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In the coming era of precision medicine, there is a high demand for the development of approaches for
in vivo tracking of biomolecules and measurements of their local environments. In this work, we present an
approach for the simultaneous imaging of magnetic nanoparticle (MNP) concentration, temperature, and
viscosity. The proposed approach allows one to determine the spatial distribution of the MNPs, while the
MNPs are used as nanosensors for simultaneous measurements of the spatial distributions of temperature
and viscosity. This technique has great potential for providing not only tools for disease diagnostics and
therapy, but also insights into further understanding of the biophysical mechanisms involved in tumor
tissues during cancer development and tumor metastasis.
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I. INTRODUCTION

The development of alternative approaches for disease
diagnostics and therapy plays a crucial role in promoting
human healthcare from traditional medicine toward preci-
sion medicine. Stem-cell-based therapy has shown great
promise in bone-marrow reconstitution for malignancies
and aplasias [1-3]. In traditional drug delivery, such as
chemotherapy, about 99% of the drugs do not reach the
tumor tissue [4], which results in strong side effects. In con-
trast, targeted drug delivery aims at delivering the drugs to
the intended tissue, thus improving the treatment efficiency
and decreasing the side effects [5]. All these emerging
techniques significantly contribute to precision medicine.

However, one of the most challenging issues for the
implementation of these therapy methodologies is the in
vivo efficient tracking and delivery of stem cells and drugs
to the targeted tissue. Herein, a method for continuously
monitoring the spatial distribution of the substances with
noninvasiveness and high temporal resolution is of great
importance to realize targeted delivery. One of the com-
mon methodologies for targeted delivery is the labeling
and encapsulation of magnetic nanoparticles (MNPs) for
delivery of or into cells [6,7] and the delivery of drugs
[8], so that these substances can be in vivo tracked and
controlled in magnetic fields. Thus, an approach based on
MNP-concentration imaging with high sensitivity and high
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temporal resolution is of great benefit to monitor the spa-
tial distribution of the substances and to build a closed-loop
system for active and efficient targeted delivery.

To implement precision medicine, another key point is
the development of sensors for the determination of the
microenvironmental parameters in specific tissues for dis-
ease diagnostics and therapy. For instance, temperature
is one of the most fundamental physical parameters that
reflects biological and physiological processes. Some spe-
cific diseases, such as malignant tumors, may result in
a high-temperature region in the diseased tissue [9,10].
In magnetic hyperthermia, MNPs are exposed to a radio-
frequency ac magnetic field to locally heat the tumor
tissue for cancer therapy [11—13]. Herein, temperature is
one of the most crucial parameters, significantly affecting
treatment efficiency [14]. In addition, viscosity is one of
the key parameters for maintaining vascular homeostasis
[15—17]. An increase in blood viscosity may increase the
risk of cardiovascular mortality [18,19]. The abnormal vis-
cosity of blood can be a hallmark of specific diseases,
e.g., Alzheimer’s disease and inflammation [18,20]. There-
fore, in vivo determination of temperature and viscosity
is of great importance and interest not only to improve
the efficiency of magnetic hyperthermia for cancer ther-
apy but also of disease diagnostics and to understand the
biophysical mechanisms taking place during disease.

An approach for the imaging of MNP concentration
and the local environmental parameters of temperature
and viscosity will significantly contribute to precision
medicine with respect to disease diagnostics and ther-
apy. The approach has to enable fast imaging for the
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feasibility of building a closed-loop control system, to
allow high sensitivity for accurate determination of the
MNP concentration and to be versatile for simultaneous
imaging of concentration, as well as the local microen-
vironmental temperature and viscosity. Furthermore, the
approach should be noninvasive, nonradiative, and feasible
to realize in vivo imaging.

Magnetic particle imaging (MP]) is an imaging modal-
ity that directly measures the spatial distribution of MNPs
[21]. To date, several approaches have been reported to
realize the imaging of MNP concentration [22—28]. MPI is
proven to enable a high temporal resolution of up to about
50 three-dimensional (3D) images per second, high sensi-
tivity in the order of 1 ng iron, and high spatial resolution
better than 1 mm [29-32]. Furthermore, several publica-
tions have investigated the viscosity dependence of MNP
dynamics by ac susceptibility and magnetic particle spec-
troscopy [zero-dimensional (0D) MPI] [33-39], showing
the potential of MNPs to function as sensors for viscosity
measurements. In 2018, multicolor MPI was used to real-
ize viscosity quantification with a relative error of less than
6% [40,41]. However, the approach allowed one to quan-
tify only the viscosity of a single MNP sample placed in
the center of the imaging field of view, but not the spatial
distribution of MNP samples with different viscosities at
random positions. In 2019, another approach of relaxation-
based color MPI was reported to realize the imaging of dif-
ferent relaxation times of five MNP samples with different
viscosities [42], which could be converted into qualitative
viscosity imaging. Thus, only quasi-quantitative viscosity
imaging has been realized with color MPI. In addition to
viscosity imaging, the magnetization curve [43—45], har-
monics [46—48], and phase lag [49] were measured with
0D MPI systems to realize MNP thermometry, providing
a sensor for robust, accurate, and noninvasive temperature
measurements. Interestingly, the phase lag and harmonics
are combined to realize MNP thermometry independent of
Brownian relaxation [50]. In 2016, color MPI was used
to realize qualitative two-dimensional (2D) temperature
imaging [51], whereas, in 2018, scanning magnetic particle
spectroscopy was investigated for quantitative 2D temper-
ature imaging in addition to MNP-concentration imaging
[27,52].

