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Superparamagnetic iron oxide nanoparticles (SPIONs) are used in many 
biomedical applications, for example, in cancer treatment, 1,2 targeted 
drug delivery, 3 magnetic particle imaging, 4,5 and hyperthermia. 6 The 
goal of the research presented in this thesis was to develop a magnet-
ic detection system to be used in laparoscopic surgery. The main clin-
ical application explored in this thesis is sentinel lymph node biopsy 
(SLNB). Since a high dose of tracer has to be detected in this application, 
SLNB is a logical first step. When the sensitivity of our new magnetic 
detection system improves in the future, other applications might be 
possible as well, such as the ability to check whether there are remaining 
tumor cells after resection of a primary tumor. In the following sections, 
SPIONs, SLNB, and magnetic detection in laparoscopic surgery are in-
troduced. Finally, an outline of this thesis is presented.

1.1 SUPERPARAMAGNETIC IRON OXIDE NANOPARTICLES
SPIONs have formed an emerging research field over the past decades. 7,8 
The main advantage of SPIONs is their typical nonlinear magnetic be-
havior, which means that their response is different when the particles 
experience a different external magnetic field. This nonlinear behavior 
is used to distinguish their signal from signals measured from the hu-
man body and surgical steel instruments, which both have linear mag-
netic properties. 9 

Magnetic coreSurface coating

FIGURE 1.1 SPIONs with various configurations. Left: single-core particle. Middle: particle with 
multiple cores. Right: particle with a nanoflower structure.
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Superparamagnetism occurs when a ferromagnetic material is cut into 
sufficiently small pieces, which contain a single magnetic domain. 10 As 
a result, the size and shape of the particles determine their magnetic 
behavior. 11 SPIONs consist of a magnetic (iron oxide) core and an iso-
lation shell. This shell, consisting of a polymer coating, makes particles 
water-soluble and more biocompatible. To optimize the magnetic signal, 
particles have been developed in various configurations: single-core par-
ticles, 12 particles with multiple cores, 13 and particles with a nanoflower 
structure, 14–16 as shown in Figure 1.1. In nanoflower particles, the inter-
action between single magnetic cores might improve their magnetic re-
sponse. 17 Finally, particles with uniform sizes (monodisperse particles) 
perform better compared to a mixture of particles with various sizes. 18

1.2 SENTINEL LYMPH NODE BIOPSY
The tumor of a cancer patient will eventually spread through the body 
if it is not treated. One of the main routes for metastases is via the lym-
phatic system. Cancer cells will end up in the first lymph nodes along 
the path; these are sentinel lymph nodes (SLNs). To determine whether 
a tumor has metastasized, an SLNB can be performed. 19 During an SLNB, 
a tracer is injected in, or close to, the tumor which will passively spread 
through the lymphatic system, as shown in Figure 1.2. The tracer accu-
mulates in SLNs. By using a dedicated detector, a surgeon can identify 

Sentinel nodes

Tumor

Tracer

FIGURE 1.2 Sentinel lymph node biopsy. A tracer material is injected in, or close to, the tumor 
to find sentinel lymph nodes, which are lymph nodes with the highest chance of 
containing metastases.
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SLNs. Both the primary tumor and SLNs are removed surgically. The 
tissue pathology is analyzed to determine whether the SLNs contain 
metastases. This outcome will help to determine the prognosis and per-
sonalize the treatment for the patient.

The first tracer used for SLNB, and still commonly used, is a radioac-
tive tracer (in combination with a blue dye). 20 However, this tracer 
has  downsides, including decay time, the need for a nuclear facility in 
the hospital, limited worldwide availability, and radiation exposure, al-
though minimal, to both patients and staff. An alternative is the use of 
a fluorescent tracer. 21 As a stand-alone tracer, it has many downsides, 
including a limited depth sensitivity of 5-10 mm. However, in combi-
nation with a radioactive or magnetic tracer, it has the advantage that 
a fluorescent camera can be used. By using a camera, the surgeon can 
see the SLNs light up, making it more intuitive to find the correct lymph 
nodes. The third tracer for SLNB is magnetic and consists of SPIONs, 22 
which is the focus of this thesis. The magnetic response of SPIONs is de-
pendent on its physical properties, including saturation magnetization, 
core size, hydrodynamic size, anisotropy, and the dominating relaxation 
process. 3,23 For an SLNB, the hydrodynamic diameter is important. To 
accumulate in sentinel lymph nodes, a diameter of approximately 60 nm 
seems suitable. 24

1.3 MAGNETIC DETECTION IN LAPAROSCOPIC SURGERY
Laparoscopic surgery is a form of minimally invasive surgery, in which 
the abdomen is entered via trocars. Small instruments are used, leading 
to a shorter hospital stay and less use of pain medication compared to 
open surgery. 25 In several cancer types, SLNB can be performed laparo-
scopically, including cervical, 26 endometrial, 27 gastric, 28 and prostate 29 
cancers. To guide a surgeon to the correct lymph nodes, SLNs must be 
identified during surgery. Even though MRI and PET scans are more 
sensitive methods to visualize magnetic and radioisotope tracers, it is 
not convenient to use these imaging modalities in an operating room. A 
handheld system is therefore preferred. 
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For the detection of SPIONs, excitation coils are needed to activate the 
particles, and detection coils are used to measure their magnetization. 
The main challenge when developing a magnetic probe for laparoscopic 
surgery is the limited space available. A trocar has a maximum diame-
ter of 12 mm. Detection quality of a magnetic probe is dependent on the 
shape of the coils, so reducing their diameter reduces their sensitivity. 
Since nonlinear magnetic detection methods are explored in this thesis, 
it is possible to separate the excitation and detection part of the system. 
As a result, the excitation coil can be large and placed outside the patient, 
similar to MRI, which is not possible in conventional linear magnetic 
detection methods. A system with an external excitation coil has the po-
tential to measure deeper-lying lymph nodes compared to a handheld 
probe containing both excitation and detection coils.

