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MPI Performance of Magnetic Nanoparticles Depends on Matrix 
Composition and Temperature: Implications for in Vivo MPI Signal 
Amplitude and Spatial Resolution  

Marzieh Salimi a,b, Wenshen Wanga,c, Stéphane Rouxd, Gautier Laurentd, Rana Bazzid, Patrick 
Goodwille, Guanshu Liua,c, Jeff WM Bultea-c,f-h* 
 
One of the hallmark advantages of magnetic particle imaging (MPI) is the linear relationship between MPI signal and the 

concentration of magnetic nanoparticles (MNPs), allowing absolute tracer quantification. However, intrinsic tissue matrix 

parameters may affect the MPI signal, often unknown a priori, presenting a challenge for accurate in vivo MNP quantification 

in living subjects when using standard calibration curves obtained from simple aqueous MNP suspensions. We investigated 

the effects of matrix composition and temperature on the MPI signal amplitude and full width at half maximum (FWHM, 

metric for spatial resolution) for three different MNPs in gelatin and bovine serum albumin (BSA) phantoms and five different 

ex vivo tissues. Decreasing matrix compressibility (increasing viscosity) led to decreased MPI signal amplitude and increased 

FWHM. For 8% w/v gelatin (compressibility=3.5×10-10 m2/N, viscosity=363.4×103 mPa·s), the MPI signal amplitude of MNPs 

was ~50% of that in aqueous solutions (compressibility=8.4×10-10 m2/N, viscosity=1 mPa·s), while the FWHM increased by 

an average of 115%. For 5% w/v BSA samples (compressibility=1.2×10-10 m2/N, viscosity=198.6×103 mPa·s), a 44% MPI signal 

reduction and 98 and 90 % increase of FWHM was observed for gold-iron oxide nanoflowers and ferucarbotran, 

respectively, compared to water (0% w/v).  MNPs injected in ex vivo tissues also showed lower MPI signal amplitudes 

compared to aqueous solutions. Temperature also played a small role in MPI quantification, with the MPI signal amplitude 

of ferucarbotran decreasing by nearly 10% from 55 to 10 ℃. The current results suggest that accurate in vivo MNP 

quantification will require reference/calibration samples with matching tissue matrix composition and temperature.

Introduction 
MPI is an emerging imaging modality that detects the magnetic 
relaxation of magnetic nanoparticles (MNP) to produce high-
specificity and high-sensitivity images of MNP-containing 
tissues [1]. With MNPs acting as imaging tracers instead of 
contrast agents [2], MPI enables quantification of the 
concentration of MNPs for a wide range of biomedical 
applications, including cell tracking [3, 4] and imaging-guided 
magnetic hyperthermia [5-8]. Some applications, especially cell 
tracking, rely on the quantitativeness of the technique. 
However, the MPI signal from iron oxide-labeled cells may differ 
from the tracer alone, and the peak signal level and image 
resolution may even change depending on the labeling method. 
The changing signal complicates quantitation and is 
hypothesized to be due to changes in particle relaxation. 
 
a. Russell H. Morgan Department of Radiology and Radiological Science, Division of 

MR Research, the Johns Hopkins University, Baltimore, Maryland, USA. 
b. Cellular Imaging Section and Vascular Biology Program, the Johns Hopkins 

University School of Medicine, Baltimore, Maryland, USA. 
c. F.M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Inc., 

Baltimore, MD, USA. 
d. Université de Franche-Comté, CNRS, Chrono-environnement, F-25000, Besançon, 

France. 
e. Magnetic Insight Inc. Alameda, CA, USA 
f. Department of Biomedical Engineering, the Johns Hopkins University School of 

Medicine, Baltimore, Maryland, USA. 
g. Department of Oncology, the Johns Hopkins University School of Medicine, 

Baltimore, Maryland, USA. 
h. Department of Chemical & Biomolecular Engineering, Johns Hopkins University 

Whiting School of Engineering. 
* Corresponding author email: jwmbulte@mri.jhu.edu. 
Supplementary Information available: See DOI: 10.1039/x0xx00000x 

 

 
 

In MPI, the relaxation time of the magnetization in response 
to oscillating external magnetic fields is primarily influenced by 
the rotational speed under torque, due to the presence of a 
drive field [9]. This torque differs from the Néel relaxation 
mechanism, which describes the realignment of the magnetic 
moment inside the magnetic core against an energy barrier 
without requiring physical rotation, and the Brownian 
relaxation mechanism, which describes the physical rotation of 
the particle in the absence of an external field [10-12]. Any 
parameter affecting MNP magnetization, and its rotational 
dynamics under torque can potentially affect their response 
pattern to the oscillating magnetic field and hence the MPI 
signal; for example, studies showed that the externally applied 
magnetic field strength [13] and the size distribution of MNPs 
[14] can be major determinants of the MPI signal. 

