Magnetoacoustic sensing of magnetic nanoparticles
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The interaction of magnetic nanoparticles and electromagnetic fields can be determined through
electrical signal induction in coils due to magnetization. However, the direct measurement of instant
electromagnetic energy absorption by magnetic nanoparticles, as it relates to particle characteriza-
tion or magnetic hyperthermia studies, has not been possible so far. We introduce the theory
of magnetoacoustics, predicting the existence of second harmonic pressure waves from magnetic
nanoparticles due to energy absorption from continuously modulated alternating magnetic fields.
We then describe the first magnetoacoustic system reported, based on a fiber-interferometer pressure
detector, necessary for avoiding electric interference. The magnetoacoustic system confirmed the
existence of previously unobserved second harmonic magnetoacoustic responses from solids, mag-
netic nanoparticles, and nanoparticle-loaded cells, exposed to continuous wave magnetic fields at
different frequencies. We discuss how magnetoacoustic signals can be employed as a nanoparticle or
magnetic field sensor for biomedical and environmental applications.

PACS numbers: 78.20.Pa, 87.50.C-, 87.50.S-, 43.35.Ud

Electromagnetic (EM) field interaction with magnetic
nanoparticles is exploited in many biomedical applica-
tions. Magnetic resonance imaging (MRI) employs par-
ticles with magnetic properties placed under strong mag-
netic fields to impart contrast by altering predominantly
T2-relaxation times [1-3]. Magnetomotive (mm) based
imaging methods such as mm-ultrasound (US) or mm-
optical coherence tomography measure the local displace-
ment of nanoparticle labeled tissue based on US signals
or altered optical scattering due to introduced magnetic
nanoparticles [4, 5]. Magnetic particle imaging (MPT) vi-
sualizes the non-linear magnetization response of super-
paramagnetic iron-oxide nanoparticles driven by a modu-
lated EM field [6]. Magnetic nanoparticles under continu-
ous wave (CW) electromagnetic energy generate heat and
are employed in hyperthermia [7, 8] for treating tumors
[9, 10]. At more moderate energy depositions, heating
mechanisms have been utilized in actuating cell functions
[11-13] or remotely triggering drug release [14, 15].
Transient heating of matter is associated with the gen-
eration of sound waves using the photoacoustic effect
[16, 17]. It has been postulated that it would be pos-
sible to generate acoustic waves from magnetic nanopar-
ticles [18] and conducting objects [19] during abrupt on
and off transitions of magnetic field bursts. These stud-
ies assumed that acoustic waves are not present when
employing CW field excitation [18, 19]. Magnetoacoustic

responses have been previously demonstrated but with a
frequency identical to the carrier frequency of the excita-
tion field [20, 21]. We have previously demonstrated that
second harmonic acoustic signals are generated from con-
ductive media in response to intermittent RF-fields [22].
However, the generation of second harmonic responses to
CW-fields has not been shown. Likewise there has been
no confirmation or knowledge of the relation of magnetic
field strength and resulting second harmonic responses
from a magnetic medium.

In this work, we disprove early hypotheses by the-
oretically establishing and experimentally demonstrat-
ing acoustic signal induction in the MHz range, gener-
ated by magnetic nanoparticles placed within CW mag-
netic fields. We conclusively demonstrate that such re-
sponses are non-linear, emitting second-harmonic ultra-
sonic sound waves. To validate the results and reject
electromagnetic interference signals that could bias the
measurements, we employed an optical pulse interferom-
eter [23], which offered proof of the existence of second
harmonic sound waves from magnetic particles in solu-
tion or in a biological environment.

Results

Magnetoacoustics is understood in the context of a ther-
modynamic system comprised of a magnetic medium



[18, 24], by employing the first law of thermodynamics
dU = 6Q + oW (1)

where @) is the added heat in a closed thermodynamic
system, W is the exerted work on the system, and U is
the internal energy represented by the kinetic and po-
tential energies of all particles that interact within the
system, including also Néel and Brownian relaxation (see
Supplemental Material [25]). If the magnetic medium is
exposed to alternating magnetic fields (AMF), the dif-
ferential magnetic work exerted on the system can be
described by 6W = H - dB with H being the mag-
netic field intensity and B the magnetic induction, i.e.
B = o (H + M) where M represents the magnetization
and pg is the permeability of free space. Assuming adi-
abatic conditions, i.e. that no heat is added externally
to the magnetic fluid (6Q = 0), the internal energy is

simplified to
dUu dH dM
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We can now consider an alternating magnetic field
H(t) = Hycos(wpt) of amplitude Hy and angular fre-
quency wg = 27 frp, and assume a resulting magnetiza-
tion of the magnetic medium M (¢) = Hy(x' cos(wot) +
X" sin(wot)) where x’ is the real component and x” is the
imaginary component of the complex magnetic suscepti-
bility x. Then, we can derive the internal energy U of
our magnetic medium due to magnetization evoked by a
continuous EM wave, i.e.