When exposing the human body to electromagnetic fields, two effects 
can occur: magnetostimulation and heating. 30 Magnetostimulation (pe-
ripheral nerve stimulation, PNS) causes a sensory response in a muscle, 
leading to a tingling sensation. Heating is defined by a specific absorp-
tion rate (SAR), which is a measure of the power dissipated in a biolog-
ical sample. The mechanism limiting the magnetic field strength is de-
termined by the frequency of the magnetic field. At frequencies below 
40 kHz, the field strength is limited by magnetostimulation. At frequen-
cies above 40 kHz, SAR is the limiting factor. 31

In all the magnetic detection methods described in this thesis, frequen-
cy is low (1-10 kHz), so magnetostimulation must be avoided. The in-
ternational commission on non-ionizing radiation protection (ICNIRP) 
describes frequency-dependent levels for safe use of electromagnetic 
fields. For occupational exposure, the maximum allowed field strength 
is 0.12 mT at a frequency of 2.5 kHz. 32 Several experiments were per-
formed to see when magnetostimulation occurs. Volunteers began to 
feel tingling sensations when field strengths were 7 mT for whole-body 
exposure, 33 45 mT for stimulation of the underarm, 34 and 95 mT for 
stimulation of the wrist. 35
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1.4 OUTLINE OF THIS THESIS
Before it is possible to find SPIONs in the human body, it is important to 
know how they react to an external magnetic field. Chapter 2 is, there-
fore, about the characterization of SPIONs. In this chapter, the magneti-
zation curve, which shows the response of SPIONs to various excitation 
field strengths, is measured. The nonlinear response of SPIONs changes 
when they are introduced to a new environment. Chapter 3 is about the 
effect of the environment on the magnetization curve of SPIONs.

Different nonlinear magnetic detection methods have been described 
in the literature. Chapter 4 gives an overview and comparison of four 
methods. The implications on the clinical usability of these methods are 
also discussed.

To make a magnetic probe for laparoscopic surgery with a sufficient-
ly small diameter, the excitation and detection coils are separated. A 
proof-of-principle of separation of coils, including a description and 
solution to its challenges, is given in Chapter 5. A magnetic detection 
probe with a size suitable for laparoscopic surgery is presented in Chap-
ter 6.

Chapter 7 gives a general discussion of the findings presented in this 
thesis. Requirements for a magnetic system used in a clinical setting and 
the challenges that must be addressed before the clinical implementa-
tion of our new magnetic laparoscopic system are described.
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 ABSTRACT
Superparamagnetic iron oxide nanoparticles (SPIONs) are used as a 
tracer material in sentinel lymph node biopsies. The latter is a procedure 
to analyze if cancer cells have spread to lymph nodes, helping to person-
alize patient care. To predict SPION behavior in vivo, it is important to 
analyze their magnetic properties in biological environments. The su-
perparamagnetic quantifier (SPaQ) is a new device to measure the dy-
namic magnetization curve of SPIONs. The magnetization curve was 
measured for two types of SPIONs: Resovist and SHP-25. We used three 
techniques: vibrating sample magnetometry (VSM), magnetic particle 
spectroscopy (MPS), and our new SPaQ. Furthermore, AC susceptibil-
ity (ACS) measurements were performed as part of the evaluation of 
the three techniques. SPaQ and VSM results were found to be similar. 
Measurement results were nearly identical in both directions, indicat-
ing minor hysteresis. However, in MPS measurements, a clear hystere-
sis loop was observed. Furthermore, the ACS measurements showed a 
pronounced Brownian maximum, indicating an optimal response for an 
AC frequency below 10 kHz for both particle systems. Both the SPaQ and 
MPS were found to be superior to VSM since measurements are faster, 
can be performed at room temperature, and are particularly sensitive to 
particle dynamics. The main difference between the SPaQ and MPS lies 
in the excitation sequence. The SPaQ combines an alternating magnetic 
field that has a low amplitude with a gradual DC offset, whereas MPS 
uses only an alternating field that has a large amplitude. In conclusion, 
both the SPaQ and MPS are highly suited to improve understanding 
SPION behavior, which will lead to the radical improvement of sentinel 
lymph node biopsy accuracy.
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2.1 INTRODUCTION
Characterization of superparamagnetic iron oxide nanoparticles 
(SPIONs) provides invaluable information on their use in biomedical 
applications, such as MRI, 1 hyperthermia, 2 magnetic particle imaging 
(MPI), 3 and sentinel lymph node (SLN) detection. 4 The superparamag-
netic quantifier (SPaQ) was developed to characterize SPIONs in biolog-
ical environments, such as blood, tissue, and lymph nodes. This makes 
it suitable to optimize SLN detection. Sentinel lymph node biopsies 
(SLNB) are used to determine the lymph node status of a cancer patient. 5 
As a result, it can be determined if the tumor has metastasized, and pa-
tient prognosis and treatment can be personalized. During SLNB, a trac-
er material is injected in, or close to, the tumor. The tracer will follow 
the natural path through the lymphatic system via mechanical transport, 
that is, no active targeting. Consequently, the tracer will accumulate in 
the first nodes it encounters, namely, the SLNs. The SLNs can then be 
identified using a dedicated probe 6,7 and examined for metastases fol-
lowing surgical removal.

Traditionally, a radioactive tracer is used, but this has many disadvan-
tages, such as limited worldwide availability and a large logistical burden, 
due to its limited shelf life and few production sites. 8 Superparamag-
netic iron oxide nanoparticles (SPIONs) do not have such drawbacks. 
When SPIONS are used as a tracer, they can be selectively detected in 
vivo using the differential magnetometry (DiffMag) protocol. 9 For in 
vivo SLNB, a handheld probe is used. 7 Localization of SPIONs in vivo 
can also be useful in different applications, such as intraoperative as-
sessment of tumor boundaries. 10

SPION detection can be optimized by matching the magnetic properties 
of the particle with the excitation parameters of the handheld probe. To 
achieve this, the magnetization curve of the particles is measured, which 
will show their nonlinear response to external magnetic fields. There are 
many ways to measure the magnetization curve. The goal of this chapter 
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is to compare our novel SPaQ to vibrating sample magnetometry (VSM) 
and magnetic particle spectroscopy (MPS).