For particles that mechanically rotate, the viscosity of the 
nanoparticle environment can impose rotational drag on 
magnetic nanoparticles, influencing their relaxation dynamics 
[15, 16]. Previous studies have studied the effects of matrix 
viscosity on the MPI signal of MNPs and found that increased 
viscosity can result in extended relaxation times and reduced 
signal amplitude in MPI. This is due to the restricted rotational 
mobility of MNPs in higher-viscosity environments [9, 17, 18].  
 We hypothesized that when MNPs are embedded in a less 
compressible matrix, their response pattern to oscillating 
magnetic fields is altered compared to aqueous samples, 
resulting in a different MPI signal, similar to that observed with 
magnetic fluid hyperthermia (MFH) [19]. Matrix compressibility 
refers here to the ability of MNP-containing materials, such as 
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biological tissue or gel, to undergo volume changes under 
external pressure. Additionally, temperature changes could also 
affect the MPI signal by differences in the rotational dynamics 
of MNPs [6] or by indirectly inducing a change of matrix 
compressibility itself, which can further exert non-negligible 
effects on the MPI signal [20]. To the best of our knowledge, no 
previous study has systematically investigated the effects of 
matrix compressibility, viscosity and temperature on the MPI 
signal amplitude and resolution. We performed a comparative 
study of the MPI signal response of three MNP formulations 
embedded in gelatin and crosslinked bovine serum albumin 
(BSA) hydrogels as matrices with different compressibilities and 
viscosities. The dependence of the MPI signal on temperature 
study was also studied from 10 ℃ to 55 ℃. It is shown that the 
results for the hydrogel phantoms corresponded to data 
obtained for ex vivo tissues with different matrix 
compressibilities. 

Results  
MNP size distribution 
Nanoflowers (NF), gold iron oxide NF (GIONF) and ferucarbotran 
MNPs were used throughout this study. NF are composed of 
small monocrystalline iron oxide grains assembled in a flower-
shaped structure, coated with citrate anions [21]. GIONF is 
obtained by grafting gold nanoparticles onto NF [22]. 
Ferucarbotran (the active pharmaceutical ingredient in 

Resovist) is a carboxydextran-coated commercial MNP 
formulation.  The hydrodynamic sizes of the three formulations 
were measured using dynamic light scattering (DLS) and 
calculated with intensity and number-based distributions 
(Figure 1). The mean hydrodynamic size of NF, GIONF, and 
ferucarbotran was 177±64, 160±76, and 69±29 nm for an 
intensity-based distribution, and 106±39.4, 65±25, and 33.5±10 
nm for a number-based distribution, respectively 
(Supplementary Table 1). Transmission electron microscopy 
(TEM) (Supplementary Figure 1) confirmed that the particle 
composition of our specific lots were consistent with those 
reported in the experimental section based on literature values. 

 

Figure 1. Hydrodynamic diameter of NF, GIONF, and 

ferucarbotran as measured by (A) intensity and (B) number-

based distribution DLS. 

 

Compressibility of gelatin and BSA hydrogels 
To calculate the matrix compressibility of gelatin and BSA, we first 
measured the ultrasound velocity in these samples. Ultrasound 
velocity increased with increasing concentration for both gelatin and 
BSA (Table 1). The highest and lowest ultrasound velocities were 
measured in 8% w/v gelatin (1,646 m/s) and water (1,101 m/s). Using 
the measured ultrasound velocity in each phantom, the 
compressibility was calculated using Eq. 6. As expected, the 
compressibility decreased with increasing gelatin concentration: the 

compressibility of water (0% w/v gelatin or BSA), was 2.4 and 7 times 
higher than that for 8% w/v gelatin and 5% w/v BSA hydrogel, 
respectively. 
 

Viscosity of gelatin and BSA hydrogels 
Viscosity measurements of gelatin and BSA hydrogels showed a clear 
dependence on the respective % w/v values. For gelatin at a shear 
rate of 4 s⁻¹, the 1% w/v samples had a viscosity of approximately 17 
mPa·s, whereas the 8% w/v samples measured at 363×103 mPa·s 
Similarly, BSA hydrogels exhibited an increase in viscosity with 
concentration, with 1.5% w/v BSA having a value of 16×103 mPa·s 
and 5% w/v BSA measuring 199×103 mPa·s (Supplementary Figure 
2). 

 
Effect of gelatin compressibility and viscosity on MPI 
signal amplitude and resolution 
The increase in MPI signal was linear with increasing iron 
concentration and signal intensity decreased with increasing the 
gelatin concentration for all MNPs tested (Figure 2A-F). The highest 
signal intensity was observed in the aqueous solution of MNPs. The 
highest percentage change in the MPI signal amplitude occurred 
between 0 to 1% w/v and then 1 to 2% w/v for NF and GIONF (Table 
2). Ferucarbotran had a different behavior compared to NF and 
GIONF showing a small decrease in MPI signal between 0 and 1% w/v 
gelatin. The Ferucarbotran signal continued to decrease for 2, 4, and 
8% gelatin, which was not observed at these gelatin concentrations 
for NF and GIONF (Table 2). The signal FWHM increased with 
increasing gelatin concentrations for all MNPs tested (Figure 3A-F). 
The Reference values of signal amplitude and FWHM for the MNPs 
in water (0% gelatin) are shown in Supplementary Table 2. 
 

Figure 2. MPI signal intensity of (A, B) NF, (C, D) GIONF, and (E, F) 
ferucarbotran in gelatin phantoms with different compressibilities 
and viscosities. The viscosity values are at shear rate of 4 s-1. Data 
were obtained at room temperature and are shown as mean±SD for 
three independent experiments.  
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Table 1. Physical characterization of phantoms containing different gelatin and BSA concentrations. Measurements were performed three 
times at room temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  FWHM values of (A, B) NF, (C, D) GIONF, and (E, F) 
ferucarbotran in gelatin phantoms with different compressibilities 
and viscosities. The viscosity values are at a shear rate of 4 s-1. Data 
were obtained at room temperature and are shown as mean±SD for 
three independent experiments. 

