imaging is required for multiscale
investigations and proofs of principle. For this purpose, researchers
commonly synthesize nanocomposites to achieve multimodal
contrasts in single agents [15—17]. Reducing the complexity of the
synthesis and the toxicity of the materials demands a single ma-
terial system that can cover as many types of contrast as possible.
For example, the commonly used gold nanomaterial system pro-
vides CT contrast [9], SPR absorption for PA imaging [10,11], and
two-photon luminescence contrasts [ 18], thus covering three major
imaging modalities (Optical/CT/PA) while unfortunately lacking
others such as MR contrast. To date, no single-material system can
cover more than three classes of contrast.

Recently, FePt nanoparticles (FePt NPs) have emerged as effec-
tive CT/MRI dual-modality imaging agents [7]. Their long-term
circulation and targeting capabilities have been successfully
demonstrated in vivo [7]. In addition, FePt NPs displayed better
photothermal efficiency than gold NPs in the near infrared (NIR)
wavelength range [19]. This phenomenon implied that FePt NPs
might have strong NIR absorption, which could potentially generate
PA and/or multiphoton optical contrast. In this report, we further
explored the capability of FePt NPs to offer PA and multiphoton
optical contrast by evaluating their contrast capabilities in PA and
optical modalities with infrared laser-pulse excitation. Interest-
ingly, high-order multiphoton luminescence (HOMPL), including
three-photon luminescence (3PL) and four-photon luminescence
(4PL), was observed with FePt NPs and exploited to demonstrate
the first HOMPL microscopy. We further discovered that FePt NPs
produce much stronger PA signals and thus offer potentially deeper
imaging depth than infrared-active gold nanorods, a commonly
used PA contrast agent. These two valuable types of contrast, in
combination with MRI and CT contrast, enable FePt to provide
unprecedented quadruple (Optical/PA/CT/MRI) imaging contrast in
a single nanomaterial system for imaging from the microscopic
level up to whole-body scale investigation.

2. Materials and methods
2.1. Materials

Platinum acetylacetonate (Pt(acac);, ACROS, 97%), iron penta-
carbonyl (Fe(CO)s, Aldrich, 99%), hexadecane-1,2-diol (Aldrich,
90%), oleyl amine (ACROS, C18 content 80—90%), oleic acid (Aldrich,
70%), dioctyl ether (Aldrich, 90%), 1-octadecene (ACROS, 90%), 6-
mercaptohexanol (Aldrich, 97%), cysteamine (Sigma, 95%), ethyl-
3-[3-dimethylaminopropyl] carbodiimide hydrochloride (Aldrich,
98%), N-hydroxysuccinimide (Acros, 98%) and anti-VEGFR anti-
bodies (ebioscience, anti-mouse-cd309 biotin, 500 ig/mL).

2.2. Synthesis and ligand exchange of FePt nanoparticles
As-prepared FePt nanoparticles (~12 nm) were synthesized ac-

cording to a previous article [7]. The procedure is described as
follows: Pt(acac); (195 mg), Fe(CO)s (66 pL), 1,2-hexadecandiol

(1.05 g), oleyl amine (4 mL) and oleic acid (4 mL) and dioctyl
ether (4 mL) were loaded into a three-neck flask. The chemical
mixture in the N, atmosphere was heated to 240 °C at a heating
rate of 15 °C/min. The reaction temperature was maintained for
60 min, and then the reaction mixture was cooled to room tem-
perature. The black particles were separated by the addition of
ethanol followed by centrifugation. The final product was stored in
hexane or toluene.

In the procedure of ligand exchange, the dry FePt nanoparticles
(~30 mg) were dispersed in ODE by sonication. 6-mercaptohexanol
(~600 pL) was mixed into the previous mixture at room tempera-
ture. The temperature of the mixture was kept at ~55 °C (heating
rate ~ 5 °C/min) overnight. Then the final product was washed to
clean the physically adsorbed ligand on the particle surfaces by the
addition of methanol and hexane. Finally, the 6-mercaptohexanol-
modified FePt nanoparticles (FePt NPs) were collected and stored in
a bottle filled with N».

For the anti-VEGFR antibodies conjugation of FePt NPs, FePt NPs
were first modified cysteamine through the procedure reported in
previous article [7]. Then, FePt NPs with amine group were incu-
bated with ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC) at 4 °C. After 10 min, the suitable amount of N-
hydroxysuccinimide (NHS) was mixed with this solution at 4 °C for
30 min. Finally, the anti-VEGFR antibodies were added into the
above solution and then, the mixture was stirred at 4 °C for 8—10 h.
The pallets were centrifuged in 10,000 rpm for 10 min and washed
in phosphate-buffered saline (PBS) twice before next steps.

2.3. Characterization

Transmission electron microscopy (TEM) images were obtained
with a JEOL 1230 transmission electron microscope (at 100 kV). The
powder x-ray diffraction scan (PXRD) was performed on a PAN-
alytical X' Pert PRO diffractometer and recorded from 20° to 60°.
The FePt nanoparticle powder was deposited on Si wafer, and the
workup procedure was carried out with Cu Ko radiation
(A = 1.54178 A). FTIR spectra in the region of 500—4000 cm™~ ' were
collected with a Varian 640-IR spectrometer.