dau 1 .
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Eq. (3) describes the power dissipation density in the
magnetic medium due to magnetic field heating and ex-
hibits the appearance of second harmonic resonances.
Calculating the time integral of Eq. (3) yields the en-
ergy deposition density Qynp(t) = fttl"" U(t)dt, teng =
n-2m/wg,n € R which can be used to determine the local
pressure rise within the magnetic fluid

B
kpCy

po(t) = Qunp(t), (4)
where [ is the thermal coefficient of volumetric ex-
pansion, k the isothermal compressibility, p the mass
density, and C, the volumetric heat capacity. Eq. (4)
reflects the proportionality of induced magnetoacoustic
pressure waves to the deposited energy as a function
of 2wg. We note that previous studies have failed to
report the presence of responses to CW excitation
in general [16,17] and the appearance of second har-
monic responses in particular, because they assumed
integration over full magnetic field cycles 27 result-
ing in a time independent energy deposition density

QuNP2r = f:+2ﬂ/w0 U(t)dt = porx" Hg.
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FIG. 1. Concept of magnetoacoustic signal induction. (a)
Components of the magnetoacoustic setup. PS - power sup-
ply, M - modulator, W - water chiller, D - driver. (b) Mag-
netoacoustic sensing using a PZT transducer. The sample
comprises a steel rod located within the coil. (¢) RF-free mag-
netoacoustic sensing employing a fiber-Bragg-based interfer-
ometric ultrasound sensor in a horizontally arranged solenoid
(water tank not displayed). The optical sensor comprises op-
tical filters (F), an erbium-doped fiber amplifier (EFDA), a
99/1 optical splitter (S), a demodulator (Demod), and the
m-shifted FBG sensing unit. (d) Magnetoacoustic sensing of
a steel rod specimen using PZT based ultrasound detection.
RF-interference due to the non-linearity of the RF ampli-
fier (blue dotted line) and experimental confirmation of the
second harmonic magnetoacoustic signal (red line) induced
in conducting material at fara = 2frr. Inset shows the
quadratic increase of detected magnetoacoustic signal (red
crosses) as a function of linearly rising B-field compared to
the expected theory (dashed black curve) and a linear rela-
tionship (dotted green line).

Platform design and magnetoacoustic
detection.

As a next step, we aimed to validate our theoretical
findings in Eq. (4). Since there has been no documented
measurement of magnetoacoustic signals, in either the
pulsed or CW regimes, a first major goal in this work
was to experimentally prove the existence of magnetoa-
coustic signals. Then, a second goal was to prove Eq.
(4), i.e. that magnetic media emit second harmonic
magnetoacoustic signals in response to continuous exci-
tation waves. To investigate our hypotheses we designed
the first reported magnetoacoustic system, based on a
generator of CW magnetic fields [35, 36], and fiber-based
interferometric detection (Fig. 1). The system utilized a
home-built signal generator (frr < 2 MHz, B < 12 mT)
driving different types of solenoids to couple energy to
the specimen. Samples comprised conductive elements
such as a steel rod and different magnetic fluids injected
in a polyvinyl chloride (PVC) tubing (= 3 mm). A
complication that had to be tackled in the design of the
magnetoacoustic system was capacitive and inductive
interference from the signal generator to electrical PZT
(lead zirconate titanate) ultrasound detectors. The
experimental proof of second harmonic magnetoacoustic

signal



signals appeared to be particularly challenging as it is
not possible to generate alternating magnetic fields for
magnetoacoustics without emitting also considerable
RF harmonics. In order to isolate true magnetoacoustic
signals from such interference signals, we based mag-
netoacoustic detection to a home-built 7-phase shifted
FBG (fiber-Bragg-grating) based interferometric sensor
[23]. The FBG design is impervious to electromagnetic
interference, offering correct magnetoacoustic detection.
Data capture was performed in the frequency domain
using a spectrum analyzer.