 
 
 
 
 
 
 
 
 
 

Effect of BSA compressibility and viscosity on MPI 
signal amplitude and resolution 
The MPI signal amplitude decreased with increasing BSA 
concentration (decreasing compressibility/increasing viscosity) in 
phantoms containing GIONF and ferucarbotran (Figure 4A-D); e.g., 
the signal amplitude for both GIONF and ferucarbotran decreased by 
44% in 5% w/v BSA compared to 1.5% w/v BSA (Table 3). In 
agreement with the gelatin measurements, increasing the BSA 
concentration led to an increase in the FWHM values.  For GIONF, 
the FWHM increased 68% in 5% w/v BSA compared to 1.5% w/v. For 
ferucarbotran, this increase was 48%. 
 

 
 
Figure 4. MPI signal (amplitude and FWHM) for 50 µg Fe/mL GIONF 
(A, B) and 100 µg Fe/mL ferucarbotran (C, D) in BSA hydrogels with 
different compressibilities and viscosities. The viscosity values are at 
a shear rate of 4 s-1. Data were obtained at room temperature and 
are shown as mean±SD for three independent experiments.  
 

Matrix Concentration 
(% w/v) 

Ultrasound 
velocity [m/s] 

Density 
[Kg/m3] 

Bulk 
modulus 

[GPa] 

Compressibility 
[m2/N] 

Viscosity  
[mPa.s] 

Gelatin 1 1376±23 994.33 1.88 5.31×10-10±1.7×10-11  0.017×103±0.002×103 

2 1442±13 1012.33 2.10 4.75×10-10±8.2×10-12   12.99×103±8.66×103 

4 1574±33 1023.66 2.53  3.94×10-10±1.6×10-11   96.66×103±10.53×103 

8 1646±32 1056.00 2.86  3.49×10-10±1.4×10-11 363.39×103±95.27×103 

 
 

BSA 

1.5 2019±215 1005.62 4.10 2.44×10-10±5.2×10-11 16.28×103±9.36×103 

2 2144±280 1014.77 4.66  2.14×10-10±5.6×10-11 32.07×103±4.34×103 

3 2703±86 1016.36 7.42 1.35×10-10±8.6×10-12 77.15×103±3.24×103 

4 2825±151 1021.38 8.15  1.23×10-10±1.3×10-11 138.37×103±19.67×103 

5 2877±391 1024.15 8.47  1.18×10-10±3.2×10-11 198.61×103±21.00×103 
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Table 2. Percentage change of MPI signal amplitude decrease for NF, 
GIONF, and ferucarbotran for different iron and gelatin 
concentrations compared to 0% w/v (water) matrix.  

 

 
 
Effect of matrix properties on MPI quantification in ex 
vivo tissues 
To validate our in-vitro findings, we injected the same amounts of 
GIONF and ferucarbotran into various ex vivo tissues with different 
compressibilities (Figure 5). The compressibility of PBS, goat brain, 
lamb kidney, lamb liver, chicken muscle and cow muscle were 8.24, 
4.38, 3.90, 3.88, 3.84 and 3.64 ×10-10 m2/N, respectively. Figure 6 
shows the MPI signal amplitude and FWHM values for GIONF and 
ferucarbotran as a function of tissue compressibility. Increasing 
compressibility led to an increase in MPI signal, consistent with our 
findings in the gelatin and BSA phantoms. For injection of 100 µg 
Fe/mL GIONF, the signal amplitude was 0.1 and 0.2 for cow muscle 
(lowest compressibility) and water (highest compressibility), 
respectively. For injection of 100 µg Fe/mL ferucarbotran, these 
values were 0.09 and 0.12, respectively. For GIONF and 
ferucarbotran injected at 500 µg Fe/mL, the signal amplitude was 0.4 
and 0.37 in cow muscle, and 1.3 and 0.6, in water, respectively. 

On the other hand, the FWHM increased with decreasing 
compressibility; the FWHM for cow muscle was 28 mT for GIONF (100 
and 500 µg Fe/mL) compared to that in water (13 and 10 mT, 
respectively). For ferucarbotran (100 and 500 µg Fe/mL), it was 24 
and 21 mT for cow muscle and 16 and 13 mT for water, respectively. 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 5. Measured compressibilities of goat brain, lamb liver, 
lamb kidney, chicken muscle, and cow muscle. Data were 

obtained at room temperature and are shown as mean±SD for 
three independent experiments.  
 

 
 
Table 3. Percentage change of MPI signal amplitude decrease for 
GIONF and ferucarbotran for different iron and BSA hydrogel 
concentrations compared to 0% (water) matrix.  

 

 
 
Rotational magnetic dynamics of GIONF, 
ferucarbotran, and fluidMAG-D 
The MPI signal amplitude for GIONF and ferucarbotran decreased in 
dried powder samples compared to aqueous suspensions (Figure 7) 
due to losing the external rotational motion component (Brownian 
relaxation in the presence of a drive field) of the magnetization 
signal. In contrast, fluidMAG-D nanoparticles did not show a change 
in signal since these nanoparticles are known to contain only a Néel 
relaxation component [23]. The dried/liquid ratio for GIONF, 
ferucarbotran, and fluidMAG-D was calculated to be 0.6, 0.5, and 1.0, 
respectively (Figure 7).  
 