2.4. Multiphoton nonlinear optical microscope with a micro-
incubator

The imaging system used was a home-build femtosecond
Cr:forsterite-laser-based multiphoton nonlinear optical microscope
with a sub-micron 3D spatial resolution. The laser wavelength was
set at approximately 1250 nm, which falls in the NIR-penetration
window (1200—1300 nm) of most biological tissues. Unlike the
commonly used Ti:sapphire laser (700—1000 nm), this laser does
not resonantly excite the two-photon Soret band of many endog-
enous fluorophores in cells and tissues, thereby resulting in less on-
focus damage. Due to these advantages, particularly in vivo imaging
in deep tissues, the Cr:forsterite laser has been widely applied in
developmental biology [20] and human clinical studies [21].
Because most of the autofluorescence is suppressed, optical
contrast agents that can be efficiently excited at approximately
615 nm should exhibit red emission and thus be beneficial to deep-
tissue imaging. The laser beam was XY-scanned by a scanning unit
(FV300, Olympus, Japan) cascaded with an inverted microscope
(IX71, Olympus, Japan). The laser beam was then transmitted to a
multiphoton dichroic beam splitter (edged at 665 nm) and focused
by a water immersion objective (1.2 NA, 60x, Olympus, Japan). The
resulting red multiphoton luminescence, SHG, and THG were epi-
collected by the same objective. The red multiphoton lumines-
cence (A > 665 nm) was transmitted to a dichroic beam splitter and
detected by a photomultiplier tube (PMT) in the scanning unit. The
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SHG and THG signals were reflected and then separated by another
dichroic beam splitter edged at 490 nm and separately detected by
two additional PMTs. All three channels were reconstructed into
512 x 512 images using software in a computer at a 2-Hz frame rate.

For imaging of live cells, a micro-incubator on a microscope was
used to create an environment with a temperature of 37 °Cand a 5%
C0O,/95% air atmosphere. The temperature of the thermostat
(LAUDA, Ecoline Staredition RE 204) was set at 50 °C to achieve
37 °C at the distal end of the objective. Vapor that reached the
micro-incubator through a duct maintained the micro-incubator at
approximately 37 °C. The gas controller (OkO Lab) continuously
supplied 5% CO, to maintain the absolute outlet pressure at 1 atm.
The 1.2 NA water-immersion objective was heated using a dual
temperature controller (TC-144, WARNER Instruments). This
approach allowed the temperature at the bottom of the dish to be
maintained at approximately 37 °C.

2.5. In vivo T>-weighted MR and CT imaging of the mice bearing
melanoma tumor

Mice bearing melanoma tumor were anesthetized using 2%
isoflurane mixed with 100% O, and then, subjected to the two
imaging modality analysis after tail-vein injection of anti-VEGFR-
FePt NPs. The in vivo experiments were performed a clinical
3 T MR system (Signa Excite, GE Healthcare, USA) before and after
the injection of anti-VEGFR-FePt NPs. The images were taken at a
time sequence from O to 1 h using T2-weighted MR acquisition
sequence with the following parameters: fast spin echo with TR/
TE = 3000 ms/99.7 ms, ET = 10 ms. Further, the signal intensity of
tissue in each test was determined by standard region-of-interest
measurements of cross-sectional image of the tissue using the
provided image quantification software. The in vivo CT analysis was
acquired using a GE Light Speed VCT 64-detector CT. Imaging pa-
rameters were as follows: slice thickness, 0.625 mm; 120 kVp,
30 mA; field of view, 512 x 512, gantry rotation time, 0.4 s; table
speed, 40 mm/rotation. The each image acquisition was performed
when rotated one step (1°) through 360°. The images were pro-
cessed for cross sections by reconstruction using analysis software.

2.6. In vivo 4PL imaging

C57BL/6-c2] and BALB/c mice at 4—6 weeks old were separately
obtained from the laboratory animal center (National Taiwan Uni-
versity College of Medicine, Taiwan) and LASCO (Taiwan) and
maintained in the animal research center core facility (National
Taiwan University College of Medicine, Taiwan). B16-F10 melanoma
cells (American Type Culture Collection [ATCC]; CRL-6322) were
obtained from the Food Industry Research and Development
Institute (Taiwan). BNL-1 MEA.7R.1 (BNL) mouse hepatocellular
carcinoma (HCC) cells were provided by Dr. Da-Liang Ou (National
Taiwan University, Taiwan). The mCherry B16F10 stable cell line
was established using the Retro-XTM Universal Packaging System
(Clontech Laboratories Inc). This system includes the GP2-293 cell
line, whose genome incorporates the viral gag and pol genes. B16-
F10 melanoma, BNL and mCherry B16F10 melanoma stable cells
were grown in Dulbecco's Modified Eagle Medium (DMEM, Invi-
trogen) containing 4.5 g/L p-Glucose, 10% fetal bovine serum (FBS,
Gibco), 2 mM t-glutamine (Invitrogen), and penicillin and strep-
tomycin (100 pg/mL; Invitrogen). The cells were maintained at
37 °C and 5% CO;. The mCherry B16F10 melanoma stable cells were
implanted into the ears of C57BL/6-c2] mice. BALB/c mice were
subcutaneously inoculated in the dorsal right flank with 1 x 10°
BNL cells. All animal experiments were performed in accordance
with animal welfare guidelines and approved by the Institutional
Animal Care and Use Committee (IACUC) of National Taiwan

University College of Medicine. Mouse body weights were 25 g at
the time of the experiments.