All the approaches for MPI employ MNP magnetiza-
tion to realize concentration, temperature, and viscosity
imaging. Specifically, for viscosity imaging, the frequency
of the ac magnetic field should be high enough to show
the dynamics dependence of MNP magnetization. This
means that all three parameters of concentration, tempera-
ture, and viscosity of a MNP suspension significantly affect
MNP magnetization. Herein, concentration is a parame-
ter proportional to the signal strength or image intensity,
whereas temperature and viscosity are nonlinear parame-
ters that affect MNP magnetization and relaxation. Impor-
tantly, temperature and viscosity are two coupled physical

parameters, e.g., viscosity is dependent on temperature
[53]. In color MPI, the measured images of relaxation time
can be converted into only viscosity or temperature images
but not to both. Ignoring any unexpected temperature vari-
ation during viscosity imaging may cause significant devi-
ations in viscosity and vice versa. Thus, the simultaneous
determination of temperature and viscosity significantly
contributes to their accurate quantification. To date, there
have been no approaches for the simultaneous and quan-
titative imaging of MNP concentration, temperature, and
viscosity.

Here, we propose an approach for the simultaneous
imaging of MNP concentration, temperature, and viscos-
ity. It has great promise to provide a tool not only for
cell tracking and drug delivery via MNP-concentration
imaging, but also for magnetic hyperthermia-based can-
cer therapy and cardiovascular disease and inflammation
diagnostics via temperature and viscosity imaging. The
proposed approach employs the dynamic magnetization
of MNPs dominated by Brownian relaxation to determine
viscosity, since the Brownian (Néel) relaxation time is
dependent on (independent of) environmental viscosity.
Thus, for in vivo applications, the MNPs should be able to
physically rotate in an ac magnetic field. Any contribution
to the MNP’s dynamic magnetization from Néel relaxation
may leads to systematic errors in measured temperature
and viscosity. Considering magnetic hyperthermia-based
cancer therapy, the temperature range from 310 to 322 K is
used for experiments. Since a higher viscosity may cause a
Néel-relaxation contribution to the MNP’s dynamic mag-
netization, to demonstrate the feasibility of the proposed
approach for simultaneous imaging of MNP concentration,
temperature, and viscosity, a smaller viscosity range from
0.95 to 1.46 mPas at 22 °C (from 0.69 to 0.95 mPas at
37°C) is used for experiments. Dynamic magnetization of
the MNPs dominated by Brownian relaxation is compre-
hensively analyzed based on solving the Fokker-Planck
equation (FPE). It indicates that the first, third, and fifth
harmonics of the MNPs, defining the ith harmonic as M; at
frequency if, are determined by three independent param-
eters of MNP concentration, c; the relaxation parameter,
wtp; and the Langevin parameter, & (see detailed defi-
nitions in Sec. II). Herein, M;, which is proportional to
the concentration, ¢, can be used to visualize the spatial
distribution of MNP concentration. The harmonic ratios
R3rdjist=M3/M 1 and Rs,/3:a= M s/M 3, independent of the
concentration, ¢, are nonlinear monotonous functions of
wtg and &;. This means that the solutions of the nonlin-
ear functions with measured Rsuq 1 and Rswmy3rq €nable
one to independently calculate wtp and &j. Consequently,
temperature is determined from &y= pomH ,./(kpT), with
the known temperature-dependent magnetic moment, m,
and magnetic field amplitude, H,., whereas the viscosity
at this temperature is determined from wtp with the cal-
culated temperature. Therefore, here, we investigate the
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nonlinear effects of wtp and & on Rsu 1 and Rsg 3
by a phenomenological model and experiments. Finally,
simultaneous imaging of the MNP concentration, temper-
ature, and viscosity is realized by measuring the spatial
distributions of the first, third, and fifth harmonics of
the MNPs and applying the proposed phenomenological
model.