 

 

MNP Concentration 
(µg Fe/mL) 

 

1% 
w/v 

2% w/v 4% 
w/v 

8% w/v 

NF 25 35.52 55.97 56.43 56.66 

50 42.13 59.88 59.90 60.26 

100 33.38 52.75 49.16 49.99 

GIONF 
 

25 41.43 58.24 59.35 61.29 

50 41.36 59.87 57.79 57.24 

100 32.38 45.54 49.14 49.60 

Ferucarbotran 25 2.92 19.90 37.03 39.85 

50 -3.60 17.32 30.85 35.95 

100 4.34 26.84 38.01 42.44 

MNP Concentration 
(µg Fe/mL) 

1.5% 
w/v 

2% 
w/v 

3% 
w/v 

4% 
w/v 

5% 
w/v 

GIONF 100 9.9 18.63 38.27 37.7 43.46 

Ferucarbotran 50 21.2 23.51 39.17 45.5 44.0 
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Figure 6. MPI signal amplitude of tissues with different compressibilities injected with 20 µL of (A) GIONF 100 µg Fe/mL, (B) GIONF 500 µg 
Fe/mL, (C) ferucarbotran 100 µg Fe/mL and (D) ferucarbotran 500 µg Fe/mL. Data were obtained at room temperature and are shown as 
mean±SD for three independent experiments. 
 
 

 
Figure 7. MPI signal amplitude of liquid and dried (lyophilized 
powder) GIONF, ferucarbotran, and fluidMAG-D. Data were 
obtained at room temperature and are shown as mean±SD for 
three independent experiments. 
 
 

Effect of temperature on MPI signal amplitude and 
resolution 
The MPI signal intensity of ferucarbotran decreased with increasing 
water temperature (Figure 8A).  Compared to ambient room 
temperature (20 ℃), the value at 55 ℃ decreased by 7.6% (Table 4). 
The increase in FWHM increased with temperature was negligible 
(15.0 to 15.4 mT, Figure 8B). 

 

 

 

 

 

 

 

 

 

Figure 8. (A) MPI signal amplitude and (B) FWHM of ferucarbotran 
(100 µg Fe/mL) at different temperatures (10-55 ℃). Data are 
shown as mean±SD for three independent experiments. 
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Table 4. MPI signal amplitude at different temperatures (10-55 ℃). 

The percentage change is given compared to 20 C. 

 
 
 
 
 
 

Discussion 
Nearly all MPI studies have used MNPs suspended in aqueous 
solutions as a reference for in vivo MPI signal quantification. 
Similarly, for magnetic resonance imaging (MRI), SPIO proton 
relaxivities are always reported for non-viscous aqueous solutions 
but it is known that the T2 relaxivity of SPIOs increases with 
increasing gelatin concentration/viscosity, corresponding to the 
measured decrease in the water diffusion coefficient [24]. We 
therefore undertook a systematic study of the magnetic relaxation 
properties of MNPs as a function of matrix compressibility and 
viscosity using two types of gel tissue phantoms as well as different 
mammalian tissues. Understanding the performance of MNPs in 
different matrices is crucial for accurate in vivo MPI signal 
quantification. While aqueous solutions have been commonly used 
as references, they do not fully replicate the conditions of biological 
tissues. We found that a lower matrix compressibility/higher 
viscosity was accompanied by a lower MPI signal for both gelatin and 
BSA phantoms and different tissues. These results are paralleled by 
previous studies that reported that lower compressibilities of agar 
phantoms lead to a lower thermal effect in MFH [19]. This is not 
surprising, as the same magnetic relaxation principles of MNPs apply 
to MPI and MFH. 

By embedding MNPs in phantoms with different gelatin and BSA 
concentrations, the compressibility/viscosity of the matrix was 
varied with higher concentrations resulting in a lower 
compressibility/higher viscosity of the matrix. This is accompanied by 
an increased reduction of the speed of magnetic relaxation and 
hence the MPI signal. We showed this to occur for all MNPs at all 
concentrations. Compressibility, often treated as a macroscopic, 
phenomenological quantity, describes how a material's volume 
changes in response to pressure. This is typically measured in terms 
of isothermal or adiabatic compressibility, using observable variables 
like volume, pressure, and temperature. However, compressibility 
also has a solid microscopic foundation. On a microscopic level, it can 
be understood through the interactions between individual 
molecules, explained using statistical mechanics and molecular 
dynamics.  While compressibility is usually considered in a bulk, 
observable sense, it ultimately stems from the collective behavior of 
countless microscopic particles, showing that it is not purely 
phenomenological but deeply rooted in fundamental physical 
principles [25, 26]. 

 
Relaxation in MPI is complex and is not captured by the well-

known zero-field relaxation times understood as Brownian and Neel 
relaxation, which can underestimate the actual relaxation times by 

orders of magnitude [13]. In contrast, MPI focuses on the rotational 
dynamics of MNPs under torque due to the applied oscillating 
magnetic field [9, 13, 27, 28]. We found that a larger hydrodynamic 
diameter results in a slower physical rotation relaxation time. Our 
DLS results showed that the hydrodynamic size of NF and GIONF was 
around 170 nm, while it was 69 nm for ferucarbotran. Consequently, 
the gelatin phantom results showed that by increasing the gelatin 
content (i.e., decreasing matrix compressibility/increasing viscosity), 
the decrease of the ferucarbotran magnetic relaxation was 2.9 % and 
39.8 % for 25 µg Fe/mL in 1 and 8% w/v gelatin, respectively, 
compared to that in water (0% w/v). The percentage change of the 
MPI signal was 35.5 % (1% w/v gelatin) and 56.6% (8% gelatin) for NF, 
and 41.43 and 61.3% for GIONF compared to the water matrix (Table 
2).  