For the static observation of mice via in vivo nonlinear micro-
scopy, we used the inhaled anesthetic isoflurane due to its effec-
tiveness, lack of side-effects, and rapid wash-out, especially for
consecutive time-course imaging. Isoflurane supplies oxygen dur-
ing the entire anesthetic period and is good for rapid anesthetic
recovery. Anesthesia was induced using vaporized isoflurane at up
to 4% and maintained with 0.8—1.5% isoflurane during prolonged
experimental observation. We monitored the reflexes and vital
signs (94—163 breaths/min, 325—780 beats/min, 37.5 °C) of the
anesthetized mouse and maintained the body temperature using a
small warm bag during the entire anesthetic period and throughout
the recovery period.

2.7. HOMPL and photostability examination of FePt NPs

Four-photon luminescence images of FePt NPs were performed
on a Leica TCS SP5 MP equipped with a femtosecond Ti:sapphire
laser and an optical parametric oscillator (OPO). The OPO can
extend excitation wavelength to 1-1.3 pm. The objective used in
imaging was a 20x, 0.75 NA water-immersion objective (Leica).
Three-photon excitation at 920 nm and four-photon excitation
1230 nm both resulted in red luminescence signals of the nano-
particles. The average powers after the objective were both 80 mW
and the corresponding fields of view were 255 pm x . 255 pm with
512 x 512 pixels. Through statistical analysis of the fluorescence
images, we obtained an average intensity for each picture that can
be used as a measure of the luminescence intensity. The photo-
stability of the nanoparticles was determined by 8 min continuous
excitation with femtosecond laser pulses at wavelengths of 920 nm
and 1230 nm. For the in vivo evaluation of photostability, the im-
aging depth under test was 50 pm.

2.8. Evaluation of in vivo imaging depth on 3PL of FePt NPs and 2PF
OfAuNszogo

The C57BL/6-c2] mice were injected with 50 uL of FePt NPs or
AuNR; 000 (2 mg/mL) into the subcutaneous regions of the mouse
ears. The in vivo sectioning images of the nanoparticles were
captured on a Leica TCS SP5 MP system equipped with a Ti:sapphire
laser and an OPO. The multiphoton excitation wavelength was
920 nm. The objective used in imaging was a 20x, 0.75 NA water-
immersion objective (Leica). To evaluate the capability of imaging
depth, we acquire sectioning images from O to 200 um deep at a
step size of 5 pm.

2.9. Measurement of the PA effect

The sample tubes were immersed in water at a depth of 12 mm
and irradiated by 1064 nm pulses from an Nd:YAG laser (LS-2132 U,
LOTIS TII, Minsk, Belarus) at a repetition rate of 15 Hz. The pulse
duration of the laser was 8 ns, and the fluence was approximately
7 mJ/cm?. For acoustic detection, a custom 20-MHz fiber-integrated
transducer was used. The signals were sent to a preamplifier
(5073PR, Panametrics, Waltham, MA) and recorded by a data
acquisition card (CompuScope 14200, Gage, Lachine, QC, Canada) at
a sampling rate of 100 MHz. The transducer was mounted on a
precision translation stage, and a B-scan image was obtained by
moving the driving motor (HR-8, Nanomotion, Yokneam, Israel) at a
step size of 50 pm. The recorded data were processed using an
offline method. The data were first filtered by a band pass filter to
remove the noise and then demodulated with the transducer's
central frequency for envelope detection. The PA images were
shown with the amplitude displayed with the dynamic range of
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55 dB. The maximum-amplitude-projection profile of the PA B-scan
images was obtained by projecting the highest value along the
depth axis, which was presented on a linear scale.

2.10. In vivo PA imaging

For the in vivo PA experiments, a 25-MHz dark-field confocal PA
microscopy (PAM) system was used. A pulsed Nd:YAG laser system
(Surlite 1I-10, Continuum), with pulse width of 6.5 ns, pulse repe-
tition rate of 10 Hz, and wavelength of 1064 nm, was used to pro-
vide laser pulses for PA excitation. The laser energy was uniformly
delivered to the region of interest in a dark-field configuration via
the optical path, which was composed of an optical fiber, two
lenses, an axicon and a plexiglass. The incident energy density on
the sample surface was well within the ANSI safety limit, i.e.,
<100 mJ/cm? at 1064 nm. To receive the PA signals, a 25-MHz
focused ultrasound transducer (V324, Olympus) was used, with
a —6 dB fractional bandwidth of 55%, a focal length of 12.7 mm, and
a 6-mm active element size, thus offering a lateral resolution of 185
um and an axial resolution of 68 pm. The transducer was immersed
in a water tank with a hole at the bottom sealed with a piece of
polyethylene membrane. The imaged part of the animal (e.g., the
tumor site of the mouse) was coated with a thin layer of ultrasonic
gel and then placed below the membrane. After detection by the
ultrasonic transducer, the PA signals were pre-amplified by 38 dB
with a low-noise amplifier, filtered and re-amplified by a pulser/
receiver (5073 PR, Olympus), digitized by an analog-to-digital card
(CompuScope 14200, GaGe), and then stored on a personal
computer.