Magnetoacoustic experiments based on conduct-
ing objects.

We first investigated the presence of second harmonic
magnetoacoustic responses using materials of high
electric conductivity. Conducting objects dissipate
significant thermal energy when exposed to AMFs due
to induced circular currents (Eddy currents). A steel
rod (= 2 mm, 10 mm length) was placed within
the Helmholtz coil in a water containing imaging
tank (Fig. 1(b)) under RF induction at frr = 820
kHz. Experimental measurements in this case were
performed in the presence and absence of the steel rod,
employing a PZT transducer placed 30 mm from the
location of the sample. The use of a PZT transducer
in this study enabled the characterization of possible
interference measurements. Measurements without the
rod characterized interference coupling at the second
harmonic of the RF wave 2frp, establishing a baseline
signal when using PZT-based detection (Fig. 1(d) -
blue dotted curve). Introducing the conductive rod in
the experimental arrangement gave rise to a magne-
toacoustic response that is stronger than the baseline
interference signal by 13.6 dB. This response was exactly
at double the frequency of the magnetic excitation i.e.
fva =2frr = 1.64 MHz and exhibited a signal to noise
ratio (SNR) of 61 dB (Fig. 1(d) - red curve).

Eq. (3) and Eq. (4) describe a quadratic increase of
magnetoacoustic pressure with applied magnetic field
Hy. To confirm the true origin of the magnetoacoustic
signal, we recorded the pressure as a function of linearly
increasing B-field. As a result, we observed the expected
quadratic response of the pressure as shown in the inset
in (Fig. 1(d)), disproving the predictions of Ref. [18]
and confirming Eq. (4).

Heating experiments.

Before investigating whether magnetic nanoparticles
can generate magnetoacoustic signals, we first bench-
marked the heating rate of various magnetic compounds
(Fig. 2(a)). The hypothesis motivating the heating
rate measurements is that nanoparticles with high
specific loss power (SLP) will also efficiently generate
magnetoacoustic signals. We particularly focused on
commercially available magnetite particles (Fe3O4) with
hydrodynamic diameters ranging from 30 - 200 nm,
which are applied in clinical and preclinical imaging
and therapy methodologies such as MRI, MPI, and
magnetic hyperthermia [8, 37, 38]. The particles with
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FIG. 2. Magnetic fluid heating and magnetoacoustic signal
induction. (a) Schematic of temperature sensing using dif-
ferent nanoparticles. (b) Heating rates of 6 different mag-
netic fluids after 10 minute magnetic field exposure. The
magnetic field-normalized temperature increase is shown at
5 discrete frequency steps. (c) Magnetoacoustic sensing of
magnetic nanoparticles using the interferometric ultrasound
sensor. The red curve displays a magnetoacoustic signal from
sample S1 at fara = 2.3208 MHz excited at frr = 1.1604
MHz. The blue dotted curve depicts the baseline measure-
ment without coupling medium, confirming RF-interference
free detection. (d) Magnetoacoustic sensing at frr = 508.3
kHz using sample S2. The red curve shows the magnetoacous-
tic response at fma = 2frr = 1.0166 MHz while the blue
curve represents the RF-free baseline measurement when the
interferometer is turned off.

a concentration of 25 mg ml~! were placed within a
solenoid (Figs. 1(a) and 2(a)) and exposed to CW
excitation for 10 minutes. Temperatures were recorded
using fiber based temperature sensors that are unaffected
by radiofrequency interferences. Despite sophisticated
water cooling of our induction coil, we experienced
environmental heating of the nanoparticle specimens
placed within the coil. To correct for heating of the
samples we subtracted the temperature increase of a
control specimen consisting of deionized water which
was measured simultaneously (see Fig. 2(a)). Energy
uptake is frequency dependent, therefore we repeated
this measurement at 5 discrete frequencies frr = 166
kHz, 500 kHz, 1 MHz, 1.5 MHz, 2 MHz (Fig. 2(b)).
We found that magnetite nanoparticles exhibit low
absorption of magnetic fields at frequencies frp < 500
kHz and a relatively flat absorption profile for 500 kHz
< frr < 2 MHz. While literature suggests iron-oxide
nanoparticles with a particle size in the order of 9 -
15 nm for efficient heat generation [8, 39], we found
that nanoparticles with a hydrodynamic size of x;, = 30
nm (Chemicell, Berlin), equivalent to a magnetic core
size of x,, 12 - 17 nm, exhibited lowest magnetic field
absorption (Fig. 2(b), black curve). Highest heating
rates of 6.49 K mT~! however were achieved using
75 nm particles, equivalent to a magnetic core size