A commonly used method to measure magnetization curves is vibrat-
ing sample magnetometry (VSM). 11 In Figure 2.1, measurements on two 
types of SPION suspensions are shown. How these measurements are 
performed is described in Section 2.3.4. In Figure 2.1(a), the entire mea-
sured curve (from −4 to +4 T) is shown. Figure 2.1(b) shows the region of 
interest (−20 to 20 mT) for handheld detectors. These low fields enable 
measurements by small coils at room temperature, which is a prerequi-
site for handheld detection. It can be observed that the magnetic mo-
ment of SPIONs changes substantially in this field range. This special 
behavior is the fingerprint of SPIONs. At higher field strengths, the par-
ticles saturate and therefore the magnetic moment remains the same. It 
is a well-known effect that VSM measurements at low fields cause prob-
lems of magnetic remanence in the system when superconducting coils 
are used. 12 To avoid this problem, the SPaQ was created.
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FIGURE 2.1 VSM measurements on two types of SPION suspensions: Resovist and SHP-25. (a) 
The measured magnetization curve, between -4 and 4 T. (b) A zoomed-in view of 
curve (a): this is the region of interest for handheld detection, showing the fingerprint 
of SPIONs. (c) The derivative of curve (b), showing changes in the magnetization of 
the particle.
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Figure 2.1(c) shows the derivative of the magnetization curve with re-
spect to the magnetic field (dM/dH). In the SPaQ, copper coils are used 
allowing the Faraday effect to be exploited. An AC excitation field en-
ables direct measurement of the derivative of the magnetization curve 
(dM/dH), which is related to the point spread function (PSF) in MPI. 13

In the SPaQ, an excitation field with a low AC amplitude is combined 
with a gradual DC offset, as can be seen in Figure 2.2(a). The magnetiza-
tion curve, shown in Figure 2.2(b), shows the response of the particles 
to this excitation field. The resultant changing magnetization of the par-
ticles is shown in Figure 2.2(c). Since our detector measures changes in 
magnetic flux, the signal obtained by the detector is the derivative of the 
magnetization; see Figure 2.2(d). After the application of a phase-sen-
sitive detection algorithm, dM/dH is found, as shown in Figure 2.2(e). 
Integration yields the magnetization curve, as shown in Figure 2.2(f).

A comparable method to the SPaQ is magnetic particle spectroscopy 
(MPS). This technique was developed to predict the behavior of parti-
cles in magnetic particle imaging (MPI) 14 and to optimize their imaging 
performance. Effort was made to improve sensitivity and signal puri-
ty. 15,16 MPS has been used to determine particle parameters, such as core 
diameter, 14 but also their temperature can be estimated from the pro-
duced harmonics. 17 Later, MPS has been used in many biological appli-
cations, including measurements on SPIONs in different biological en-
vironments, 18 measurements on changes in the magnetization behavior 
during cellular uptake of SPIONs, 19 and viscosity measurements. 20–22 In 
many applications, the focus is on the harmonics spectrum. However, in 
this paper, the focus is on the time signal, which contains both the fun-
damental frequency and higher harmonics. The time signal represents 
the magnetization curve. A recent MPS setup at the Technical Universi-
ty of Braunschweig is described. This device can measure dM/dH using 
Faraday detection, which is similar to SPaQ measurements.
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The principle of MPS measurements is shown in Figure 2.3, which is 
similar to Figure 2.2. As can be seen in Figure 2.3(a), an excitation field of 
high amplitude is used in MPS. This results in a more dynamic measure-
ment of the magnetization curve compared to the SPaQ measurements, 
which leads to hysteresis, as can be seen in Figure 2.3(f). This phenome-
non will be explained in detail later.

Although SPaQ and MPS look at a first glance very similar—in both cas-
es, the nanoparticles are excited by a combination of sinusoidal and stat-
ic magnetic fields and the magnetic moment of the sample is detected us-
ing (gradiometric) detection coils—there are a number of differences. In 
SPaQ, generally a small-amplitude AC field is applied, while the DC field 
is gradually ramped. In MPS, one generally applies a larger-amplitude 
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FIGURE 2.2 Schematic overview of SPaQ measurements. (a) A continuous AC magnetic field 
and changing DC offset are applied to the nanoparticles. (b) The response of the 
particles is given by their magnetization curve. (c) The resulting magnetization 
of the particles over time. (d) The resulting signal is the changing magnetization. 
(e) The envelope of the signal is found by phase-sensitive detection; this is the 
derivative of the magnetization curve in two directions (which are almost identical). 
(f) Integration yields the magnetization curve. Blue and red indicate the direction in 
which the curve is measured.
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AC magnetic field with an optionally superimposed DC magnetic field. 
While in SPaQ only the fundamental frequency of the detection signal 
is analyzed, MPS employs the whole harmonic spectrum caused by the 
nonlinearity of the magnetization curve. The analysis of the whole har-
monic spectrum puts much stronger demands on the transmit circuitry, 
making nanoparticle detection in a clinical setting much more compli-
cated.

Many parameter values can be deduced from the curve measured in ei-
ther the SPaQ or MPS, such as the core diameter, hydrodynamic diam-
eter, and anisotropy of the particles, 23 but information about the envi-
ronment of the particles can also be obtained. 20–22 During the design of 
SPIONs, it is essential to apply a consistent characterization technique. 
As a result, it will become possible to check quickly what the effect is 
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FIGURE 2.3 Schematic overview of MPS measurements. (a) A continuous AC magnetic field 
is applied to the nanoparticles. (b) The response of the particles is given by their 
magnetization curve. (c) The resulting magnetization of the particles over time. 
(d) the resulting signal is the changing magnetization. The black dashed lines 
show the points where the AC magnetic field passes zero. (e) Averaging gives the 
derivative of the magnetization curve. (f) Integration leads to the magnetization 
curve. Blue and red indicate the direction in which the curve is measured.



28

Chapter 2

of a change in the design process. For example, the chemicals used and 
their precursor concentrations and the temperature and alkalinity of the 
medium are factors that influence the particles produced and their mag-
netic properties. 24

Another application of particle characterization is the measurement of 
SPIONs in biological systems. If SPIONs are injected into the blood, a 
process referred to as protein corona formation will occur. 25 Both the 
SPaQ and MPS can be used to frequently measure the hydrodynamic di-
ameter of the particles, and as a result, the dynamic process of corona 
formation can be studied in detail.

An additional biomedical application of SPIONs is in controlled drug de-
livery. By measuring dM/dH, as long as it contains information on par-
ticle dynamics, it becomes possible to check if the drug is bound to the 
particle. 26

2.2 MATERIALS
In this paper, two types of particles were used: Resovist® (Bayer Schering 
Pharma GmbH) and SHP-25 (Ocean Nanotech). Resovist is a multi-core 
particle system that has complex structural and magnetic properties, 
and it is frequently used in MPI. 27,28 SHP-25 is a single-core magnetite 
nanoparticle that has a core diameter of 25 nm. 29 Both samples were 
diluted to a concentration of 5 mg(Fe)/ml. For the VSM measurements, 
small samples of 15 μl were used since larger samples were both too large 
in size and gave too much signal. For the SPaQ and MPS measurements, 
samples of 150 μl were used.