Note that the in vivo PA B-scan images were taken with signal
averaging of 4 times to improve the signal-to-noise ratio, and the
brightness of the images corresponded to the amplitude of the
detected PA signals. By changing the excitation source from the
laser to the ultrasound pulser, the imaging mode could be switched
from PAM to ultrasound microscopy, thereby providing comple-
mentary structural information with 56-um axial and 125-pm
lateral resolution, respectively. Each ultrasound B-mode image was
acquired with signal averaging of 32 times.

Anesthetized mice bearing liver tumors (BNL 1MEA.7R.1 liver
cancer cell line) and weighing approximately 20 g were used for the
in vivo experiments. All animal experiments were conducted in
accordance with the guidelines from Animal Research Committee
of National Taiwan University and National Tsing Hua University,
Taiwan. The mice were subcutaneously inoculated with liver cancer
cells on the hind dorsal part. Imaging was performed 21 days after
tumor inoculation, and the mice were anesthetized by gas anes-
thesia with isoflurane at a dose of 1% in pure oxygen at a 1-L/min
flow rate during the imaging procedure. Body temperature was
maintained with a warming lamp and the thermostat in the water
tank. Ultrasound and PA pre-scans prior to FePt nanoparticle
administration were performed to determine the background sig-
nals. A 10-mg/mL dose of FePt nanoparticles in 100 puL was then
administered intravenously. After injection, the tumor foci were
imaged every 10 min via PAM and monitored for up to 80 min.

3. Results and discussions

Hydrophilic FePt NPs with average sizes of 11.8 + 2.05 nm
(Fig. S1) were obtained through modification with 6-
mercaptohexanol (note that hereafter, the 6-mercaptohexanol-
modified FePt NPs are abbreviated as FePt NPs). Their morphologies
and sizes are similar to those of the as-prepared particles (Fig. 1a
and Fig. S1a). Fourier Transform Infrared (FTIR) spectra of the as-
prepared FePt NPs and FePt NPs revealed the characteristic bands
from the adsorbed ligands, including oleic acid, oleyl amine, and 6-

mercaptohexanol, on the surface (Fig. S1b). Additionally, the pow-
der X-ray diffraction (PXRD) results (Fig. S1c) showed that the core
structure of FePt NPs was stable after the alteration of the ligand
shell. These data, together with good water solubility, ensure the
complete and successful execution of the ligand exchange process.
In MTT cell toxicity assays (Fig. S2a), FePt NPs demonstrated no
significant cytotoxicity (=80% cell viability) at various particle
concentrations. Furthermore, the low hemolysis (<5%) of FePt NPs
had been reported [7]. Thus, these results justified the biocom-
patibility of FePt NPs for further in vitro and in vivo investigations in
this study. In vitro time-course images (Fig. S2b) showed that HeLa
cells taking up FePt NPs were promptly damaged under a low
illumination intensity of 1 mW/cm? at 800 nm. By contrast, under a
similar light intensity, HeLa cells without FePt NP uptake (left-most
in Fig. S2b) survived after a long laser irradiation period (0—280 s).
These results not only validate the good photothermal capability of
FePt NPs after surface modification but also imply a strong NIR
absorption of FePt NPs [19].

To characterize the absorption properties of FePt NPs, sample
films were prepared by depositing FePt NPs onto an indium tin
oxide (ITO) glass substrate and then dried under vacuum at room
temperature overnight. A UV—visible—NIR diffuse reflectance
spectrophotometer equipped with an integrating sphere was used
to record the absolute absorption characteristics of samples in the
wavelength range of 300—1900 nm. Both as-prepared FePt NPs and
FePt NPs exhibit apparent infrared absorption bands that increase
from 1 pm, reach a plateau at 1.3 pm, and then extend to 1.9 pm
(Fig. 1b and Fig. S3c, black curve). In the biological penetration
window of 1.2—1.3 pm, the absorbance magnitude is even as large
as that in the UV region. A similarly strong near-infrared absorption
band was also observed for ligand-modified iron oxides, including
a-Fe;03, y-Fe;03, and Fe304 [22—24]. Previous reports validated
that the strong infrared absorption band of iron oxides is due to
their ligand-iron complex on the surface of particles. In fact, many
characterizations of the surface state have demonstrated the
presence of iron oxides (Fe?* and Fe>*) on the surface of FePt NPs
[25,26]. Furthermore, chemical bonds between the Fe ion and the
organic ligands with functional groups, such as carboxyl and thiol,
have been shown to form during synthesis and modification
[27—29]. For verification, pure Pt NPs were synthesized for ab-
sorption measurements. The absorption band in the
1000—1900 nm region was clearly absent for the pure Pt NPs
(Fig. S3c, green curve). These results support the notion that the
presence of iron oxide and/or ligand-iron complexes on the surface
induces the distinctive NIR absorption band of FePt NPs.