of z,, = 63 — 67 nm, at frr = 1.5 MHz. Particles
ranging from x, = 50 — 200 nm had a relatively flat
absorption from 500 kHz to 2 MHz. As an example, the
magnetite nanoparticle with z; = 100 nm that we chose
for subsequent experiments exhibited a field-normalized
heating rate of AT = 4.35 K mT~! at 500 kHz (Fig.
2(b)). Compared to other heat induction studies, this
temperature increase corresponds to a relatively low
specific loss power of SLP = 248 mJ (g s)~! [8].
Magnetoacoustic experiments using nanoparti-
cles.

To investigate whether magnetic nanoparticles generate
magnetoacoustic effects in response to CW excitation, we
performed magnetoacoustic measurements of magnetic
nanoparticles with different sizes and concentration filled
in PVC-tubing. Sample S1 consisted of fluidMAG-D
nanoparticles with z; = 50 nm at a concentration of
100 mg ml~! while sample S2 comprised fluidMAG-
D nanoparticles with z;, = 100 nm at 25 mg ml™!
concentration. The PVC-specimens were placed in
the magnetoacoustic system (Fig. 1(a)) and measured
at different excitation frequencies using the optical
US-sensor schematized in Fig. 1(c). Under magnetic
field exposure at frr = 1.1604 MHz, we observed second
harmonic acoustic signals from S1 at a frequency of
fara = 2.3208 MHz, exhibiting SNR of 6 dB after 20
averages (Fig. 2(c), red line). To confirm the decoupling
efficiency and to exclude the impact of interference on
our acoustic sensor, we removed the acoustic coupling
medium from the water tank, impeding acoustic wave
propagation and revealing the noise floor level of the
interferometric sensor (Fig. 2(c), blue dotted line).
To confirm second harmonic acoustic signal generation
at frequencies where the specific loss power of the
nanoparticles is lower, we repeated this experiment
substituting the specimen to S2 (luidMAG-D, z;, = 100
nm) and changing the magnetic field to frr = 508 kHz.
Similarly, we observed a magnetoacoustic signal at the
expected frequency fi;4 = 1.016 MHz, exhibiting a
SNR of 8.7 dB after 10 averages (Fig. 2(d), red line).
Disabling the interferometric sensor by powering off the
laser unit (displayed in Fig. 1(c)) revealed the RF-free
noise floor level of our ultrasound sensor (see Fig. 2(d),
blue dotted line).

Magnetoacoustic experiments employing labeled
cells.

Next, we interrogated whether it would be possible
to detect magnetoacoustic responses when particles
are taken up by cells. We studied heating rates and
magnetoacoustic signals collected from the murine
macrophage cell line ANA-1 incubated with different
types of magnetic particles (see Supplemental Material
[25]). Different batches of cells were prepared, whereby
batch C1 comprised cells incubated with large nanopar-
ticles (x5 > 200 nm), and C2 consisted of cells labeled
with small sized nanoparticles (x5 < 100 nm).

Figure 3(a) shows the heating rate of labeled
macrophages at frr = 660 kHz after subtracting

(b) |
2 -120r o Control
J15 s
=1
<
o /A/Z_Am_b
0// c—o(C2-a
0 2. 3 2 —1407757657 10166 101663
Time (min) Frequency (MHz)
FIG. 3. Magnetoacoustic sensing of macrophages with

nanoparticles. (a) Heating rates of ANA-1 cells loaded with
magnetic particles Cl-a (cyan diamond line), Cl-b (purple
triangle line), and C2-a (red dotted line) after subtraction of
background heating. (b) Second harmonic acoustic response
of ANA-1 cells incubated with luidMAG-Amine (red dotted
line). The control measurement of unlabeled ANA-1 cells
(blue diamond line) and the noise measurement after disabling
the optical sensor (green triangle line) show the non-linear
EMI response of the RF amplifier.

the temperature increase of deionized water. As ex-
pected, the absorption rates of labeled macrophages are
lower than heating experiments using bulk solutions at
higher nanoparticle concentrations (Fig. 2(b)). The
specific loss power was determined to be ~ 25 and 53 mJ
(g s)~! for the C1, and C2 cell specimen, respectively.
The two-fold SLP observed in cell batch C2 compared
to batch C1 suggests that higher heating rates can be
achieved using smaller diameter particles.