2.3 METHODS
2.3.1 SPaQ

2.3.1.1 Device
The SPaQ setup, comprising a co-axial magnetometer, was developed at 
the University of Twente and consists of several parts. A data acquisi-
tion (DAQ) card (NI USB-6289) is used to enable communication with a 
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personal computer (PC). The DAQ card also controls the power amplifi-
er (Servowatt DCP390/60C 50V/8A). The current produced by using the 
power amplifier is sent through an excitation coil to generate a magnetic 
field. The unit containing the coils is shown in Figure 2.4, and specifica-
tions of the coils are given in Table 2.1. The detection coil is designed dif-
ferentially so as to suppress the induction signal generated by the exci-
tation field (80 dB attenuation). The sample, with a maximum diameter 

FIGURE 2.4 Schematic representation of the SPaQ. An excitation coil (blue) and a pair of 
gradiometer detection coils (green) surround a 23 mm diameter sample bore. Samples 
are placed in the topmost detection coil, which has a homogeneous field region of 2.5 
cm along the vertical axis; in this region, the field deviates no more than 5%. The 
excitation coil generates both the AC and DC excitation fields. An outer field coil 
(purple) is wound around the main excitation coils. This coil is used for the same 
purpose as a shielding coil in an MRI system, namely, both to provide shielding to 
limit the strength of the magnetic field outside the coils and to improve homogeneity 
of the field inside the coils.
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of 23 mm, is placed inside the upper pickup coil. The current measured 
by the pickup coils is sent through a low-noise differential preamplifier 
(Krohn-Hite, model 7000, serial LM242), which amplifies the signal by 
a factor of 10 and applies a low-pass filter that has a cutoff frequency of 
30 kHz, to avoid aliasing in the DAQ card. MATLAB is used to both con-
trol the system and process data.

2.3.1.2 Measurement protocol
An AC excitation field (|HAC| = 1.33 mT) in combination with a DC offset 
(|HDC| ≤ 13.3 mT) was applied to the sample, as described in Section 2.1. 
This sequence included five repetitive measurements in both directions 
over 5 s. The excitation frequency was set to 2.5 or 10 kHz in two separate 
measurements. Details of the measurement protocol can be found in Ta-
ble 2.1. To avoid temperature fluctuations, there was a waiting time of 
20 min between successive measurements. After acquisition, data were 
processed in MATLAB. A digital phase-sensitive detection algorithm 
was applied to determine the amplitude of the measured signal. First, 
the signal was multiplied by a reference signal, namely, a perfect sine at 
the measurement frequency of 2.5 or 10 kHz, which was in phase with 
the measured signal in the software. Second, the signal was multiplied 
by the reference signal that has been shifted 90° to determine the out-
of-phase component. After application of a low pass filter (second order 
Butterworth filter with a cutoff frequency of 20 Hz), two signals X and 
Y were obtained. X and Y refer to the in-phase and out-of-phase com-
ponent of the measured signal. The amplitude of the signal was given 

TABLE 2.1 Coil specifications of the SPaQ setup.

Wire ∅ (mm) Inner ∅ (mm) Coil length (mm) Turns (No.) Resistance (�)
Upper pickup coil 0.115 25 47 1800 400
Lower pickup coil 0.115 25 47 1800 400
Inner field coil 1.75 37 164 374 0.72
Outer field coil 1.75 50 160 160 0.48
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by , which is the derivative of the magnetization curve that 
we are looking for. Numerical integration resulted in the magnetization 
curve itself.

2.3.2 MPS
2.3.2.1 Device

The custom-built MPS setup 30 provides several selectable excitation 
frequencies between 100 Hz and 25 kHz and magnetic excitation field 
strengths of up to μ0H = 30 mT of an AC excitation field and an option-
al superimposed DC offset field. A DAQ card (NI PCI-6733) is used to 
generate a sinusoidal excitation signal, which is amplified using an AE 
Techron 7224 power amplifier and sent through the excitation coil. A de-
tection coil is used to measure the change in the magnetization over time. 
Since the detection coil is designed differentially, the induction signal 
generated by the excitation field is suppressed (70 dB attenuation) and 
the fundamental component produced by the particles can be measured. 
The induced signal in the detection coil is pre-amplified (2×) by using a 
custom-built pre-amplification module. The amplified induction signal 
is then acquired via a synchronized DAQ card (NI PCI-6133).

TABLE 2.2 Settings of SPaQ and MPS measurements

SPaQ MPS
AC frequency 2.5 or 10 kHz 2.5 or 10 kHz
AC amplitude 1.33 mT 25 mT
DC frequency 1.1 Hz -
Maximum DC offset 13.3 mT -
Measurement time 5 s 0.5 s
Averages 5 1250 or 5000
Sampling frequency 160 kS/s 2 MS/s
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2.3.2.2 Measurement protocol
The excitation field amplitude was set to 25 mT to achieve a sufficient 
saturation of the particle suspension. The samples were measured at 
excitation frequencies of 2.5 and 10 kHz in two separate measurements. 
The total measurement time was set to 0.5 s, leading to 1250 and 5000 
periods and therefore 1250 and 5000 averages of the dM/dH curve for the 
2.5 and 10 kHz frequencies, respectively. The sampling frequency was set 
to 2 MS/s which covers 800 samples per period. M(H) curves were re-
constructed by integration of the received signal. For that purpose, the 
acquired induction signal dU/dt ≈ dM/dt was summed up cumulatively 
over time and split into sets of rising and falling edges of the resulting 
M(t) curve. All rising and falling edges were averaged and plotted over 
H(t), which was measured indirectly by the coil current and multiplied 
by the coil constant of the AC excitation coil.

2.3.3 ACS
AC susceptibility (ACS) measurements were performed using a low-fre-
quency (10 Hz–10 kHz) and a high-frequency (200 Hz–1 MHz) setup at 
the Technical University of Braunschweig, at AC field amplitudes of 450 
and 90 μT, respectively. 31,32 Spectra are the averages of 5 (low-frequency) 
and 20 (high-frequency) single frequency sweeps and merged to form a 
single spectrum. Both systems are calibrated and provide data in volume 
susceptibility.

Spectra were analyzed by applying a generalized Debye model, described 
by Ludwig et al. 32,33 For the distributions of core f(dc) and hydrodynamic 
f(dh) diameters, lognormal distributions are assumed. To limit the num-
ber of free fitting parameters (μc, σc, K, μh, and σh), 25 nm for SHP-25 and 
24.5 nm for Resovist are assumed for the median core diameter; for the 
standard deviations, σc = 0.2 and 0.25 are used as typical values for the 
particle systems. Note that the core parameters for Resovist are based 
on the analysis of static M(H) curves. 27,34 In these papers, the authors 
found that there is a bimodal distribution of magnetic moments: the 
smaller one corresponds to individual iron oxide cores with diameters 
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between 5 and 8 nm, while the larger one with an effective diameter of 
around 25 nm is caused by aggregates.