Given this prominent infrared absorption, we anticipated that
the FePt NPs can greatly enhance multiphoton luminescence
through resonant coupling; thus, a femtosecond Cr:forsterite laser
operating at approximately 1250 nm was used to explore the
multiphoton luminescence properties of FePt NPs. A tightly focused
(60x Olympus UplanApo, 1.2 NA) excitation leads to broad FePt NP
luminescence extending from 500 to 850 nm (Fig. 1c and Fig. S4),
with a peak wavelength at approximately 680 nm. Integrating the
power spectra, we found that the multiphoton luminescence yield
revealed a quartic dependence on the excitation power (Fig. 1d,
black). Following excitation at shorter wavelengths of 920 nm and
1100 nm, the results (Fig. 1d, red and 1d, blue) still indicated the
nonlinear dependence of the luminescence yields (570—640 nm)
on excitation power. At low excitation power, the ensemble-
averaged slopes of the best linear fits were 2.6 and 2.7 when the
pump wavelengths were 920 nm and 1100 nm, respectively.
Therefore, luminescence intensity as a function of excitation power
could be 3PL or 4PL (HOMPL) depending on the excitation wave-
lengths. The tunability of the excitation wavelengths for
multiphoton-excited emission in FePt NPs thus provides more
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Fig.1. (a) TEM images obtained from the 6-mercaptohexanol-modified FePt NPs (FePt NPs). (b) UV—visible—NIR absorption spectrum of FePt NPs. (c) Power-dependent multiphoton
luminescence spectra of FePt NPs excited at 1250 nm. (d) The total luminescence power versus excitation power at 920 nm (red), 1100 nm (blue) and 1250 nm (black). Curve-fitting
of the log—log plot showed slopes of 2.6 for the excitation power at 920 nm, 2.7 for the excitation power at 1100 nm, and 4.0 for the excitation power at 1250 nm. Multiphoton
luminescence microscopy of an isolated FePt NP excited at (e) 1230 nm and (f) 920 nm. White curves in (e) and (f) represent the normalized cross-sectional intensity profiles. Red
lines depict Gaussian fitting of the white curves. Scale bar of image: 500 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

flexibility for multiple-label biological imaging and medical
photodynamic therapy. Despite the prominent multiphoton exci-
tation emission, surprisingly, we could not obtain the single-
photon spectrum of FePt NPs (Fig. S5) in water. To ensure the
HOMPL can be long-term excited, the photostability of the resulting
HOMPL of FePt NPs was also examined both in vitro and in vivo
using laser excitation at 920 nm and 1230 nm. After 8 min of
excitation, the magnitude of luminescence did not change signifi-
cantly (Fig. S6). These results validate that FePt NPs can be used as
stable HOMPL labels for long-term cell tracking in vivo. This phe-
nomenon was similar to the results reported by Seemann and Kuhn
[30]. They found that the single-photon excitation emission of FePt-
SiWxOy core/shell NPs was quenched but the multiphoton excita-
tion emission of FePt-SiWxOy was detected in water [30]. Overall,

the pure and single-structural FePt NPs clearly show the high-order
non-linearity of PL. The fourth-order dependence of white light
luminescence on excitation power was previously reported for a
gold nano-antenna fixed on a substrate [31], which was attributed
to a three-photon sp — sp transition followed by a single-photon
d — sp absorption [32]. We believe that HOMPL of FePt NPs fol-
lows similar carrier dynamics and is resonantly enhanced by the
NIR absorption band. The HOMPL contrast of FePt NPs offers several
advantages for deep-tissue biomedical microscopy. First, FePt NPs
enhance multiphoton excitation at wavelengths that penetrate
biological tissues (1—1.3 um). Second, red to near-infrared lumi-
nescence encounters less scattering and hence less attenuation by
tissues, substantially increasing the epi-collection efficiency.
Moreover, the fourth-order nonlinearity of 4PL is capable of
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improving the resolution of microscopy over second- or third-order
modalities, which is critical for identifying fine structures, such as
the axon or dendrites of a neuron, in deep-tissue multiphoton
microscopy [33]. As shown in Fig. 1e and f, an isolated FePt NP was
imaged under excitation by 1230-nm (Fig. 1e) and 920 nm (Fig. 1f)
femtosecond pulses. The objective used for imaging has 20x
magnification and a 0.75 numerical aperture. After Gaussian fitting
of their cross-sectional intensity profiles, the FWHM (full-width-at-
half-maximum) was found to be 432 nm for 1230-nm excitation
(Fig. 1e) and 300 nm for 920-nm excitation (Fig. 1f).

According to Abbe's criterion and considering the nonlinear
effects on the FWHM of the point spread function, the lateral res-
olution of nonlinear optical microscopy can be estimated by:

0.5x2
r_NAX\/T_l7 (1)

where 1 is the excitation wavelength, n is the order of nonlinearity,
and NA is the numerical aperture of the objective. Accordingly,
when the NA of the objective is 0.75, the estimated lateral resolu-
tions of HOMPL microscopy are 410 nm (n = 4) and 354 nm (n = 3)
for 1230-nm and 920-nm excitation, respectively. The 920-nm re-
sults exhibited better performance, indicating a HOMPL process for
the single particle. Moreover, both of these resolution perfor-
mances are better than 453 nm, which is the diffraction limit of
single-photon fluorescence microscopy at 680 nm using the same
objective. In order to compare the performance of HOMPL of FePt
NP with other benchmarks, we synthesized gold nanorods with
designed SPR at 1 pm (AuNRjggo, Fig. S7a) and quantum dot with
the emission peak at 630 nm (QDg3p, Fig. S7d). Conventionally,