In this study, the viscosity of gelatin and BSA hydrogels was 
measured at different concentrations (Supplementary Figure 2). 
These samples exhibited shear-thinning behavior (non-Newtonian), 
where viscosity decreases as the shear rate increases. Higher 
concentrations of gelatin and BSA lead to greater viscosity (Table 1), 
thereby imposing more significant rotational drag on the MNPs. As 
viscosity increases, the rotational motion of MNPs may be restricted, 
leading to reduced MPI signal intensity and altered spatial resolution 
(FWHM)[9]. Understanding the interplay between viscosity and 
compressibility provides a comprehensive picture of how different 
matrix properties affect MPI performance, highlighting the 
importance of tailored calibration for in vivo applications. The 
viscosity of glycerol (1200-1500 mPa·s)[29, 30] is higher than that of 
water (0.89-1 mPa·s)[18]. However, the MPI signal amplitude and 
FWHM remained similar for ferucarbotran in both media 
(Supplementary Figure 3). This can be explained by the interplay 
between viscosity and hydrodynamic size; while the high viscosity of 
glycerol could increase rotational drag, we found that the 
hydrodynamic size of ferucarbotran decreased from 69 nm in water 
to 32.6 nm in glycerol, based on intensity-based DLS measurements 
(Supplementary Figure 4). According to the Brownian relaxation 
time in a non-zero field [28], the reduction in hydrodynamic volume 
offsets the effect of increased viscosity, resulting in a relatively stable 
relaxation time across both media. Additionally, the drive field 
frequency used in our experiments (45 kHz) might reduce the 
sensitivity of the MPI signal to viscosity changes, aligning with 
previous studies showing that higher frequencies diminish viscosity 
effects on relaxation times [9, 18]. Thus, while viscosity can impact 
MPI signal under certain conditions, compressibility and particle 
interactions may play a more significant role in our experimental 
setup. 

We used an exponential model to fit our MPI signal amplitude 
data of gelatin (excluding water phantoms) as function of 
compressibility because it consistently provided the best fit, 
indicated by high R² values close to 1. Despite the occasional 
accuracy of a 2nd degree polynomial, the exponential model 
provided a better fit overall. We chose the percentages of gelatin and 
BSA based on the levels at which their MPI signals were 
distinguishable from water. Including lower concentrations of gelatin 
and BSA in our study was challenging because, at these lower levels, 
MPI signals become nearly indistinguishable from water, making 
accurate compressibility measurements more difficult. 

The relationship between matrix composition and MPI 
performance can be further understood by considering the role of 
mesh size in gelatin and BSA gels. As the concentration of these gels 
increases, the mesh size decreases, leading to potential 
hydrodynamic confinement of the MNPs [31]. This confinement can 
increase the effective rotational drag on the particles, thereby 

Temperature 
(℃)  

Amplitude 
(a.u.) 

Percentage 
change  

FWHM  
(mT) 

10 0.553 -1.40 15.032 

15 0.548 - 0.55 14.961 

20 0.545 0 15.098 

25 0.541 0.70 15.139 

30 0.537 1.41 15.180 

35 0.532 2.38 15.223 

40 0.527 3.27 15.390 

45  0.520 4.61 15.229 

50 0.509 6.66 15.026 

55 0.503 7.62 15.404 
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influencing their Brownian relaxation. With higher drag, the 
rotational freedom of the nanoparticles is reduced, potentially 
resulting in a slower relaxation process and consequently, a 
diminished MPI signal. This effect, coupled with the impact of 
compressibility, can explain some of the variations observed in MPI 
performance across different compositions. The reduced mesh size 
and higher drag may be particularly important in higher-
concentration gels, where both compressibility and viscosity effects 
become more pronounced, affecting signal amplitude and spatial 
resolution. 

The percentage change in MPI signal with increasing gelatin 
compressibility was higher for ferucarbotran compared to NF and 
GIONF, suggesting a larger external rotational component 
(Brownian-like motion) responsible for the ferucarbotran MPI signal. 
To verify this hypothesis, aqueous solutions of ferucarbotran, GIONF, 
and fluidMAG-D nanoparticles were then dried into powder. 
FluidMAG-D nanoparticles (50 nm) were included as a reference 
since their magnetization is solely derived from internal rotational 
dynamics in both aqueous and dried samples [15]. These particles 
comprise a single-domain core containing a blend of particles with 
either a small magnetic moment and short τN, or particles with a 
larger magnetic moment and medium τN and τB.. In general, MNPs 
cannot respond to an excitation field where the frequency is higher 
than 1/(2πτN ) or 1/(2πτB ).  Consequently, with the excitation 
frequency set at 20 kHz surpassing 1/(2πτB), these particles exhibit 
no Brownian relaxation signal [23]. The results showed that the MPI 
signal ratio of dried to MNPs suspended in water was 0.6 and 0.52 
for GIONF and ferucarbotran, respectively. But, as expected, this 
ratio remained 1.0 for fluidMAG-D nanoparticles. 
 The MPI signal intensity also decreased for MNPs injected into 
tissues with lower compressibilities than PBS. Tissues are expected 
to have a higher “viscosity”, which can however not be measured. 
Unlike the gel phantoms, the MNP distribution was inhomogeneous, 
and some particle clustering/agglomeration in tissue may have 
occurred. Particle aggregation leads to an increase in rotational 
dynamics of MNPs under torque, resulting in a decrease in the MPI 
signal [32-34]. On the other hand, aggregation can act as a double-
edged sword; studies have shown that aggregation can cause the 
formation of very large particles, which may lead to an opposite 
effect (less MPI performance) [35]. We found that the GIONF and 
ferucarbotran signal amplitudes were lower in tissues than in PBS. 
The MNP signal for PBS was included in the plots for comparison with 
the signal in tissues. As shown in Figure 5, the compressibility of 
various tissues shows minimal variation, resulting in a near-similar 
response in MPI signal amplitude. This experiment demonstrates 
that the signal amplitude of tissues containing a specific quantity of 
MNPs can differ from that of PBS (0% gelatin). 