2.3.4 VSM
The Quantum Design Physical Property Measurement System (PPMS) 
installed at the University of Twente was used to perform VSM mea-
surements. The field was swept between −4 and +4 T (starting at 0 T) at 
various speeds. Between ± 4 and ± 0.5 T, a continuous sweep at a sweep 
rate of 20 mT/s was applied. Between ± 0.5 T and ± 50 mT, the sweep rate 
was 2 mT/s. Between ± 50 mT, a linear step (driven at each field) of 0.5 mT 
field increment was applied, with each step averaged over 1 s, leading to 
an accurate measurement in the region of interest. The sample was vi-
brated at the standard frequency and amplitude settings of 40 Hz and 
2 mm. One complete measurement took about 3 h.

Furthermore, since the VSM is not only sensitive to the superparamag-
netic sample but also sensitive to the sample holder, its linear contribu-
tion has to be removed. This was achieved by correcting for the linear 
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FIGURE 2.5 SPaQ results, measured on Resovist and SHP-25 samples containing 750 μg iron 
in a total volume of 150 μl at an excitation frequency of 2.5 kHz. (b) is a numerical 
integration of (a).
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trend that was observed between ± 3 and ± 4 T, where the particles are 
assumed to be completely saturated.

It is a well-known problem that the VSM does not perform optimally at 
low fields around 0 T. Magnetic remanence results in an opening in the 
magnetization curve, which looks like hysteresis, but the loop appears 
in the opposite direction to what is physically expected. 12 To compensate 
for this, a calibration sample (palladium reference sample, Quantum de-
sign, serial no.: PD-1206) was measured by applying the same protocol. 
The horizontal deviation of the curve at 0 T was determined and used to 
correct the sample measurements. Finally, the correction was applied by 
shifting the measurements horizontally to close the loop.

2.4 RESULTS
Figure 2.5 shows the SPaQ measurements. It can be observed that mea-
surements in both directions are almost identical, indicating minor hys-
teresis. Furthermore, in Figure 2.5(a), it can be seen that the amplitude 
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of the peak of the SHP-25 curve is 1.9 times the amplitude of the peak of 
the Resovist curve.

The MPS results are shown in Figure 2.6. In these measurements, clear 
hysteresis is visible. The amplitude of the peak of the SHP-25 curve 
shown in Figure 2.6(a) is 1.4 times the amplitude of the peak of the Reso-
vist curve. The width of the hysteresis loop is 10.4 mT for SHP-25 and 
2.4 mT for Resovist.

ACS measurements are shown in Figure 2.7. Samples of SHP-25 and 
Resovist show a pronounced Brownian maximum in the imaginary part, 
indicating that – at least in the low-field range – a major proportion of 
the nanoparticles are thermally blocked. For SHP-25, the maximum is 
at 5.7 kHz, whereas for Resovist it is at 1.8 kHz. For Resovist, the imagi-
nary part shows a shallow shoulder at frequencies above the Brownian 
peak, while the real part shows a rather shallow decay compared to SHP-
25. This is a clear indication of a large contribution from Néel-dominated 
nanoparticles. The high-frequency shoulder for Resovist also causes a 
higher harmonics spectrum at higher frequencies in MPS.
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FIGURE 2.7 ACS results, measured on Resovist (a) and SHP-25 (b) samples containing 750 μg 
iron in a total volume of 150 μl.
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MPS and SPaQ measurements at different AC frequencies are shown in 
Figures 2.8 and 2.9 for Resovist and SHP-25 particles, respectively. All 
curves are normalized and compared to the VSM measurements.

2.5 DISCUSSION
Both the SpaQ and MPS provide accurate measurements of the magneti-
zation curve, and both are superior to VSM in this field range (between 
± 25 mT). The measurements are much faster, do not require correction, 
and can be conducted at room temperature.

Both the SPaQ and MPS give broadly similar information and can there-
fore be used in similar applications. These devices provide crucial in-
formation on many applications, such as controlled drug delivery and 
studying the dynamic protein corona formation process, but also on the 
design process of SPIONs. However, in SLNB, it is preferable to use the 
SPaQ due to its intrinsic similarities with DiffMag. Also, the described 
SPaQ setup has a large sample holder, which allows measurements on 
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FIGURE 2.8 (a) SPaQ and (b) MPS results, compared with the static VSM curve. Curves were 
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of 150 μl.



37

2

A novel characterization technique for SPIONs: The SPaQ compared to MPS 

entire lymph nodes. The direct correlation between MPS and MPI makes 
MPS the best choice for predicting particle behavior in MPI.

As mentioned in Section 2.1, the main difference between SPaQ and MPS 
measurements lies in the excitation sequence and the detection scheme 
used. The SPaQ measurements look remarkably similar to static VSM 
measurements. However, in VSM measurements, the sample vibrates in 
a homogeneous field. Even though the AC amplitude in the SPaQ is low, 
the particles do experience a changing magnetic field. Therefore, particle 
dynamics will slightly influence such measurements. If particles experi-
ence a sufficiently short relaxation time, nearly no hysteresis is observed 
in the measured curves. However, due to their large AC amplitudes, MPS 
measurements are more dynamic and consequently more sensitive to 
particle dynamics compared to SPaQ measurements, as indicated by the 
hysteresis revealed in the measured curves. In addition, SPaQ analyzes 
the magnitude of the fundamental frequency only, while MPS also ex-
plores phase information.
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FIGURE 2.9 (a) SPaQ and (b) MPS results, compared with the static VSM curve. Curves were 
measured at different frequencies (2.5 and 10 kHz), and resulting curves were 
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The strength of the SPaQ over MPS is its freedom to adjust measurement 
parameters. In the SPaQ, a small AC field is combined with a gradual DC 
offset. Therefore, the AC amplitude can be varied, without influencing 
the total range (maximum field) in which the magnetization curve is 
measured. On the contrary, in MPS, the large AC amplitude determines 
the range in which the magnetization curve is measured. Measuring at 
various AC amplitudes is valuable when SPaQ measurements are used 
to predict the DiffMag response of the particle. The various amplitudes 
will represent various distances to the handheld probe that is used in 
DiffMag. For DiffMag, only small field strengths are needed since the 
particles respond to fields as low as 1 mT. This makes DiffMag suitable 
for safe use in patients. Little energy is needed, and it becomes possible 
to generate a handheld system with limited heating of the probe.

