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ABSTRACT: Photoacoustic (PA) imaging uses photon-phonon conversion for high-resolution
tomography of biological tissues and functions. Exogenous contrast agents are often added to
improve the image quality, but the interference from endogenous molecules diminishes the
imaging sensitivity and specificity. We report a background-free PA imaging technique based on
the active modulation of PA signals via magnetic alignment of Fe3Os@Au hybrid nanorods.
Switching the field direction creates enhanced and deactivated PA imaging modalities, enabling

a simple pixel subtraction to effectively minimize background noises. Under an alternating
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magnetic field, the nanorods exhibit PA signals of coherently periodic changes that can be
converted into a sharp peak in a frequency domain via the fast Fourier transform. Automatic
pixel-wise screening of nanorod signals performed using a computational algorithm across a
time-sequence set of PA images regenerates a background-free PA image with significantly

improved contrast, specificity, and fidelity.
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Photoacoustic (PA) imaging utilizes the photoacoustic effect of a contrast agent for multiscale imaging of
biological structures and functions.'* Because the scattering of ultrasonic waves in biological tissue is
three orders of magnitude smaller than photons, PA imaging features deeper tissue penetration and finer
in vivo spatial resolution than optical imaging techniques.>’ Some endogenous molecules, such as
hemoglobin and melanin, can generate PA signals to visualize tissue structures and functions.®? In most
cases, exogenous contrast agents are necessary to improve the imaging contrast in specific targets, like

solid tumors.'®!? While various PA probes, including dye molecules,'® plasmonic nanostructures,' '°
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carbon materials, and organic particles exhibit improved contrast in the targeted tissues,
minimizing background signals from the endogenous molecules remains challenging in conventional PA
images.” These noises interfere with probe signals and reduce the imaging specificity and resolution.
Background-free PA tomography can overcome this long-lasting challenge by dynamically modulating
the PA signals through external stimuli, such as magnetic field,* heat,? ultrasound,**?® and light.”” For
example, ultrasound-sensitive microbubbles have been used for in vivo background-free PA imaging
based on their responsive PA signals and pixel subtraction method.”® Photoswitching upconversion

nanoparticles have also been developed for super-sensitive PA molecular imaging, which could

reliably remove PA noises and enhance imaging sensitivity.?” However, it remains challenging to use a



simple pixel subtraction algorithm to completely remove the noises in the reconstructed images because
they randomly fluctuate in the biological tissues. Pixel subtraction also means a simultaneous decay in PA
signals from contrast agents, leading to undesirable decreases in signal-to-noise ratio. Therefore,
developing stimuli-responsive PA probes and new data processing methods are highly desirable in

advancing background-free imaging techniques.

An ideal active PA contrast agent for cancer diagnosis should have a high absorption coefficient for
efficient PA conversion, good biocompatibility, and reversible and instant responses to external stimuli.?
The application of an external stimulus should be compatible with the noninvasive imaging modalities
without sacrificing the advantages of PA imaging. Herein, we report a magnetically modulated, fast
Fourier transform (FFT)-weighted PA imaging platform using Fe;Os@Au hybrid nanorods (NRs) as an
active contrast agent. Such nanorods are produced using a space-free confined growth strategy by
growing a layer of Au with a controllable thickness at the hard-soft interface of FesOs@polymer core-
shell nanorods. Applying a magnetic field during PA imaging aligns the nanorods in vivo. Changing the
field direction can further enable reversible tuning of nanorods' plasmonic excitation, photothermal
conversion, and photoacoustic effect. Using these nanorods as active contrast agents, we first demonstrate
a magnetically modulated background-free PA imaging technique using a pixel-subtraction method.
Normal PA images can be acquired without a magnetic field after the administration of Fe;Os@Au NRs
(step 1 in Figure 1a). Under a perpendicular magnetic field relative to incident light, FesOs@Au NRs are
aligned parallel to the field, and an enhanced PA mode is created due to full excitation of the longitudinal
plasmon resonance (step ii in Figure 1a). Switching the magnetic field to a parallel direction suppresses
the longitudinal plasmon, generating a deactivated PA mode (step iii in Figure 1a). Subtracting pixels of
deactivated mode from those of enhanced mode can largely remove random PA noises, creating
background-free PA images (step iv in Figure 1a). To completely remove any static or random PA
backgrounds, we further develop an FFT-weighted imaging technique by simultaneously performing PA

imaging under an alternating magnetic field (Figure 1b). A series of PA images in time domains are



acquired, and the PA intensity of each pixel from this image sequence is extracted (steps i and ii in Figure
1c). Then, the time-domain signals are converted into frequency-domain signals by FFT so that the
periodic rod signals can be readily recognized as sharp peaks and distinguished from static and random
noises (step iii in Figure 1c¢). Finally, a background-free PA image can be created by recovering signals
from the frequency-domain peak intensity, leading to the complete removal of noises and greatly

enhanced sensitivity and specificity (Step iv in Figure 1c).