Ota et al. demonstrated that dipole interactions diminished the 
magnetization originating from the Néel relaxation regime, while the 
Brownian relaxation remained unaffected [36]. Consistent with these 
findings, our results indicate that the MPI signal of ferucarbotran 
(with a larger external rotational component) in the tissues 
decreased less (lower regression) compared to GIONF for both 100 
and 500 µg Fe/mL.   

Several studies have investigated the microscopic effects of 
structural variations on MPI signal and relaxation. Arami et al. 
examined how the size of magnetic nanoparticles influences their 
ferrohydrodynamic relaxometry behavior in different environments, 
revealing that smaller particles showed faster relaxation times due 
to increased Brownian motion, which in turn affects the MPI signal 
quality and resolution [37]. Another study focused on relaxation-
based viscosity mapping for MPI, highlighting the impact of 

environmental viscosity on the relaxation behavior of magnetic 
nanoparticles. This research developed methods to map viscosity 
variations, reporting that higher viscosity environments slowed 
down the relaxation times, which are crucial for diagnostic 
applications where tissue viscosity is a factor [9].  

Relaxation-based color MPI for viscosity mapping has been 
introduced previously, enabling the visualization of viscosity 
variations through color differentiation, thus enhancing the 
diagnostic capabilities of MPI by allowing for more precise mapping 
of tissue properties  [18]. In addition, another study measured 
molecular binding using the Brownian motion of magnetic 
nanoparticle probes. This approach provided a method to quantify 
molecular interactions and binding events by analyzing the Brownian 
motion of nanoparticles, offering valuable insights into molecular 
binding processes in biological systems and improving MPI specificity 
by showing that bound particles had different relaxation 
characteristics compared to free particles [38]. Collectively, these 
studies together with ours deepen the understanding of how 
structural and environmental factors may influence the MPI signal 
and particle relaxation behavior, contributing to the enhancement of 
MPI’s diagnostic accuracy and functional imaging capabilities. 

The signal FWHM, an indicator for MP image spatial resolution 
[39], decreased by increasing the compressibility/decreasing 
viscosity of gelatin phantoms. The same results were obtained for 
BSA, while the FWHM was independent of MNP concentration. 
MNPs produced a signal with higher FWHM in tissues than in water. 
This most likely results from reduced external rotational motion in a 
higher viscous matrix (lower compressibility). Our results showed 
that the change in MPI signal amplitude and FWHM did not depend 
on the hydrogel type as the MNP signal decreased in both increasing 
BSA and gelatin samples. Future studies investigating ionic 
interactions (chemical binding) between MNPs and the matrix 
components (gelatin, BSA) using inorganic salt solutions with 
different ionic strengths (e.g., NaCl, CaCl₂) may be warranted. This 
will deepen our understanding of how ionic structures influence 
nanoparticle behavior and MPI performance, building on the 
macroscopic compressibility/viscosity analysis to offer a better 
understanding of the factors influencing the magnetic response and 
imaging outcomes. 

Temperature was shown to influence the magnetic relaxation 
behavior of MNPs. As the temperature increases, the produced 
thermal energy enhances the Brownian motion of MNPs. This 
increased motion can lead to faster relaxation, resulting in a decrease 
in the magnetic relaxation signal. The nanoparticles become more 
mobile, which can reduce their alignment and coherence [40, 41]. 
Moreover, elevated temperatures can also affect the interactions 
between MNPs and the surrounding matrix or tissue. Temperature 
changes can alter the physical properties of the matrix, such as its 
compressibility/viscosity, which in turn affects the relaxation 
behavior of the MNPs and the resulting signal intensity [42, 43].  
Temperature impacts MPI resolution by increasing Brownian like 
motion, which reduces magnetic core alignment and coherence, 
leading to increased FWHM. Additionally, higher temperatures lower 
saturation magnetization, decreasing the MPI signal and further 
broadening FWHM. According to the Langevin model, the signal 
amplitude would scale with magnetization, while resolution would 
inversely relate to the ratio of magnetization and thermal energy.  
Both aforementioned factors contribute to reduced resolution, 
emphasizing the need to account for temperature effects in 
interpreting MPI performance [44, 45].  