II. MODEL AND METHOD

For MNPs dominated by Brownian relaxation, MNP
magnetization in an ac magnetic field can be described by
the FPE [54,55]:

d 1 9
—Wx,t) = — —
at 2tp 0t

x {(1 —x?) [%W(x, ) — EOW(x, t)“ ,
(1)

where &£(f) =§&pcos(wt), with &= uomH ,/(kgT); 3=
3nVu/(kgT), with viscosity n and hydrodynamic volume
of the MNPs V,; o is the magnetic permeability of free
space; m is the MNP magnetic moment; kg is the Boltz-
mann constant; 7 is the absolute temperature; x = cos6,
with 6 representing the angle between the magnetic
moment, m, and the applied magnetic field, H; and W(x,
f) is the probability density of the magnetic moment orien-
tations. Thus, MNP magnetization, M (), in the direction
of the applied magnetic field, H, can be described by

1
M) = CMS/ xWi(x, Hdx, 2)
—1

where ¢ is the MNP concentration. The FPE indicates that
the ith harmonic amplitude, M;, of MNP magnetization at
frequency ify depends on three independent parameters: c,
wtp, and &;. The concentration, ¢, is a linear parameter,
whereas wtp and &j are nonlinear parameters.

The FPE for Brownian relaxation indicates that dynamic
magnetization of the MNPs dominated by Brownian relax-
ation depends only on the MNP concentration, c¢; the
Langevin parameter, &y; and the relaxation parameter, wtp.
This means that the harmonic ratios of the third to the first
harmonics and the fifth to the third harmonics are inde-
pendent of MNP concentration, but depend only on &, and
wtp. However, the FPE does not have an analytical solu-
tion. Thus, the dependences of the MNP harmonics on
parameters &) and wtp are not intuitive and not easily mod-
eled. Furthermore, parameters &, and wtg are coupled to
affect the MNP’s dynamic magnetization and harmonics.
Here, we propose a phenomenological model to describe

the harmonics ratios Rsrq/1sc and Rsih /3 as

M;
M,
R 0,
_ 3/15t(0, &) . (32)
1 + azist(@tp) + Baraisi(@Tr)

M;s

M;

Rsh/3:4(0, &)

T 1+ st (@T8) + Bsmaa(@Tp)

Rinst(wtp, &) =

Rsiird(wtp, &) =

(3b)

where a3rd;1st, B3rd/1sts *5th/3rd> and Bsiny3ra are free param-
eters depending only on &y; R3rq/15t(0, 0) and Rsg/3a(0,
&) represent the harmonic ratios at equilibrium. The pro-
posed phenomenological model indicates that the effects
of wtp and & on Rz/1s and Rspy3q are decoupled by
the free parameters o3.q/1st, B3rd/1sts X5thy3rds aNd Bsin/3rd
and the relaxation parameter wtg. Using the parame-
ters ard/ist, B3rd/1sts Xsth/ards Bsthyards Raray1st(0, &o), and
Rsi/3ra(0, &) and solving nonlinear Egs. (3a) and (3b)
with the measured R3.q/1s¢ and Rsuy3:4 values allows one
to independently calculate wtz and &;, thus resulting
in the simultaneous determination of temperature and
viscosity. Notably, the phenomenological model is only
applicable for the dynamic magnetization of Brownian-
relaxation-dominated MNPs. With a contribution to MNP
magnetization from Néel relaxation, the phenomenolog-
ical model may not be applicable due to systematic
errors.

III. EXPERIMENTAL RESULTS

A. Experimental description

Here, SHP-25 MNPs, purchased from Ocean NanoTech.
Ltd Corp. (San Diego, CA) and dominated by Brown-
ian relaxation, are selected as the experimental sample.
The sample consists of single-core iron-oxide nanoparti-
cles with a mean core size of about 25 nm and an iron
concentration of 5 mg/ml. Three samples with different
viscosities, consisting of SHP-25 and glycerol with differ-
ent weight percentages, cglycerol, 0f 0.0%, 8.0%, and 13.3%
are prepared. All samples have the same iron concentration
of 3.33 mg/ml. The ac susceptibility (ACS) spectra of the
three MNP samples are measured over the frequency range
from 10 Hz to 1 MHz [56]. They show that, with increas-
ing cglycerol, the peak frequency, fpeak, of the imaginary
parts, x//, of the ACS spectra, as expected, decreases due
to the corresponding increase in the Brownian-relaxation
time, 7g. Given the viscosity of water, Nyater, at 22 °C, the
viscosities of the three MNP samples are 0.95, 1.26, and
1.46 mPas at 22 °C, which fit very well with the theo-
retical viscosities of 0.96, 1.17, and 1.35 mPas for the
given cCglycerol [57]. The deviations in the measured and
theoretical viscosities might be caused by the uncertainty
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in the glycerin weight percentages. A custom-built scan-
ning magnetic particle spectrometer (SMPS) is used to
measure the first, third, and fifth harmonics in ac mag-
netic fields with different frequencies and amplitudes. The
SMPS consists of a pair of Helmholtz coils for the genera-
tion of ac magnetic fields and a gradiometric detection coil
with a diameter of about 2.5 mm for the measurement of
MNP magnetization. A digital lock-in algorithm is used to
measure the harmonics of MNP magnetization. Details of
the SMPS can be found in Ref. [27].