Epithelium
Cells

owing to the highly efficient two-photon fluorescence (2PF), high
two-photon absorption cross section and photostability, the single
gold nanorod and QD can be easily observed by 2PF spectroscopy
[34—36]. Upon excitation at 920 nm, the resulted single particle
images of 2PF (Fig. S7b and S7e) exhibited a resolution of 464 nm
for AuNR1 oo (Fig. S7c) and 461 nm for QDe30 (Fig. S7f), which were
close to the predicted 434 nm of two-photon excitation (n = 2).
Obviously, the resolution of HOMPL of FePt NP is superior to that of
2PF for AuNRs (464 nm) and QDs (461 nm). These results indicate
that large stoke shift of 3PL and 4PL in FePt nanoparticles can result
in the sub-diffraction performance of HOMPL microscopy.

Note that, due to the lack of an efficient 4PL agent, 4PL molecular
imaging has not yet been realized in biomedical microscopy. So far,
the largest order of nonlinearity for optical contrast is three, such as
3PL and third-harmonic generation (THG). The application of 4PL in
biomedical imaging can further improve the spatial resolution of in
vivo microscopy. Because 4PL from FePt NPs can be efficiently
excited by sub-n] laser pulses, we applied these particles to A549
lung cancer cells and demonstrated for the first time the applica-
tion of 4PL in biomedical microscopy. In cells taking up FePt NPs,
strong red (A > 665 nm) luminescence (Fig. 2a and b, yellow) and
THG (Fig. 2a, magenta) contrasts were observed at a low (20 mW)
and harmless excitation level. The shapes of the cells were clearly
depicted with these FePt NPs without photo-damage. Under the
same excitation conditions, cells without FePt NPs did not exhibit
luminescence in the red wavelength range and lacked THG signals.
The cells showed weak intrinsic THG contrast, even when the
excitation power was increased to 80 mW (Fig. 2¢).

Next, the 4PL and THG signals of FePt NPs were studied to
determine their appropriateness for in vivo applications. Using a

Fig. 2. (a) Combined 4PL (yellow) and THG (magenta) images of A549 cells loaded with FePt NPs. (b) The 4PL image corresponding to (a). (c¢) Combined 4PL (yellow) and THG
(magenta) image of A549 cells without FePt NPs. Fields of view: (a), (b) 240 um x 240 um. (c) 80 um x 80 pm. In vivo SHG (green), THG (magenta), and 4PL (yellow) imaging of (d)
normal and (e) FePt NP-administered mice ears. The white-dashed contour highlights the region containing FePt NPs. Field of view: 240 pm x 240 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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1250-nm femtosecond laser-based nonlinear optical microscope,
we observed the collagen network through second-harmonic
generation (SHG) contrast and resolved epithelial cells via THG
contrast in mouse ears (Fig. 2d). After subcutaneous administration
of FePt NPs in mouse ears, the particle distribution could be clearly
observed (Fig. 2e, highlighted by white-dashed contour). Bright
luminescence signals were detected in both the SHG (Fig. 2e, green)
and red luminescence (Fig. 2e, yellow) channels.

With the success in achieving HOMPL optical contrast, we
further investigated the contrast capability of FePt NPs in PA im-
aging. When combined with acoustic detection of the optical-
absorption-induced PA waves, PA imaging can reportedly achieve
a 7-cm imaging depth with 720-pm spatial resolution in the
diffusive photon regime, and with the help of optical focusing, the
spatial resolution can be as good as that of optical microscopy [37].
PA imaging is an imaging modality that can span the microscopic to
the whole-body scale.3> Highly absorptive metallic nanoparticles
are good candidates for PA contrast agents [10,11]. For deep-tissue
PA applications, nanomaterials must possess strong optical ab-
sorption in the NIR wavelength range. The distinctive NIR absorp-
tion of FePt NPs may provide valuable contrast in NIR PA imaging.
As a fair comparison of PA performance, we chose gold nanorods
with designed SPR at 1 um (AuNRjggo) as a benchmark. Both
AuNR1 000 and FePt NPs were prepared at different mass concen-
trations and were separately injected into 1-mm diameter poly-
ethylene tubes for PA evaluation. Given the same mass

(a)

concentration and excitation fluence, FePt NPs produced higher PA
signals than AuNRj ggg at 1064-nm excitation (see Fig. 3 and Fig. S8).
The corresponding improvement factors at various concentration
levels ranged from 3 to 5.6-fold.