Hence, MPI relaxometry could possibly be used to monitor 
temperature when performing (magneto)thermal therapy. This 
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approach can leverage the time-dependent relaxation of 
magnetization of MNPs to assist with properly controlling the 
temperature. Studies have shown that the magnetization response 
of MNPs, when subjected to an alternating magnetic field (AMF), can 
be used to extract temperature information due to the temperature-
dependent nature of both Brownian and Néel relaxation processes 
[46]. This approach may achieve two key objectives. First, it may be 
applied to monitor the temperature of the target during thermal 
ablation treatment: By exploiting the relationship between the MPI 
signal and temperature, this method provides real-time monitoring 
of the target temperature. Second, it may be applied to regulate the 
heating process. The magnetic heating process can be controlled 
here by adjusting the magnetic field or the applied frequency. This 
regulation ensures that the maximum temperature, as measured 
with MPI, does not exceed safe limits, thereby protecting normal 
tissues from thermal damage [5, 6, 8]. However, it is important to 
note that hysteresis can significantly influence the magnetic 
response of large particles, especially under AMF conditions used for 
(MFH) (100–300 kHz). Néel processes, which involve magnetic 
hysteresis, typically dominate at these high frequencies, impacting 
the accuracy of temperature measurements if not properly 
accounted for [47]. The complexities introduced by hysteresis 
necessitate a robust physical model and thorough calibration to 
ensure accurate temperature control during MFH. 

For FWHM, the effect of temperature increase is less 
straightforward to interpret. Temperature variations can potentially 
influence clustering or aggregation of MNPs within the matrix. The 
degree of clustering in turn can impact the spatial distribution of 
MNPs and thus affect the FWHM. However, the specific relationship 
between temperature and FWHM in MPI may depend on MNP 
properties, matrix characteristics, and imaging parameters [48, 49]. 
Our results are in good agreement with those of Bui et al., who 
showed FWHM increases with increasing the matrix temperature 
[50].  

Overall, our results call for correction factors when using MNP 
calibration samples at a different (e.g. room) temperature for in vivo 
applications such as MFH. On the other hand, one may be able to 
take advantage of this interdependence in that the MPI signal 
intensity may be used as a non-invasive surrogate temperature 
probe in MFH. Further detailed studies will be needed to calculate a 
correction factor for the MPI signal obtained from tissues with 
different compressibilities, viscosities and temperatures for MPI-
guided MFH and other applications.  

Experimental 

MNP formulations 
NF and GIONF were prepared as previously described [21, 22]. 

Briefly, NF consists of small monocrystalline maghemite (-Fe2O3) 
grains of 11 nm assembled in a flower-shaped structure, coated with 
citrate anions. GIONF was synthesized by grafting gold nanoparticles 
(AuNPs, 2−3 nm) coated with dithiolated 
diethylenetriaminepentaacetic acid (Au@DTDTPA) onto NF particles. 
The mean number of AuNPs per NF structure was estimated to be 28 
(small NF structures) to 49 (large NF structures). Ferucarbotran 

(Resovist), a commercial formulation containing 4.2 nm MNP cores 
coated with carboxydextran, was purchased from Meito Sangyo Co. 
Ltd., Japan. FluidMAG-D was purchased from Chemicell (Berlin, 
Germany). The physical and hydrodynamic size of the MNP 
formulations was measured with TEM (Hitachi 7600, Ibaraki, Japan) 
and DLS (Malvern Instruments Ltd, UK), respectively, at 25 °C.  

 

Preparation of MNP-gelatin phantoms  
Gelatin (G-6144 from porcine skin, type A) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Phantoms with gelatin 
concentrations of 1, 2, 4, and 8 % w/v were prepared by adding the 
required amount of dry gelatin powder to deionized (DI) water and 
stirring at 50 ℃ for 20 min to ensure homogenous solubilization. 
MNPs were then added to achieve final concentrations of 0, 25, 50, 
and 100 µg Fe/mL. Five hundred µL of gelatin-MNP solutions was 

pipetted into Eppendorf microtubes (PCR tubes) and stored at 4 C 
for 24 h to solidify. The same samples were also prepared in DI water 
(0% w/v gelatin). Three independent pipettings were performed for 
each MNP sample. The MNP volume being transferred to the gelatin 
solution was in the range of 5 to 20 uL to ensure accurate iron 
concentrations in the final samples. 
 

Preparation of MNP-BSA hydrogel phantoms 
MNP-containing BSA gel phantoms were prepared using a heat-
induced crosslinking method [51]. In brief, 100 μL PBS (containing 
270 mM NaCl) solutions containing 10 μg of ferucarbotran or 5 μg of 
GIONF were prepared with different BSA concentrations (1.5, 2, 3, 4, 
and 5% w/v BSA). The mixtures were then heated at 75 °C for 40 
minutes to induce gel formation. For compressibility measurements, 
samples containing 30, 40, 60, 80, or 100 mg BSA were prepared in 2 
mL PBS (NaCl=270 mM) and then transferred to 12-well plates (inner 
height = 9 mm), followed by heating at 75 °C for 40 minutes to induce 
gel formation. 
 

Preparation of MNP-tissue phantoms 
Halal (to minimize blood content) goat brain, lamb liver, lamb kidney, 
chicken muscle, and cow muscle were purchased from a local grocery 
shop (Basil Grocery, Hillsborough, NJ, USA) and cut in 50 mm slices. 
Twenty µL of GIONF (100 µg Fe/ml) or ferucarbotran (500 µg Fe/mL) 
was injected using a Hamilton syringe (700 Series, Hamilton CO, 
USA). No backflow leakage was observed after injection. 
 