B. Magnetic-field-dependent harmonic ratio

To verify the feasibility of the phenomenological model,
R3rds1st and Rspyzq of the three MNP samples with
different viscosities are measured in ac magnetic fields with
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different frequencies, f, and amplitudes, H ,., at a constant
temperature of 310.45 K (37.3 °C). Frequency f is varied
from 615 to 1418 Hz, whereas amplitude H,. is changed
from 5 to 8 mT. Figures 1(a) and 1(b) show R3./15 and
Rsihy3ra versus frequency curves of the three MNP sam-
ples versus frequency fy at H,.=8 mT. With increasing
frequency and viscosity, the harmonic ratios Rz 15 and
Rsih/3rq decrease, as expected from simulations of the FPE.
R3rq/15t and Rsg3rq versus f curves at different H . are fit-
ted by Eq. (3). Good fits of the phenomenological model to
experimental data, as shown in Figs. 1(a) and 1(b), demon-
strate the feasibility of the phenomenological model for
the description of the harmonic ratios. Furthermore, the
fits also allow one to determine the viscosity of the sam-
ples relative to the viscosity of water at 37.3 °C. For the
given viscosity of water at 37.3 °C, the viscosities of the
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Experimental results of harmonic ratios R3q/15 (a) and Rsu 34 (b) versus frequency for samples with different weight per-

centages of glycerin in different frequencies of ac magnetic fields with an amplitude of 8 mT at 37.3 °C. Experimental results of
harmonic ratios Rsq;1s¢ (¢) and Rsg/3rq (d) versus nf in different frequencies of ac magnetic fields with varying amplitudes at 37.3 °C.
Symbols are experimental results, whereas solid lines are fits with Eq. (3).
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three samples are 0.69, 0.86, and 0.97 mPa s, respectively,
which fit very well to the theoretical values (0.69, 0.83, and
0.95 mPas).

In addition, Figs. 1(c) and 1(d) show R3.q/15 and Rsin/3rd
versus 7nf at different H,., showing that the curves of
the three MNP samples collapse into a single curve at
the same H,.. This demonstrates the independence of
the free parameters a3d;ist, Bard/1st> *sthy3rds and Bsin/ard
of the relaxation parameter, wtp, and the feasibility of
the proposed phenomenological model for decoupling the
effects of wtp and & on Rs/15t and Rsg 3rq. Herein, the
parameters a3rd/1st» B3rd/1st> *5thy3rd> Bsth/3rds Rard/15t(0, £o),
and Rs/3:4(0, o) as a function of H,./T, shown in Fig.
S2 within the Supplemental Material [56], are fitted by
A(H 3/T)® + C for the description of & dependence. More-
over, the harmonic ratios show monotonous functions on
wtg and &), meaning that Eq. (3) has a unique solution
for wtp and & using the measured values of R3.q/15t and
Rsih/3ra. Therefore, the solution of Eq. (3) allows one to
independently calculate wtp and & and, consequently,
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determine temperature and viscosity simultaneously for
the given MNP magnetic moment, m.

C. Temperature-dependent harmonic ratio

According to the Bloch law, the saturation magne-
tization, M,, depends on temperature, resulting in a
temperature-dependent magnetic moment, m = M V., with
the MNP core volume V.. Thus, to calculate the tem-
perature, 7, from &y= womH ,/(kgT), the temperature-
dependent magnetic moment, m, should be determined
in advance. Here, we investigate the temperature-
dependent magnetic moment, m, for the MNP sample with
Cglycerol= 0.0%. The harmonic ratios R3.q;1s and Rs /3.4 are
measured in an 8-mT ac magnetic field with different fre-
quencies at different temperatures ranging from about 310
to 325 K.