The above results confirm that infrared-active FePt NPs are
endowed with quadruple contrasts (Optical/PA/CT/MRI) for multi-
scale molecular imaging. To validate the potential for exploiting
these contrasts to map the targeting efficacy of nanomedicines, we
further performed in vivo quadruple-modality imaging in mice
with implanted tumors. In this approach, we prepared FePt NPs
conjugated with anti-VEGFR (vascular endothelial growth factor
receptor) monoclonal antibody, as illustrated in Fig. 4a [38].
Because the expression level of VEGFR was relatively high in
endothelial cells of vessels penetrating or adjacent to tumors
compared to those of normal blood vessels, anti-VEGFR antibody-
conjugated FePt NPs (anti-VEGFR-FePt NPs) can thus serve as
contrast agents to evaluate targeting efficacy [39,40]. As a first step,
in vivo MRI T, and CT images were acquired after iv injection (5 mg/
mL concentration, 200 pL) for large-scale investigation. Images
(Fig. 4) were acquired both before (0 h) and 1 h after injection (1 h).
The tumor positions indicated by red circles were analyzed quan-
titatively. Compared with the MR images before injection, a sig-
nificant 17% reduction in the intensity of the tumor regions was
observed one hour after injection (Fig. 4b and c), concomitant with
a significant 113% contrast enhancement in the CT images of the
tumor regions (Fig. 4d and e). The MRI T, and CT imaging
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Fig. 3. Photoacoustic images and the maximum-amplitude-projection profiles of (a) FePt NPs and (b) gold nanorods (AuNR; gqo) at different concentrations from 10 pg/mL to 1 mg/
mL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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demonstrated that our anti-VEGFR-FePt NPs can selectively target
tumor lesions after intravenous administration. Upon closer ex-
amination using in vivo multiphoton microscopy, at 10 min post
injection (5 mg/mL concentration, 200 pL), the anti-VEGFR-FePt
NPs were observed to successfully overcome the biological bar-
riers (Fig. 5a, yellow, 4PL) and specifically target the mCherry-
labeled melanoma cells (Fig. 5a, red, two-photon fluorescence,
2PF), which also exhibited 3PL with negligible quenching (Fig. S6¢).
When the melanoma grew from 1 mm to 5 mm in size, the trans-
vascular targeting efficacies were clearly increased, indicating the
enhanced permeation and retention features of tumor microenvi-
ronments. In stark contrast, no 4PL signals were observed in the
non-tumor region of mouse ears. To compare the imaging depths of
FePt NPs and AuNR; ooo, we injected each type of nanoparticle into
the subcutaneous regions of mouse ears and reconstructed their 3D
distribution (Fig. 5b and c). The results (Fig. 5d) showed that FePt
NPs were detectable at a depth of 175 pm (Fig. 5b), which is com-
parable with that of AuNR 0o (195 pm, Fig. 5¢).

For in vivo imaging, the HOMPL contrast of FePt can provide the
evaluation of microscopic pharmacokinetics of nanomedicines.
Taking our in vivo experiments as an example, we treated FePt NPs
as drug carriers and used HOMPL imaging to validate the extrava-
sation (permeation out of vessels) as well as the targeting efficacy
of carriers on the melanoma cells. The permeation and diffusion
dynamics can also reveal the tumor microenvironment, including
the tumor associated neovasculatures and the remodeled collagens.
Commonly, HOMPL microscopy allowed scanning, sectioning and
the reduction of photo-toxicity [41—43]. Also, HOMPL microscopy
was less sensitive to light scattering than single-photon microscopy
due to infrared excitation, and nonlinear absorption [39,40]. Thus,
the combination of HOMPL and organic (synthetic functional
fluorescent dyes) or inorganic (nanoparticles) contrast agents was
one of the most important imaging-techniques with optical reso-
lution in biology [30,43,44]. However, the depth limit of HOMPL

g_ Cysteamine
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Anti- VEGFR FePt NPs

@

Surface modification
using Chemical process

Tail-vein injection
with anti-VEGFR-FePt NPs

depended on the spatial and temporal distribution of excitation
light, the effective NA, the sample's staining and scattering prop-
erties. Especially, the use of higher-order multiphoton excitation
could make the depth limit more significant due to the increase in
the scattering mean-free path at longer wavelengths [45,46].
Commonly, the signals of HOMPL were weaker than that of single-
photon and two-photon microscopy. Nevertheless, the repeated
exposure of laser with higher power density could lead to photo-
bleaching and photodamage during the HOMPL measurement
[41,47,48]. Therefore, the employment of HOMPL contrast agents
facilitated the spatial and temporal resolution, the irradiation
penetration depth, and the signal-tracking of single biomolecule
[30,43,48,49].