MPI relaxometry  
Magnetic relaxation measurements were performed using an MPI 
Momentum scanner (Magnetic Insight, Alameda, CA, USA) operating 
at an excitation frequency of 45 kHz and an RF amplitude of 20 mT. 
The phantoms were placed at the center of the magnetic field (field-
free region). Using the RELAX software module, the point spread 
function of each sample was determined to characterize both MPI 
signal amplitude and the full width at half maximum (FWHM). Each 
measurement took ~1.5 min. All measurements were repeated three 
times using triplicate samples. 
 

Compressibility measurements 
To determine the compressibility of gel phantoms and tissues, we 
first measured their ultrasound velocity. The ultrasound waves at 5 
MHz (fixed frequency) were measured for gelatin, BSA hydrogel 
phantoms, and tissues using an ultrasonic thickness gauge with an 
accuracy of 0.045 mm. The ultrasound gauge contains an ultrasonic 
probe containing two transmitter and receiver transducers (wintact 
WT100A, Shenzhen, China). The ultrasound velocity was calculated 
by: 
       

c =
2x

t
          (3) 
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Where c is the ultrasonic wave velocity in the object, t is the time 
between transmitting and receiving the ultrasonic wave, and x is the 
(known) thickness of the object.  
 

The ultrasonic wave velocity (c) depends on the bulk 
modulus K and shear modulus G and can be calculated by:  

𝑐 = (
𝐾+

4

3
𝐺

𝜌
)
1

2     (4) 

 
Since the shear modulus is zero in fluids and the gel 

phantoms consist mainly of water, it can be considered negligible 
[52, 53]. The compressibility βs is defined as the inverse of the bulk 
modulus K, i.e., βs=1/K. Hence, the ultrasonic wave velocity can be 
reformulated to: 
  

   𝑐 = (𝜌𝛽𝑠)−
1

2        (5) 
 

Where ρ is the density and βs is the compressibility of the gel 
phantoms which is the inverse of the bulk modulus:  
 

𝛽𝑠 = 1
𝜌𝑐2⁄      (6) 

 
 

Viscosity measurements 
The viscosity of 1, 2, 4, and 8% w/v gelatin and 1.5, 2, 3, 4, and 5% 
w/v BSA hydrogel samples was measured using a rotational 
rheometer (MCR 302, Anton Paar, Graz, Austria). For the 
characterization of the hydrogel samples, the rheometer was 
configured with a 25 mm parallel plate geometry. The viscosity was 
determined within a shear rate range of 0.1 to 5 s⁻¹ for both gelatin 
and BSA hydrogel samples. The viscosity values of the gelatin and BSA 
hydrogel samples were determined in triplicates, with each value 
measured from an independently prepared hydrogel. Values are 
reported as mean and standard deviation across the three 
measurements. 

 

MPI signal amplitude measurements in glycerol and 
water 
To investigate the effect of matrix viscosity on MPI signal amplitude 
and spatial resolution, 5 µL ferucarbotran in water was mixed with 
glycerol (99.5%, Sigma-Aldrich G-9012-1L, St. Louis, MO, USA) to 
make final concentrations of 25, 50, and 100 µg Fe/mL. The samples 
(total volume of 500 µL) were placed at the center of the magnetic 
field and MPI signal measurements were obtained using a 
Momentum scanner (Magnetic Insight, Alameda, CA, USA) operating 
at an excitation frequency of 45 kHz and an RF amplitude of 20 mT. 

 
Liquid vs. dried MNP MPI signal measurements 
The magnetic relaxation (PSF function) of GIONF, ferucarbotran, and 
fluidMAG-D (50 nm, Chemical, Germany) either in solution (100 µg 
Fe/mL in DI water) or lyophilized (Labconco, MO, USA) dried powder 
were measured using the RELAX software module. FluidMAG-D was 
used as a reference MNP formulation as it does not contain a 
Brownian-like rotation dynamic component [23]. The specific rate of 
these dynamics was then calculated by dividing the MPI signal 
amplitude of dried powder by that of the solution.  

 

Temperature measurements 
A holder containing two openings for securely locating two 100 µL 
microtubes was custom printed (Ultimaker 3 Extended 3D Printer, 

MatterHackers, York, PA, USA) using UltiMaker Polylactic acid (PLA) 
filament (MatterHackers, York, PA, USA) (Supplementary Figure 5). 
One microtube contained ferucarbotran (100 µg Fe/ml) and the 
other one DI water for temperature measurements using an inserted 
fiberoptic thermometer (Fiber Optic Temperature Sensor, type A, SA 
Instruments, Inc., Stony Brook, NY, USA). The temperature of the 
microtubes was adjusted through a temperature-controlled water 
bath with circulating pump (Thermo Scientific SC 150L, Waltham, 
MA, USA) connected to the holder using water tubes. The magnetic 
relaxation of the samples was measured as a PSF function using the 
RELAX software module at temperatures from 10 to 55 ℃ with 5 ℃ 
increments. Three measurements were performed at each 
temperature.  
 

Conclusions  
Matrix composition and temperature are critical parameters 
that may influence the MPI signal amplitude and FWHM 
response of MNPs. Hence, caution should be taken when 
inferring in vivo MPI data from calibration/reference standards 
containing simple aqueous solutions at room temperature. By 
recognizing and taking into account these factors, we may be 
able to optimize and customize imaging protocols to improve 
the robustness of in vivo MPI signal quantification. 
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