Figures 2(a) and 2(b) show that Rsy/ decreases
whereas Rsy 3rq increases with increasing temperature in
different frequencies of ac magnetic fields. With increas-
ing temperature, wtp decreases, resulting in an increase
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in R3rg/1st and Rsg /304, Whereas &) decreases, leading to a
decrease in R3.q/1st and Rs/3.4. The dependence of Rsq 1
and Rsg3:4 on temperature is determined by a trade-off
between wtp and &). With the measured harmonic ratios,
R3rd/1st and Rsa/3rq, at different temperatures, the parame-
ters &y and wtp can be calculated with the phenomenolog-
ical model of Eq. (3) and the calibrated parameters shown
in Fig. S2 within the Supplemental Material [56]. For a
given temperature, the magnetic moment, m, relative to
that at 37.3 °C, where the free parameters in Eq. (3) are
measured, is calculated, as shown in Fig. 2(c). In addition,
the viscosity is calculated from wtp with the given water
viscosity at 37.3 °C, as shown in Fig. 2(d). Figures 2(c) and
2(d) show that the measured magnetic moment and vis-
cosity versus temperature curves at different frequencies
collapse into single curves with some random scattering
but without significant systematic changes. Some minor
systematic deviation of the curve at fo=1418 Hz (less
than 1%) might result from the fitting difference between
the phenomenological model and the experimental results
and the measurement uncertainty and stability of the
SMPS. Nevertheless, it means that the proposed approach
allows the determination of & and wtp independent of
frequency (Brownian relaxation). Here, the temperature-
dependent magnetic moment is used to determine the
temperature from &,. Notably, there is no need to use
the temperature-dependent viscosity shown in Fig. 2(d) to
determine viscosity from tg = 3nV}/(kzT), since the hydro-
dynamic volume, V7, can be assumed to be independent of
temperature.

D. Temperature and viscosity imaging

Phantom experiments are performed at different tem-
peratures to demonstrate the feasibility of the proposed
approach for simultaneous imaging of concentration, tem-
perature, and viscosity. The applied ac magnetic field has
a constant amplitude of 8 mT and different frequencies of
615, 854, 1033, and 1418 Hz. Figure 3(a) shows a pho-
tograph of the three-line phantom, filled with three MNP
samples of different viscosity. The individual MNP sample
at each line can be heated by passing through temperature-
controlled water via a pump for temperature imaging. A
fiber-optic thermometer is placed beside each line sample
(with a distance in the y direction of about 0.25 mm) for the
independent temperature measurement of the given line.
In principle, the temperatures of the MNP sample in the x
direction are identical, whereas those in the y direction are
different due to heat dissipation. The temperature profile of
the phantom depends on which tube is passed by heated
water. Figures 3(b)-3(d) show the images of the measured
harmonics M |, M3, and M5 at 615 Hz at room temperature
(about 295 K). Each of the harmonic amplitudes can sim-
ply be transferred to visualize the spatial distribution of the
MNP concentration.

(a)

Water Tube
l—) X
Yy

Water Tube

é .:
ine 1: 0.0% Glycerin
|

i

‘Water Tube

0.00

(e) (f)

R
R3rd/1 st 5th/3rd

FIG. 3. (a) Photograph of phantom; images of first harmonic,
M (b), third harmonic, M5 (¢), and fifth harmonic, M5 (d), in an
ac magnetic field with a frequency of 615 Hz at room tempera-
ture (295 K). Red arrows in (a) represent the positions where the
temperature of the MNP samples are measured by a fiber-optic
thermometer. R3q;15¢ (€) and Rs/3rq (f) images calculated from
images of M|, M3, and Ms.

The harmonic ratio images of R3q/15 and Rs 3,4 are cal-
culated from the measured images of M, M3, and Ms.
Notably, the proposed approach employs the MNPs to act
as nanosensors for the measurements of temperature and
viscosity. At a specific position, where there are no MNPs,
the proposed approach does not allow the measurements
of temperature and viscosity. Thus, a threshold, § with a
value of 0.35, relative to the maximum intensity of the first
harmonic, is applied to calculate the images of R3.q/15 and
Rsth/3:a. Previous studies have demonstrated that decon-
volution of the measured harmonics images provides a
higher spatial resolution but also results in some artifacts
on the temperatures. Thus, in this paper, the temperature
and viscosity images, as shown in Figs. 3(e) and 3(f), are
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obtained with the measured harmonic ratio images without
deconvolution.

From the images of R3.q/15t and Rs3rq, temperature and
viscosity imaging is realized with the phenomenological
model of Eq. (3). Figure 4 shows the measured temper-
ature and viscosity images. The first (third) column in
Fig. 4 shows the temperature (viscosity) images for dif-
ferent heating positions, i.e., “no heat,” “heat line 1,” “heat

line 2,” and “heat line 3” at H,.=8 mT and f =615 Hz.
The temperature and viscosity images at f =854, 1033,
and 1418 Hz are presented in Figs. S3—S5 within the Sup-
plemental Material [56]. The second (forth) column in
Fig. 4 shows the x-direction average temperature (viscos-
ity) versus y position curves in different frequencies of ac
magnetic fields. Figures 4(a) and 4(b) show that without
any external heating (no heat) the measured temperature
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image does not show a significant temperature gradient.
The viscosity images of the three-line samples displayed
in Figs. 4(c) and 4(d) show that the viscosity of the MNP
sample increases from line 1 to line 3 due to a higher per-
centage of glycerol. Figures 4(e) and 4(f) indicate that with
heating at line 1 (heat line 1) the temperature image shows
a significant temperature gradient of the three-line phan-
tom with the highest-temperature area at line 1. In addition,
the temperature gradually decreases from line 1 to line 3
due to heat dissipation, which is expected due to the water
tube placed at line 1. In addition, the water-tube position
is changed to heat different MNP samples, as shown in
Fig. 4. The highest-temperature area consequently changes
from line 1 to line 3, which correlates very well with
the water-tube position (heating position). The viscosity
images do not show the highest viscosity at line 3 for differ-
ent heating positions due to the decrease in viscosity with
increasing temperature. For example, with heating at line
3 (heat line 3), the MNP sample of line 3 has the highest