To optimize photoacoustic performance, we calculate the optical cross-sections of Au nanoshells
templated against 110-nm Fe;O4 NRs. Figure S1a reveals the tuning of the longitudinal peak from NIR-II
to NIR-I by increasing nanoshell thickness. Our simulation results demonstrate an ideal nanoshell
thickness of ~10 nm, with the strongest absorption at 1030 nm (Figure S1b). Experimentally, the space-
free confined growth of Au nanoshells follows the procedure in Figure S2a. As shown in the
transmission electron microscopy (TEM) in Figure S2b, FeOOH nanorods (20 nm*110 nm) were first
synthesized via a hydrothermal process and then converted into FesOs NRs through surface-protected
reduction.?” The Fe;O4 NRs are superparamagnetic due to their polycrystallinity, small domain size, and
low blocking temperature.?® 3 The nanorod surface was modified by cystamine through Fe-amino
coordination and then immobilized with 2-nm Au seeds through Au-S coordination' (Figure S2c).
Unrestrained seeded growth produced Au clusters with grain sizes larger than 10 nm (Figure S3) and
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thick Au shells with scattering-dominated optical properties. The synthetic challenge of thin Au
nanoshells could be overcome by limiting the free Au growth along radial directions through a
deformable resorcinol-formaldehyde (RF) phenolic resin, which was introduced after attaching Au seeds.
The high permeability of the phenolic shell allows fast mass transfer for successive seeded growth, while

its deformability limits the growth along radial directions and promotes the lateral Au growth into a thin

nanoshell.

Seeded growth requires exquisite control over reaction kinetics to minimize self-nucleation, which has

been explored using coordinating molecules to decrease the reduction potential of metal precursors.’* ¥



These methods typically produced isolated, large Au particles (Figure S4) due to Ostwald ripening.** In
this work, we introduce H,O» as a weak reducing agent to lower the reduction rate of Au precursors and
avoid the undesirable seed ripening and self-nucleation (Figure S5).% The plasmon coupling between
neighboring Au domains induces broad-band absorption (extinction spectrum at 2.5 min in Figure S6).
Because the RF shells limit the radial Au deposition, we observed elongated growth of Au nanostructures
alongside the hard-soft interfaces and the fusion of neighboring grains into conformal Au coating (Figure
2a). The high-angle annular dark-field (HAADF) and elemental mapping images in Figure 2b show the
concentric 10-nm Au coating on Fe;O4 nanorods. The interfacial growth is further confirmed by the
gradual appearance of the plasmon band at a long wavelength (Figure S6), which blueshifts to 1030 nm
due to the formation of complete Au nanoshells. The RF shells can be etched away by NaOH at 80°C
(Figure S7). Due to the decreased refractive index from 1.65 of RF to 1.333 of water, we observed a 50-
nm blueshift of the transverse and longitudinal bands and a simultaneous solution color change from
green to red (Figure 2¢). We tested the photostability of the nanorods under 980-nm laser irradiation at
1.2 W. The spectra in Figure S8 showed negligible changes in peak position and intensity, demonstrating
good stability of the hybrid nanorods. To evaluate the photothermal property, we measured the heating
curve of the Fe;O4@Au nanorod solution using a 980-nm laser (Figure S9a), which shows an increase of
temperature to 45.1°C, with the extinction of 1.886 at 980 nm (Figure S9b). By manipulating the
temperature change during cooling in the heating curve (Figure S9c), we estimated the photothermal
conversion efficiency at 46.83%. Compared with Au nanorods, the Au nanoshells have a higher

photothermal conversion efficiency mainly because of their high absorbance/scattering ratio.*

We first consider a theoretical model to understand the orientation-dependent plasmonic excitation of Au
nanoshells (Figure S10a). The calculated spectra exhibit a 930-nm peak when the field direction is
parallel (J0°>) and a 530-nm peak when perpendicular (|]90°>) to light polarization (Figure S10b),
suggesting the selective excitation of longitudinal and transverse modes. Quantitative analysis suggests a

cos’- and sin’function for the longitudinal and transverse plasmonic excitation (Figure 2d).