To interrogate whether magnetoacoustic signals could
be detected from labeled cells, we employed macrophage
cells labeled with small hydrodynamic core nanopar-
ticles (C2-b, z, = 100 nm, FluidMAG-Amine) which
have shown strong heating in in-vitro experiments as
demonstrated in Fig. 2(b). A control sample consisting
of unlabeled ANA-1 cells was also measured. The
frequency of the system was tuned to frr = 508 kHz
and measurements were based on the interferometric
detector to avoid interference signals. In a first mea-
surement, displayed in Fig. 3(b) (red circle line), we
observed the presence of magnetoacoustic waves from
labeled cells at the predicted magnetoacoustic frequency
faa = 1.016 MHz, exhibiting a SNR of ~ 10 dB
after averaging 100 signals. Turning off the laser unit
and disabling acoustic wave detection, we measured
remnant interference possibly due to the metallic parts
of the interferometric hardware itself. This interference
signal is independent of ultrasound sensor position
relatively to the specimen and exhibited a power level
of Prrp = —123.3 dBm (Fig. 3(b), green triangle line),
7.1 dB below the magnetoacoustic signal. To exclude
the possibility that unlabeled ANA-1 cells generate
magnetoacoustic signals, we replaced the FluidMAG-
Amine labeled cells with the ANA-1 cell control batch
and recorded its magnetoacoustic response. In this
setting illustrated in Fig. 3(b) (blue diamond line),
no magnetoacoustic signal was measured. Instead, we
observed a parasitic signal due to interference coupling
with a power level of Prr = —123.6 dBm, similar to



the previous measurement when the interferometric ul-
trasound sensor is disabled. This experiment confirmed
magnetoacoustic signals from macrophages labeled with
magnetic nanoparticles, exceeding interferences by more
than 7 dB.

Discussion and Conclusion

In this work, we introduced magnetoacoustics, i.e.
we theoretically and experimentally demonstrated the
previous undocumented ability to detect pressure waves
from magnetic nanoparticles placed within CW magnetic
fields. Theoretically, we derived Eq. (4), which predicts
the presence of second harmonic acoustic responses
from magnetic particles and matter when excited with
CW magnetic fields. To prove that such signals can be
experimentally measured, we designed and implemented
the first documented magnetoacoustic scanner. To min-
imize interference effects and conclusively interrogate
the existence of magnetoacoustic signals, an optical
interferometric sensor was employed, attaining a noise
equivalent pressure of approximately 100 Pa over a band-
width of 20 MHz [40] almost approaching the sensitivity
of PZT based ultrasound sensors [41]. Similar optical
detection has previously been applied in intravascular
imaging [40] as well as for deep tissue imaging in-vivo
[42] while magnetoacoustic imaging can be performed
analogous to frequency-domain optoacoustics [43, 44].
Magnetoacoustic sensing demonstrated the existence of
ultrasonic signals generated in response to sinusoidal
AMFs. Contrary to former predictions that such signals
cannot be generated, this observation proves the exis-
tence of magnetoacoustic responses. Magnetoacoustic
signals are also expected in response to magnetic pulses.
A characteristic however of the CW excitation is the
appearance of only second harmonic responses. These

responses are expected at any frequency range; however
frequencies around 1 MHz optimally match the range
of magnetic energy absorption by common magnetic
particles.

Tissues have very low ultrasound emission. Conventional
thermoacoustic implementations using electrical pulses
generate responses from the entire tissue absorbing
electric energy due to conductivity [45-47]. In contrast,
since no magnetic energy is deposited in tissues, only
magnetic particles generate ultrasonic responses to
AMFs. This basic feature, demonstrated by sensing la-
beled cells, leads to zero-background sensing of magnetic
particles, in analogy to fluorescence or radio-isotope
sensing. Magnetoacoustics can increase the specificity
of magnetic particle detection and directly determine
energy deposition in tissues, since acoustic responses are
linearly related to the deposited energy density. This
feature could be employed to characterize magnetic
particles and determine their accumulation in tissues,
for example as associated with magnetic hyperthermia
studies. Likewise, when using known amounts of par-
ticles, magnetoacoustic sensing could be employed to
spatiotemporally characterize magnetic fields.
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