—_
Q
~

16
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temperature, compared to the other two lines of MNP sam-
ples. It means that the sample viscosity of the MNP sample
at line 3 decreases more significantly than that of the other
two samples. Moreover, the second and forth columns in
Fig. 4 show that the measured temperatures and viscosities
in different frequencies of ac magnetic fields do not show
significant variations. Scattering in the measured tempera-
ture and viscosity images is caused by external interference
and the system’s instability.

The standard deviation and average of the measured
temperatures, Tynp (Viscosity, nynp), along a line in
the x direction (at the same y position) are calculated
to analyze the temperature (viscosity) resolution and
deviation from references. Figures 5(a) and 5(b) show
the measured temperature and viscosity resolutions at
f =615 Hz, respectively. They indicate that the tem-
perature resolution is about 1 K, while the viscosity
resolution is about 0.03 mPas. Figures S6-S8 within
the Supplemental Material [56] show the temperature
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FIG. 5. (a),(b) Temperature and viscosity resolutions versus y position for different heating positions at 615 Hz. Symbols are
experimental results, whereas solid lines are guides to the eye. (c),(d) Temperature and viscosity deviations compared to references.
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resolution of about 0.7 K and viscosity resolution of about
0.02 mPas at higher frequencies, which are slightly bet-
ter than those at f =615 Hz. It may be caused by a
better signal-to-noise ratio at higher frequencies. To eval-
uate the measured deviations in temperature and viscosity,
the temperature, Topic, measured with a fiber-optic ther-
mometer and the theoretical viscosity, Neory, are used as
references. Figures 5(c) and 5(d) show the temperature
deviation, AT = Tvinp— Topiic, and the viscosity deviation
AN = nMNP— Niheory, respectively. At no heat, heat line 1,
and heat line 2, the maximum deviation in temperature
(viscosity) is 3.1 K (0.1 mPas), whereas, at heat line 3,
the maximum deviation in temperature (viscosity) is 9.3 K
(0.12 mPas).

IV. DISCUSSION

The proposed approach employs the dynamic magne-
tization of MNPs dominated by Brownian relaxation to
realize simultaneous imaging of MNP concentration, tem-
perature, and viscosity. The solution of the FPE indicates
that dynamic magnetization of the MNPs dominated by
Brownian relaxation depends only on three free parame-
ters of ¢, wtp =21V /(kgT), and &y= pomH ,o/(kgT). It
means that R34/ and Rsy/3rq are dependent on wtp and
&o but independent of c. Furthermore, R3q/15t and Rsgn/3rq
versus fi curves of the MNP samples with different vis-
cosities at a constant temperature should collapse into a
single curve in an ac magnetic field with a constant ampli-
tude, as verified by our experimental results (see Fig. 1).
Thus, the viscosity and frequency have the same effects
on MNP magnetization and the harmonic ratio. Similarly,
the amplitude, H,., and temperature have similar effects
on MNP magnetization and the harmonic ratio, but not on
the temperature-dependent viscosity. The proposed phe-
nomenological model of Eq. (3) decouples the effects of
wtp and & on the harmonic ratios, which has the same
effect as the proposed model in Ref. [50]. It indicates
that R3q/15c and Rsu/3rq are monotonous functions of wtp
and &), as demonstrated by our experimental results (see
Fig. 2). It means that Egs. (1a) and (1b) have a unique solu-
tion for temperature and viscosity measurements for the
measured R3.q;1s¢ and Rsg 34 values. Consequently, MNP-
concentration imaging is realized by the measured images
of the harmonic amplitude, M;, while temperature and
viscosity imaging are achieved by the imaging of the har-
monic ratios of R3q/1s and Rsg, /3,4 with the SMPS. Thus,
the proposed approach independently visualizes the spatial
distributions of temperature and viscosity determined from
the measured images of R3;q/1s and Rsg/3rq independent of
frequency. Moreover, the proposed approach allows one to
measure the temperature-dependent viscosity.