Experimentally, such preferential alignment is enabled by the unique magnetic anisotropy of Fe;O4 NRs,
which drives their parallel alignment to the field direction to minimize the magnetic potential energy.’”*!
As shown in Figure 2e, the longitudinal peak at 930 nm is maximized when the field is oriented at |0°> or
deactivated at [90°>. An inverse trend is observed on the transverse plasmon band. The electric field
distributions in Figure 2f indicate a dipole resonance of Au nanoshells in the two modes. These optical
observations are consistent with the theoretical considerations, demonstrating the responsive and
integrated properties of FesOs@Au NRs. As the acoustic signals are the thermal fluctuation-induced
pressure waves, their active modulation requires dynamic regulation of the photothermal conversion of
the contrast agent. Therefore, we examined the photothermal properties of Fe;Os@Au NRs under
different magnetic fields. As shown in Figure 2g, the temperature increased to ~48°C when the magnetic
field was parallel (J0°>) to the light polarization. The thermal conversion was significantly suppressed
under a perpendicular field (]90°>), leading to a much smaller temperature increase. The maximum
longitudinal excitation of Au shells at |0°> corresponds to the highest temperature increases in the
colloidal dispersion under 980-nm laser irradiation (Figure 2h). The extinction intensity of the nanorod
dispersion at the resonant wavelength shows periodic, coherent changes under an alternating magnetic
field with a frequency of up to 3 Hz (Figure S1la). If the periodic signals in the time domain are
converted into intensity in the frequency domain by FFT (Figure 2i), the FFT frequency is exactly twice
the applied frequency with a linear fitting coefficient of R?>=0.99913. The signal maintains coherent
oscillation without any noticeable decay and maladjustment, demonstrating good colloidal stability and

performance consistency of Fe;Os@Au NRs (Figure S11b).

We measured the photoacoustic absorption spectra of AuNRs and Fe;Os@Au NRs to study their
photoacoustic responses under magnetic fields. In Figure S12a, the spectra of AuNRs show negligible
intensity changes in the absence and presence of magnetic fields. In the case of FesOs@Au NRs, the
absorption intensity can be reversibly and remotely modulated multiple times using a magnetic field

(Figure S12b). In acquiring PA images in an alternating magnetic field, AuNRs only produce fluctuated



PA signals without noticeable magnetic responses (Figures 3a and 3b), while Fe;O4@Au NRs exhibited
reversible PA signal changes. Their PA signals showed twofold enhancement when the magnetic field
was switched from parallel to perpendicular to light incidence (Figure 3c). These observations are
consistent with the orientation-dependent optical extinction and photothermal conversion, appreciating
the magnetic orientational control of nanorods for noninvasive, precise, instant, and reversible tuning of
the PA signals. The background-free imaging was firstly performed using polydopamine (PDA) phantoms
with different PDA concentrations. The PA signals of AuNRs in Figure 3d were not responsive under
different PDA concentrations in the phantoms, while the signals of Fes;Os@Au NRs were enhanced by
changing a parallel magnetic field to a perpendicular one (Figure 3e). Therefore, both the noises and non-
responsive AuNRs signals were removed after pixel subtraction (Figure 3f). In Figure 3g, however, the
PDA noises of varying intensities were removed, and the signals from the Fe;Os@Au NRs remained in

the injected regions after pixel subtraction.

For in vivo imaging, we first evaluated the biocompatibility of the nanorods by culturing them with cells
for 24 hours. As shown in Figure S13, the cell viability has negligible changes, demonstrating good
biocompatibility and low toxicity of the nanorods. We started with a mouse muscle model by stereotaxic
injection of AuNRs and Fe;Os@Au NRs into two separate regions (Figure 4a). As expected, the PA
signals from AuNRs did not respond to external magnetic fields (upper panel in Figure 4b) and were
eliminated after pixel subtraction. In mice injected with Fe;Os@Au NRs (middle panel in Figure 4b), the
PA signals were highly tunable by switching the magnetic field direction, making it possible to subtract
the pixels of the deactivated mode from that of the enhanced mode. If AuNRs and Fe;O4@Au NRs were
separately injected into a mouse's left and right sides (bottom panel in Figure 4b), the PA signal of
Fe;04@Au rods exhibited significant enhancement while that of AuNRs only randomly fluctuates, with
the noises from AuNRs being completely removed by pixel-wise subtraction. The resulting differential
image, overlapped with acoustic anatomical reference, revealed specific background-free contrast from

the muscle region injected with Fe;Os@Au NRs (Figure 4c¢). The background-free imaging was further