Another advantage of the SPaQ over MPS is its freedom to select an arbi-
trary excitation frequency. In MPS, a resonant circuit is needed to gener-
ate sufficiently high magnetic field strengths. Therefore, it is only possi-
ble to measure at certain discrete frequencies. However, due to the small 
AC amplitude in the SPaQ, it is possible to select various frequencies 
without changes in hardware. Consequently, it is much easier to sweep 
the frequency in the SPaQ compared to MPS.

The nature of the sample (which and how many particles are used) in-
fluences the height (magnetic susceptibility) and width (or slope, field 
strength at which the particles saturate) of the measured curve. In MPS, 
the distance between the peaks (that is the width of the hysteresis loop) 
changes as well, which is dependent on the relaxation time of the parti-
cles. 35–37

In the ACS measurements, it was shown that both particles show an op-
timal response at a frequency below 10 kHz. Both Brownian and Néel 
relaxation times depend on the AC and DC magnetic field amplitudes 
and decrease with increasing field. 29 Consequently, the susceptibility 
spectra will be shifted to higher frequencies in SPaQ or MPS measure-
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ments. Additionally, an increase in field amplitude causes the genera-
tion of higher harmonics, which leads to a bending of the magnetization 
curve. Along with particle dynamics, this results in the hysteresis loop 
that was observed in the MPS measurements.

The influence of particle dynamics is shown by measuring at various fre-
quencies, as shown in Figures 2.8 and 2.9. The frequency effect is largest 
in MPS measurements, but it can be seen that there is a slight influence 
of particle dynamics in SPaQ measurements as well. As can be seen, the 
frequency effect is larger for SHP-25 compared to Resovist, which ac-
cords with the steep decay with increasing frequency observed in the 
ACS measurements.

2.6 CONCLUSION
In conclusion, both the SPaQ and MPS are capable of measuring a mag-
netization curve at low field strengths (<25 mT). Both methods are su-
perior to VSM measurements because they are much faster, can be con-
ducted at room temperature, and do not need a correction. Measuring 
the magnetization curve reliably can give invaluable information about 
SPIONs and their dynamics, which will improve many applications, in-
cluding SLNB. There are also differences between the SPaQ and MPS. 
Due to the much larger AC field amplitude, MPS is very sensitive to par-
ticle dynamics. The lower AC field amplitude in the SPaQ strongly sim-
plifies the electronics, reduces heating, and allows a continuous choice 
of frequency.

2.7 FUTURE WORK
To optimize SPaQ and MPS measurements, two main improvements 
need to be made. First, it is vital to calibrate both systems. As a result, 
the magnetic moment of the sample can be calculated from the mea-
sured voltage.

Second, the thermal stability of the SPaQ needs to be improved, which 
we intend to work on. Heating of the excitation coil leads to tempera-
ture fluctuations throughout the system, reducing the reproducibility 
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of measurements. Thermal stability can be improved by making key 
changes to the design.

In addition, it is essential to measure particles in various environments 
(for example, in media of various viscosities) in the SPaQ. This will give 
more insight into the effect of particle dynamics on the measurements. 
For an SLNB, it is essential to know how the magnetic behavior of the 
particles changes while trapped inside a lymph node. When particles 
accumulate in a lymph node, they will be partially immobilized due to 
macrophage uptake. This will increase the relaxation time and therefore 
reduces the measured detector voltage. Consequently, it might seem 
that there are fewer particles in the lymph node and the node might be 
classified incorrectly (for example, classified as a normal node instead of 
an SLN).
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 ABSTRACT
The nonlinear magnetic behavior of superparamagnetic iron oxide 
nanoparticles (SPIONs) has attracted interest as a valuable feature for 
upcoming medical applications. Injecting SPIONs into the human body 
affects their magnetic properties through the formation of protein co-
rona or cell immobilization. It is therefore important to study the effect 
of environmental changes on the magnetic susceptibility of SPIONs. 
Therefore, superparamagnetic quantifier (SPaQ) is used here to assess 
the differential magnetic susceptibility of three commercially available 
SPIONs: Synomag®, Resovist® and Sienna+®. The following experi-
ments were carried out to mimic the influence of the biological environ-
ment on the magnetic response of SPIONs: (1) varying the viscosity of 
the medium; and (2) immobilizing the nanoparticles by freeze-drying. 
Differential magnetization curves as function of applied magnetic field 
were visualised to reveal the dynamic magnetic behavior of SPIONs in 
both experiments. Synomag® displayed the lowest decrease (~5%) in 
differential magnetic susceptibility compared to Resovist® (~33%) and 
Sienna+® (~21%) during  the change  from water to a high viscosity fluid.  
Although Synomag® showed a clear drop in differential magnetic sus-
ceptibility (~58%) after freeze-drying, it still appears to be a promising 
candidate for clinical applications due to its low sensitivity to changes 
in viscosity.
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3.1 INTRODUCTION
Superparamagnetic iron oxide nanoparticles (SPIONs) are currently 
used experimentally in biomedical applications such as those involving 
drug delivery, 1 magnetic particle imaging (MPI), 2 magnetic fluid hyper-
thermia, 3 magnetic resonance imaging (MRI), 4 and for sentinel lymph 
node biopsy (SLNB). 5 Clinically approved SPIONs, namely Sienna+® 
(Endomag, UK) for mapping the sentinel lymph nodes 6, and NanoTh-
erm (MagForce, Germany) for hyperthermia treatment, 7 have been ex-
tensively tested for their uptake, distribution, clearance and toxicity. 8,9 
These SPIONs are typically coated with biocompatible, biodegradable 
and water-soluble polymers, 10 such as derivatives of dextran. 11,12 Recent-
ly, dynamic magnetization of SPIONs has been studied to investigate 
the dependency of viscosity on harmonic signals. 13–18 Additionally, mea-
surements of dynamic magnetic susceptibility have been introduced as 
a tool  to determine fluid viscosity through the rotational response of 
magnetic nanoparticles. 19 However, only few reports have studied the 
differential magnetic susceptibility dM/dH as an intrinsic property of 
nanoparticles in viscous environments. 20,21

Typically, the SPIONs used in vivo are injected into  the bloodstream, or 
in/around a tumor. A natural reaction to the injected SPIONs involves 
deposition of plasma proteins onto the surfaces of the SPIONs (via 

FIGURE 3.1 Formulation of protein corona around SPIONs (left), and the various stages of 
cellular uptake by macrophages (right).
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adsorption), 22 or cellular uptake by macrophages; 23 see Figure 3.1. This 
process follows either endocytic pathways 22 or natural direct penetra-
tion pathways 23  resulting in changes of  hydrodynamic size and surface 
properties of the injected SPIONs.