However, the measured temperature and viscosity
images show some deviations from the temperature
measured by the fiber-optic thermometer and the

theoretical viscosity, respectively. Without external heat-
ing, the maximum absolute deviation from the nominal
temperature, AT, is 3.1 K, while the maximum absolute
deviation of the viscosity, An, is about 0.1 mPas. With
heating line 1 and line 2, the deviations in temperature and
viscosity are similar to those without any heating. With
external heating at line 3, the measured temperature has a
significant deviation of 9.3 K, while the measured viscosity
has a deviation of about 0.12 mPa s. Notably, in spite of the
maximum temperature deviation of 9.3 K and the viscos-
ity deviation of 0.12 mPas, the temperature and viscosity
resolutions are about 1 K and 0.03 mPas, respectively.
Moreover, Fig. S9 within the Supplemental Material [56]
shows the measured viscosity versus temperature curves
of the MNP suspensions at different heating positions. It
indicates that with increasing temperature the viscosity
decreases, which qualitatively fits with theory. Therefore,
we believe that these deviations are mainly dominated by
systematic errors.

The deviations in temperature and viscosity from the
reference values may result from several sources, includ-
ing the reference values of temperature and viscosity and
the proposed phenomenological model. First, the reference
values of temperature (measured by fiber-optic thermome-
ter) and viscosity (calculated from theory) may also differ
from the real temperature and viscosity of the MNP sam-
ple. In experiments, the fiber-optic thermometer is not
directly placed in the MNP suspension for temperature
measurements. Second, the measured temperature and vis-
cosity significantly depend on the calibrated parameters in
Eq. (3). A deviation of 1% between the phenomenologi-
cal model of Eq. (3) and experimental data may result in
AT of about 3 K and An of about 0.01 mPas. Finally, the
influence of Néel relaxation on the dynamic magnetization
of the MNPs is completely ignored in the phenomeno-
logical model. Thus, the proposed approach is only valid
for Brownian-relaxation-dominated MNPs. With a Néel-
relaxation contribution to MNP magnetization, the ratio
of anisotropy energy to thermal energy plays a significant
role in the MNP harmonics, which breaks the validation of
the proposed approach. The Néel contribution may come
from some portions of smaller MNPs in the experimen-
tal sample and the intra-potential-well contribution of the
larger MNPs [58,59]. Furthermore, these Néel contribu-
tions become more significant with increasing viscosity
and temperature. It may explain that with heating line 3 the
deviations in temperature and viscosity are more signifi-
cant, which also qualitatively agrees with published results
[50]. Although the maximum deviation in temperature
(viscosity) is about 9.3 K (0.12 mPas) with heating line
3, the measured temperature (viscosity) can very well dis-
tinguish the temperatures of the MNP samples at line 1 and
line 2 with a temperature difference of 6 K (0.05 mPas). It
demonstrates that the maximum deviations mainly result
from systematic error.
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The measurement resolutions of temperature and vis-
cosity can be improved by repeated measurements, while
the measurement accuracies can be improved by the use
of MNPs purely dominated by Brownian relaxation. Here,
the measurement time for each point of temperature and
viscosity is 0.02 s, allowing temperature and viscosity
resolutions of about 1 K and 0.03 mPas, respectively.
They can be further improved with a longer measurement
time and an excitation magnetic field with a higher ampli-
tude and frequency. The use of MNPs with only Brown-
ian relaxation might significantly improve the systematic
errors in temperature and viscosity. The experimental sam-
ples of SHP-25 with iron-oxide nanoparticles are proven
to have some Néel-relaxation contributions. We believe
that further investigation of the synthesis of iron-oxide
nanoparticles by chemists and/or materials scientists will
significantly improve their applications in multiparametric
imaging.

The application of the present approach in personal-
ized medicine for the imaging of MNP concentration,
temperature, and viscosity significantly depends on the
contribution of Brownian and Néel relaxations to MNP
dynamic magnetization. Here, the studied viscosity from
0.69 to 0.95 mPas at 37°C is slightly below that of
blood-plasma viscosity (1.2—1.3 mPas at 37 °C). A higher
viscosity may increase the contribution of Néel relaxation
to MNP dynamic magnetization, thus worsening the tem-
perature and viscosity measurement accuracy. In addition,
small MNPs, e.g., smaller than 15 nm, are preferred in
personalized medicine for several reasons, e.g., protein-
corona effect and macrophage uptake [60,61]. For smaller
MNPs, Néel relaxation may play a significant role in their
dynamic magnetization due to a smaller core volume,
causing the present approach not to be applicable. How-
ever, this is not always the case, since Néel relaxation
mainly depends on the magnetic anisotropy energy, which
is the product of the magnetic anisotropy constant and the
MNP core volume, not just the MNP core volume. With
an extremely large magnetic anisotropy constant, smaller
MNPs, with sizes of 15 nm, may have extremely high
magnetic anisotropy energy, showing a very long Néel-
relaxation time. Thus, the magnetic easy axes of the MNPs
cannot rotate via Néel relaxation but via a Brownian-
relaxation mechanism. Therefore, the MNP’s dynamic
magnetization is mainly dominated by the Brownian-
relaxation mechanism. Notably, this behavior also depends
on the chemical formulas of different types of magnetic
ions, since the formulation of the magnetic ions affects
the magnetic anisotropy constant. The magnetic anisotropy
of MNPs can be enhanced during synthesis with differ-
ent methods, e.g., particle doping, formation of alloys, and
surface modification [62—64]. With different formulations
of magnetic ions, e.g., Co, during synthesis, the mag-
netic anisotropy energy of the MNPs can be significantly
increased. Thus, the MNP’s dynamic magnetization can be