performed on a subcutaneous tumor model in mice. The blood vessels were first treated with erlotinib to
enhance the tumor penetration of Fe;O4@Au NRs.*? The sharper and stronger fluorescence in erlotinib-
treated groups demonstrated their enhanced permeability of the blood vessels compared with untreated
groups (Figure S14). Fe;O4@Au NRs were then intravenously (i.v.) injected and targeted to the tumor via
the enhanced permeability and retention (EPR) effect (Figure 4d). During PA imaging, an external
magnetic field was applied to align the FesO4@Au NRs in the tumor site. Again, dynamic signal changes
were observed in mice injected with Fe;Os@Au NRs (bottom panels in Figure 4e) but not those with
AuNRs (upper panels in Figure 4e), creating background-free contrast in the imaging areas upon pixel
subtraction. The average PA signal of background-free imaging in the tumor injected with AuNRs
(Figure 4f) or in the one only treated with FesOs@Au NRs (Figure 4g) is ~10 times lower than that
treated with Fe;O4@Au NRs and erlotinib (Figure 4h), demonstrating the successful regulation of PA

signals and the removal of PA noises from the endogenous sources.

Endogenous PA noises can vary in a broad range in intensity, distribution, and depth.*-*> While pixel
subtraction can largely overcome this challenge, it still has its limit when noises and their temporal
fluctuation are so strong that data processing is unresolvable. To further improve the image quality, we
propose a magnetically modulated, FFT-weighted background-free PA imaging technique using periodic
PA signals of FesOs@Au NRs under an alternating magnetic field (Figure 5a). In the acquired PA images
within a properly chosen time sequence, the signal changes of each pixel in PA images are extracted and
plotted in real time. In the time domain, Au nanoshell signals feature periodic changes, while the
background noise pixel shows random fluctuations. FFT is then applied to convert these time-domain
signals to frequency-domain intensity. In principle, only periodic signals generate sharp peaks at a
resonant frequency, while the random PA noises do not feature any peaks in the frequency domain. As a
result, FFT-weighted PA images can thus be created using peak intensity in the frequency domain. This

pixel-wise data processing was carried out using a programmed code in Matlab, with time-sequence PA



images as input and FFT-weighted PA images as output (See Supplementary Information for the program

code).

We first tested the reversible tuning of PA signals in vivo. PA intensity from non-responsive AuNRs
remained random (Figure Sb) under different magnetic fields due to the lack of magnetic response. In
tumors administrated with FesOs@Au NRs, PA signals can be reversibly and quickly modulated by
applying an alternating magnetic field(Figures 5¢, S15 and S16). The time-dependent PA intensity of
two pixels from tumor and background in Figure 5d exhibited periodic signal changes in tumor and
random fluctuation, respectively. Such periodic signals from the Fe;Os@Au NRs could be readily
recognized and distinguished from biological noises by FFT, with a single, sharp peak at ~0.25 Hz in the
frequency domain (Figure 5e). After the pixel-wise screening of periodic signals, an FFT-weighted PA
image was created based on the FFT intensity in the frequency domain. Compared with conventional PA
modes (Figure 5f), the FFT-weighted PA image shows greatly reduced biological or electronic noises and
highly specific PA signals from the active contrast agents (Figures 5g), demonstrating a seventeen-time
enhancement in the signal-to-noise ratio (Figures Sh and S17). This imaging technique analyzes the PA
signal frequency rather than intensity, making it less susceptible to randomly fluctuating noises than the

pixel-wise subtraction method.

In summary, we report a magnetically modulated, FFT-weighted PA imaging technique using Fe;Os@Au
nanorods as active contrast agents. Enabled by the interfacial seeded growth method, the hybrid nanorods
exhibit integrated plasmonic and magnetic properties, allowing their photoacoustic properties to be
instantaneously, remotely, and reversibly tuned by magnetic fields. In the muscle and tumor models, we
have demonstrated highly tunable PA signals using in vivo nanoscale magnetic orientational control,
leading to deactivated and enhanced PA modes. The new FFT-weighted imaging technique converts the
coherent PA signal oscillation of Fe;Os@Au NRs under an alternating magnetic field to frequency-
domain intensity, which is then used to create PA images against a frequency threshold to remove random

noise signals. Compared with existing background-free PA imaging, the FFT-weighted imaging technique



removes both static and random noises and creates improved PA images. Because applying a magnetic
field is simple and highly compatible with the conventional PA imaging process, the methodology
developed in this work holds the potential to build an advanced background-free PA imaging platform for