After interacting with the biological environment (macrophages and/or 
protein corona), SPIONs experience a reduction in the number of me-
chanical degrees of freedom in terms of rotation and translation. 24 This 
change in mechanical behavior also influences their magnetic behavior, 
and that effect can also be observed inside living cells. 25 Generally, the 
ability of SPIONs to respond to the change of magnetic field is governed 
by two distinct relaxation processes: Brownian relaxation and Néel re-
laxation. 26

Brownian relaxation is the physical rotation of the hydrodynamic vol-
ume of a SPION, leading to a relaxation time of :

 B
H

 (3.1)

where VH is the hydrodynamic volume of the nanoparticle, η is the vis-
cosity of the surrounding carrier liquid, kB is Boltzmann’s constant, and 
T is the absolute temperature. In this process, the hydrodynamic vol-
ume is defined as including the volumes of both the particle and the sur-
rounding fluid affected by the particle-fluid interaction. 

Néel relaxation is the rotation of magnetization inside the magnetic core 
of a SPION, leading to  a relaxation time of :

 N 0
c

 (3.2)

where τ0 is a length of time between 10−9 s and 10−11 s, characteristic for 
the material, K is the anisotropy constant, and Vc is the core volume. 

Recently, a third relaxation process 27 has been detected in Synomag® 
nanoparticles, which have a nanoflower shape. According to Bender et 
al 27, this fast relaxation in comparison to the two other slow processes 
(Brownian and Néel relaxation), is attributed to the relaxations of disor-
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dered spins within the nanoflower particles. Commercial magnetome-
ters, e.g. vibrating sample magnetometers (VSM) and superconducting 
quantum interference devices (SQUID), are accurate and well-charac-
terized in terms of measuring magnetic nanoparticles, whether in the 
form of solid or powder. 28 However, the quantification of nanoparticles 
in solution using these magnetometers is limited due to the artifacts 
caused by: (1) the sample position; (2) the particle size; and (3) the parti-
cle shape. 29 Liquid SPIONs have therefore been characterized using a re-
cently introduced superparamagnetic quantifier (SPaQ) that resembles 
a magnetic particle spectroscopy (MPS) device, but which uses a differ-
ent excitation sequence and excitation frequency. 30 The SPaQ allows for 
the quantification of samples with a substantial size, thus allowing bio-
logical samples such as lymph nodes, possibly containing metastases, to 
be quantified.

We hypothesize that altering the biological environment around SPI-
ONs causes inhibition of the motion of SPIONs, and hence may affect 
the relaxation mechanisms that reduces their magnetic susceptibility. 
To unravel the background of this process, this paper characterizes the 
magnetic properties of three commercially available SPIONs in fluids of 
various  viscosities and after freeze-drying. 

In this context, we evaluate the dM/dH curves using SPaQ at a low fre-
quency, in different environments,  to determine which of the three test-
ed SPIONs is the most promising for clinical applications. 

3.2 MATERIAL AND METHODS
The magnetic core-size and hydrodynamic size of commercially available 
SPIONs were characterized using Transmission Electron Microscopy 
(TEM) and Dynamic Light Scattering (DLS). In addition, the magnetic 
properties of the following commercially available SPIONs, in environ-
ments with various viscosities and following freeze-drying particles, 
were characterized using SPaQ (for details, see Table 3.1):
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• Synomag® (micromod Partikeltechnologie GmbH, Germany), consist-
ing of core-shell, nanoflower-shaped particles that are containing 55% 
(w/w) iron oxide (mainly γ-Fe2O3) and covered by a dextran shell. 

• Resovist® (Bayer Schering Pharma GmbH, Germany), a hydrophilic 
colloidal solution (Fe3O4/γ–Fe2O3) coated with carboxydextran, con-
sisting of multi-core particles. 

• Sienna+® (Endomag, UK), a dark brown aqueous suspension of car-
boxydextran coated, superparamagnetic iron oxide nanoparticles 
(Fe3O4/γ–Fe2O3), designed for the detection of sentinel lymph nodes 
using the Sentimag magnetic probe. 5

3.2.1 Transmission electron microscopy
A 2 μl droplet of SPIONs was released onto a carbon film coating a perfo-
rated copper grid, and dried at room temperature for 12 hours, after be-
ing ultra-sonicated for 10 minutes to reduce aggregation of the particles 
and to achieve an equal particle distribution. The core size and shape 
of SPIONs was observed directly by a transmission electron microsco-

TABLE 3.1 Details of commercially available multicore superparamagnetic iron oxide 
nanoparticles (SPIONs) used in this study.

Synomag® Resovist® Sienna+®

Supplier Micromod Bayer Schering Endomag
Core composition γ-Fe2O3 Fe3O4/γ-Fe2O3 Fe3O4/γ-Fe2O3
Shapes of cores Nanoflower Spherical Spherical
Coating agent Dextran carboxydextran carboxydextran
Concentration of Iron 10mg/ml 27.92 mg/ml 28mg/ml
Size specified by supplier 50 nm 45-60 nm 59 nm
Surface charge OH (plain) Ionic -
Field of application MPI & hyperthermia MPI & MRI SLNB
Available for pre-clinical use YES YES YES
Available for clinical use NO limited availability NO, but similar successor 

is Magtrace®  31

MPI: magnetic particle imaging, MRI: magnetic resonance imaging, SLNB: seninel lymph node biopsy
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py (Philips CM300ST-FEG), using an electron acceleration voltage of 
300 kV at a point resolution of 0.2 nm at 300 kV and a line resolution 
of 0.14 nm at 300 kV. The 12-bit TEM images (with a resolution of 2048 
× 2048 pixels) were analyzed semi-quantitatively using an in-house 
Matlab script (MATLAB environment Version 9.6.0. MathWorks, Inc., 
Natick, MA) to calculate an average core size for all three tracers.

3.2.2 Dynamic light scattering
The hydrodynamic diameter of magnetic nanoparticles was assessed by 
dynamic light scattering. The angle for backscatter detection was set to 
173°. Before loading the samples into a scattering cell at 25 °C, each sam-
ple was diluted with distilled water to a concentration of 25 μg/ml and a 
volume of 1.5 ml. All DLS measurements were repeated three times for 
each SPION and the results obtained were averaged to give the average 
particle size and polydispersity index.