mainly or even purely contributed to by Brownian relax-
ation. In this case, the proposed approach can be applicable
to a high-viscosity environment, e.g., for blood or plasma
viscosity imaging, while the temperature and viscosity
measurement accuracy can be significantly improved. In
addition, octahedral-shaped MNPs are demonstrated to
have a larger magnetic anisotropy than that of spherical
MNPs [65]. Nevertheless, several different MNPs larger
than 15 nm, e.g., Resovist, vivoTrax from Magnetic Insight
Inc. (Alameda, USA), and perimag from micromod Par-
tikeltechnologie GmbH (Rostock, Germany), show great
promise in biomedical applications, including cardiovas-
cular and inflammation imaging, cancer detection, mag-
netic hyperthermia, and stem- or immune-cell tracking
[66—70]. Another important issue is the delivery of MNPs
to a target tissue. Due to their magnetic properties, a
gradient magnetic field can be applied to enhance the accu-
mulation of MNPs in a specific target tissue for disease
diagnostics and therapy [71,72]. Therefore, in principle,
the present approach should be applicable to personalized
medicine by selecting and synthesizing specific MNPs.

In addition, the temperature accuracy of the present
approach and the measurement system is also important
for real applications of the current approach in personal-
ized medicine. The current approach allows a temperature
measurement accuracy of about 9 K, which mainly comes
from the systematic errors caused by Néel relaxation, as
discussed above. In some applications that only require the
monitoring of temperature changes, the current approach
can still be applicable, due to a temperature resolution of
about 1 K. With the requirements for absolute tempera-
ture measurement, the current approach is not applicable.
In this case, MNPs with purely Brownian relaxation should
be specifically selected. In addition, to improve temper-
ature accuracy, MNPs with Néel-relaxation domination
can be used to exclude the influence of viscosity on their
dynamic magnetization. However, this will result in a loss
of the feasibility of viscosity measurement. A combination
of two different MNP systems with either purely Brownian
relaxation or Néel relaxation might be a good choice in this
regard to measure temperature and viscosity. Notably, the
proposed approach mainly demonstrates the feasibility of
multiparametric imaging of MNP concentration, temper-
ature, and viscosity. For real applications, further studies
on MNP synthesis and modeling of the dynamic magne-
tization of MNPs are required. The current measurement
system, the SMPS, based on mechanical scanning allows
for the two-dimensional imaging of MNPs. In principle, it
does not have any depth limitations due to the penetration
of magnetic fields. However, with increasing depth, both
the spatial resolution and the sensitivity get worse. For the
application of the current approach in the human body, the
SMPS probably allows the detection of MNPs at a depth
of a few centimeters, but not the whole body with a large
volume. The presented approach mainly demonstrates the
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feasibility of multiparametric imaging, including MNP
concentration, temperature, and viscosity, by using the pro-
posed phenomenological model. For real applications in
human bodies, the MNPs and the measurement system, as
well as the physical models, should be further improved.
For real applications in the human body, a 3D MPI scan-
ner with gradient magnetic fields for spatial encoding is
preferred [73].

V. CONCLUSION

This paper reports on an approach to the simultane-
ous imaging of MNP concentration, temperature, and vis-
cosity. A phenomenological model based on the FPE is
proposed to investigate the effects of the relaxation param-
eter, wtg, and the Langevin parameter, &, on the har-
monic ratios Rsq/1s and Rsm 3.4, Which is verified by our
experimental results. A three-line phantom is filled with
different-viscosity MNP samples for experiments at dif-
ferent spatial distributions of temperature. The images of
harmonic amplitude are simply converted to realize MNP-
concentration imaging, whereas the images of R3q/15 and
Rsih/3rq are calculated to realize temperature and viscos-
ity imaging by applying the phenomenological model. Our
experimental results demonstrate the feasibility of the pro-
posed approach for the simultaneous imaging of MNP
concentration, temperature, and viscosity. We envisage
that the proposed approach is of great interest and signifi-
cance not only for the extension of MPI to multiparametric
MPI but also to biomedicine for disease diagnostics and
therapy. We believe that the proposed approach will pro-
vide tools for the in vivo tracking of substances, e.g., gene,
stem cells, and drugs, and act as sensors for the measure-
ments of local microenvironmental parameters, which will
make a remarkable contribution to precision medicine.
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