clinical applications.
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Figure 1. Working mechanism and data processing of the background-free PA imaging. (a)
Schematic illustration of the background-free PA imaging through pixel-wise subtraction using
Fes04@Au nanorods as active contrast agents. Normal PA mode (i) is produced in the absence of a
magnetic field, and the enhanced PA mode (ii) and deactivated PA mode (iii) are realized under
perpendicular and parallel magnetic fields, respectively. (b) Schematic illustration of the magnetically
modulated, FFT-weighted PA imaging under an alternating magnetic field. (¢) Schematic illustration of
the imaging method and data processing. In (i), time-series images are acquired under the alternating
magnetic field. In (ii), the PA signals from each pixel are extracted and plotted in the time domain. In (iii),
FFT is introduced to transform the PA signals in the time domain into intensity in the frequency domain.
The periodic and dynamic PA signals of smart contrast agents can be distinguished from the random PA
signals of background noises and screened across the whole imaging domain. In (iv), an FFT-weighted

image can be reconstructed using the intensity of PA signals in the frequency domain.
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Figure 2. Magnetic modulation of the physical properties of Fe;Os@Au NRs. (a) TEM images of
Fe;04@Au@RF NRs. (b) HAADF imaging and elemental mapping of the Fe;O4@Au@RF NRs. Scale
bars: 10 nm. (c¢) Extinction spectra of Fe;Os@Au@RF NRs before and after removing RF shells. Insets:
pictures of colloidal dispersions of the Fe:Os@Au@RF NRs (left panel) and Fe:Os@Au NRs (right
panel). (d) Dependence of the transverse and longitudinal plasmonic excitation on nanorod orientation. (e)
Extinction spectra of nanorod dispersion under different magnetic fields, with the measurement geometry
shown in the inset. (f) Electric field distribution of orientated nanorods under light excitation at resonant
wavelength. Scale bars: 20 nm. (g) Temperature change of a nanorod dispersion illuminated by 980-nm
light. A magnetic field was used to control the nanorod orientation. (h) Tunability of optical extinction
and temperature under different magnetic fields. (i) FFT of magnetically modulated PA signals (top panel)

and the correlation between FFT frequency and applied magnetic field frequency (bottom panel).
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Figure 3. Actively modulating PA signals using external magnetic fields. (a) PA imaging of AuNRs
(top panel) and Fe;Os@Au NRs (bottom panel) under magnetic fields of different orientations. The field
strength is 0.4 T. (b-c) the corresponding PA signal intensity of AuNRs (b) and Fe;Os@Au NRs (c).
Active modulation of PA signals using PDA phantoms. (d-e) PA images of PDA phantoms with AuNRs
(d) and Fe;Os4@Au NRs (e). The concentrations of PDA in the gel are 5 mg/mL, 10 mg/mL, and 15
mg/mL in the top, middle, and bottom panels, respectively. (f-g) the average PA signals of AuNRs (f) and
Fe;04@Au NRs (g) under different magnetic fields. The wavelength of incident light in PA imaging is
910 nm.
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Figure 4. Active modulation of PA signals by in vivo nanoscale magnetic alignment of Fe;Os@Au
NRs. (a) Working principle of background-free PA imaging based on in vivo nanoscale magnetic
alignment of Fe;Os@Au NRs and pixel subtraction. (b) PA imaging of mouse muscles after injecting
AuNRs and Fe;O4@Au NRs. In the bottom panel, the AuNRs and FesOs@Au NRs were injected into the
left and right sites, respectively. (¢) PA signal changes mediated by magnetic fields with varying
directions. The field strength is 0.4 T. (d) Schematic illustration of the background-free PA imaging of
tumor using intravenous (i.v.) injection of Fe;O4@Au NRs. (e) PA imaging after i.v. injection of AuNRs
and Fe;04@Au NRs. (f-h) The signal changes of PA imaging before and after data processing for tumors
treated with AuNRs (f), FesOs@Au NRs (g), and treated with Fes;Os@Au NRs and erlotinib (h).

Background-free imaging (B.- By) is processed by subtracting the PA image pixels measured under a

perpendicular magnetic field (B.) from those measured under a parallel field (By).
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Figure 5. FFT-weighted background-free PA imaging. (a) Data processing of the magnetically
modulated, FFT-weighted background-free PA imaging. (b-c) PA imaging of tumors after injection of
AuNRs (b) and Fe;Os@Au NRs (c) under magnetic fields in two different directions. Magnetic fields
parallel and perpendicular to light incidence direction are denoted as By and By, respectively. (d) Real-
time PA signals of two representative pixels in tumors and backgrounds under an alternating magnetic
field with a frequency of 0.125 Hz. (e) FFT of the PA signals of Fe;04@Au NRs and the background
noises under the alternating magnetic field. (f-g) the signals of conventional (f) and FFT-weighted,
background-free PA imaging (g). (h) Summary of PA intensity of tumors and the background and signal-
to-noise ratio in conventional PA and FFT-weighted PA (FFT-PA) imaging.
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