Fig. 6b shows the co-registration results of ultrasound and PA
images acquired before injection and different time points after
tail-vein injection of anti-VEGFR-FePt NPs (10 mg/mL concentra-
tion, 100 pL) to mice bearing liver tumors (see Fig. 6a for the
scanning head of the PA microscopy system used for this study).
Compared with the pre-injection PA image, the PA signals acquired
after tail-vein injection of anti-VEGFR-FePt NPs became incre-
mentally visible with time. As a result, the PA signal enhancement
is significant 60—80 min post injection. The average PA signals from
tumor regions with anti-VEGFR-FePt NPs are summarized in Fig. 6¢
and Table S1 (see supplementary data), which clearly reveals the
increasing PA signal as a function of time. Conversely, the average
PA signals showed negligible changes and hence remained steady
for tumors without anti-VEGFR-FePt NPs (see Fig. S9). These
distinct results (Figs. 6b, 6¢ and S9) affirm the specificity of the anti-
VEGFR-FePt NPs in targeting tumor issue, leading to a significant
enhancement of in vivo PA imaging. Importantly, the PA signals
obtained at 60—80 min post injection are ~2-fold higher than those
obtained before the injection of anti-VEGFR-FePt NPs. To obtain
histopathological evidence of the targeting, we prepared tumor
slice-through cryostat sections immediately after the in vivo PA
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Fig. 4. (a) lllustration of anti-VEGFR antibody conjugated with FePt NPs and tail-vein injection of anti-VEGFR-FePt NPs. The details described in methods and supplemental section.
T,-weighted MR images of the mice bearing melanoma tumor (as indicated by red circles) following tail-vein injection of anti-VEGFR-FePt NPs obtained at (b) 0 h (before injection)
and (c) 1 h after injection, respectively. The CT images of the mice bearing melanoma tumor (as indicated red circles) at (d) 0 h (before injection) and (e) 1 h after injection,
respectively. (f) The evaluation of the acquired image signal intensity after tail-vein injection of anti-VEGFR-FePt NPs in the tumor area under both MRI and CT is illustrated. Note:
the signal intensities of tumor in T,-weighted MR images and CT images before tail-vein injection are normalized to 1.0 highlighted by a red line. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. mCherry 2PF (red), FePt NPs 4PL (yellow), and SHG (green) images of non-tumor and tumor models which were tail-vein injected with anti-VEGFR-FePt NPs. The tumor cells
stably expressed mCherry (red). In 5-mm sized tumor images, two sebaceous glands (dark holes in SHG images) with hair follicles emitted 2PF that overlapped with the mCherry
and FePt signals. The imaging penetration depth z of ear pinna was 50 pum. Scale bar: 75 um for all images. Field of view: 255 um x 255 pm. Reconstructed 3D (b), 3PL and (c) 2PF
images of (b) FePt NPs and (c) AuNR; oo in the subcutaneous regions of mouse ears. The corresponding imaging depths ranged from 0 to 170 pm and from 0 to 195 pm. (d) The
statistical imaging depth (um) of FePt NPs and AuNR; ggo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

study. The 3PL image (Fig. 6d) showed bright luminescence signals
in both the SHG (Fig. 6d, green) and red luminescence (Fig. 6d, red)
at 920-nm excitation. The red luminescence of the FePt NPs dem-
onstrates the specific binding of anti-VEGFR-FePt NPs and the
particle distribution in tumor issue. Moreover, AuNR1pgo and FePt
NPs with the same concentration (2 mg/mL, 50 pL) were subcuta-
neously injected into the mouse back, respectively, for a fair com-
parison. The results (Fig. S10) clearly showed that FePt NPs
provided higher PA signal in the mouse back tissue.

Overall, the comparison of CT/MRI/PA/HOMPL capabilities of
FePt NPs and AuNRs was summarized in Fig. S11. Obviously, FePt
NPs exhibited superior resolution and comparable depth for
HOMPL, a better signal intensity for PA imaging, and intrinsic MRI
T, imaging (Fig. S11 and S12). Alternatively, the CT contrast per-
formance of AuNRs was better than that of FePt NPs both in vitro
and in vivo (Fig. S11 and S13) due to the higher X-ray absorption
coefficients for Au [7,9].

4. Conclusions

The above results demonstrate that FePt NPs not only display
contrast in macroscopic CT/MRI modalities but also show strong
responses in mesoscopic PA imaging and microscopic nonlinear
optical imaging. The distinctive infrared absorption of FePt NPs
resonantly enhances HOMPL contrasts in both in vitro and in vivo
microscopy. Fourth-order nonlinearity and large Stokes-shifted
emission allow the resolution of HOMPL microscopy to exceed
the diffraction limit. The wavelength tunability of HOMPL enhances
multi-color labeled nonlinear optical microscopy. The infrared ab-
sorption bands of FePt NPs also provide much better PA perfor-
mance than that of gold nanorods at its SPR wavelengths. These two
new types of contrast demonstrate the ability of FePt NPs to act as a
contrast agent for quadruple-contrast multiscale molecular imag-
ing. A single nanomaterial system having quadruple-contrast
capability will allow for more flexibility and versatility in the
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Fig. 6. (a) Schematic diagram of the scanning-head of the 25-MHz dark-field confocal PAM system used for the in vivo experiments. For details of the setup, please see the
experimental section. (b) The co-registered images of ultrasound and PA images acquired before injection and 0—80 min post injection of anti-VEGFR-FePt NPs. The ultrasound
images are displayed in grayscale; the superimposed 1064-nm PA images are displayed with pseudocoloring. (c) Average PA amplitude in the tumor region indicated by the yellow
dashed box in (b) as a function of time post injection of anti-VEGFR-FePt NPs. Pre: pre-injection. (d) 3PL image of the tumor slice obtained at an excitation wavelength of 920 nm,
which combined images of FePt NPs (3PL, red) and collagen (SHG, green) in the tumor issue. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

design of probes for molecular imaging. Combined with their effi-
cient photothermal effects (better than AuNRs) and significant
magnetothermal effect, FePt NPs could be used to simultaneously
implement both seamless diagnosis and non-invasive therapy
[7,18,50]. As a result, both spatial resolution and target sensitivity
can be strategically integrated into FePt nanomaterial systems. FePt
nanomaterial systems are thus paving the way for the use of
theragnosis agents in deep tissues along with multi-contrast mo-
lecular imaging at different scales.
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