FIGURE 3.2 a) Schematic representation of the SPaQ: an excitation coil (blue) and a pair of 
gradiometer detection coils (green) surround a 23 mm diameter sample bore (figure 
adapted from 30); b) a photograph of the SPaQ device and its sample holder.
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3.2.3 Superparamagnetic quantifier
The Superparamagnetic quantifier (shown in Figure 3.2), is a custom dif-
ferential susceptometry device used to measure the magnetization re-
sponse of nanoparticles to an alternating magnetic field generated by an 
excitation coil. 30 The SPaQ combines a low-amplitude alternating mag-
netic field with a gradual DC offset field to measure the dynamic mag-
netization curve. The received signal is the derivative of the magnetiza-
tion curve and needs to be integrated to obtain the magnetization curve. 
An alternating field (1.33 mT) was applied in combination with a small 
offset field (swept between -13.3 and +13.3 mT), the measurement time 
was set to 1 second, and the excitation frequency was set to 2.5 kHz. This 
frequency is optimized based upon detection rate. 30 SPaQ was used to 
characterize all three SPIONs based on the derivative of their magneti-
zation curves, i.e. dM/dH, as a function of the magnetic field. The follow-
ing features, derived from  the dM/dH curve, were used to evaluate two 
properties of the SPIONs: (1) the full width at half maximum (FWHM); 
and (2) the maximum gradient of amplitude (dM/dH|max). All data pro-
cessing was performed using in-house developed software.

3.2.4 Experiments
To mimic the changing biological environment of cellular uptake and 
adsorption of SPIONs, and to identify the contributions of relaxation 
mechanisms, we explore the two scenarios described below.

3.2.4.1 Scenario I: Changes in the viscosity of the environment around SPIONs
Under the assumption that a change in the viscosity of the medium sur-
rounding a SPION is mainly related to a change in Brownian relaxation 
time (τB), we hypothesize that varying the viscosity of a sample would 
result in a changed magnetic susceptibility. A series of SPION samples 
(Synomag®, Resovist® and Sienna+®) were therefore prepared with a to-
tal volume of 300 μl for each sample and each containing 200 μg of iron. 
The range of viscosities was representative of biological environments 
such as blood, 32 plasma, 33 and cancer cells. 34 The viscosity values were 
calculated by changing the ratio of a glycerol/water mixture using the 
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formula proposed by Cheng. 35 Distilled Water, SPIONs, and glycerol 
were weighed using a laboratory balance (Entris Sartorius) subject to an 
error of ± 0.001 g, which was calibrated before the measurements were 
taken.

3.2.4.2 Scenario II: Immobilisation of SPIONs by freeze-drying
Under the assumption that the Brownian relaxation of SPIONs will be 
completely blocked when they are trapped in macrophages, the magnet-
ic properties of immobilized SPION are expected to be solely influenced 
by Néel relaxation. To test this hypothesis, we immobilized SPIONs by 
freeze-drying to remove all of the liquid around them. Three samples 
(Synomag®, Resovist® and Sienna+®) with a total volume of 40 μl per 
sample, each containing 200 μg iron, were tested both before and after 
immobilization. During the freezing stage, the SPIONs were immobi-
lized by cooling in liquid nitrogen, which resulted in the formation of 
ice and the arrangement of the particles into a fixed lattice. The samples 
were dried using a lyophilizer (Freezone 4.5, Labconco) under vacuum. 
Freeze-drying took 12 hours for each sample.

The relative change in the magnetic performance of the SPIONs was as-
sessed for both scenarios and both features (FWHM, and dM/dH|max) 36: 

  (3.3)

A’: feature for each sample with a specific viscosity ranging from η2 to η6 
(Scenario I), or after freeze-drying  (Scenario II). 

A: feature for sample η1 (Scenario I), or before freeze-drying  (Scenario 
II).  

3.3 RESULTS
3.3.1 Transmission electron microscopy

All three SPIONs investigated in the current work were multicore parti-
cles, meaning that each contained several iron cores. The various mor-
phologies of SPIONs can be observed from TEM micrographs since their 
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electron density is higher than that of the polymer-coating surrounding 
(see Figure 3.3).

The sizes of the iron-core particles assessed by TEM are shown in Figure 
3.4a and summarised in Table 3.2. For Synomag® particles, their nano-
flower shape is clear from the TEM images, with each assembly of nano-
flowers containing multiple individual nanoparticles as densely packed 
aggregates of iron oxides. The mean core sizes of the Synomag® particles 
were 9.0 nm (for an individual core), and 24.3 nm (for the whole flower). 
The core sizes found for Sienna+® (4.8 nm) and for Resovist® (4.6 nm) 
were almost identical.

3.3.2 Dynamic light scattering
The hydrodynamic size distribution of the SPIONs, assessed using DLS, 
is shown in Figure 3.4b. The average sizes of the SPIONs and the val-
ues of the polydispersity index obtained from DLS measurements are 
shown in Table 3.2, and it can be seen that the Synomag® nanoparticles 
have a larger particle size than Resovist® and Sienna+®. The hydrody-
namic size of a whole particle given by DLS is significantly larger than 
the core size determined by TEM (see Table 3.2). The absence of second-
ary peaks from the particle size curve assessed by DLS for Resovist® and 
Sienna+® shows that these SPIONs have no tendency to agglomerate in 
water. However, an additional slight peak was registered for Synomag® 

FIGURE 3.3 TEM micrographs of SPIONs embedded in a carbon film coated on a perforated 
copper grid.
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nanoparticles, which could be explained by a tendency for clusters of 
particles to form. The polydispersity index (PDI) is less than 0.21 for all 
SPIONs, which confirms the polydispersity of nanoparticles. 37

3.3.3 Superparamagnetic quantifier
Before studying the magnetic behavior of SPIONs under changes in 
viscosity and after immobilisation, we took baseline magnetic measure-
ments using 40 μl of SPIONs containing 200 μg iron. The magnetic prop-
erties (dM/dH curves) of all three SPIONs were assessed using the SPaQ 
as a function of the magnetic fields, and these are shown in Figure 3.5a. 

TABLE 3.2 Average sizes of particles and their cores obtained from DLS and TEM, and values 
for the polydispersity index (PDI) obtained from DLS measurements.

Name of SPION Magnetic core size [nm] Particle size [nm] PDI (DLS)
Synomag® 9.00 ± 1.70 66.52 0.20
Resovist® 4.59 ± 1.07 55.20 0.17
Sienna+® 4.75 ± 1.2 60.00 0.20
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FIGURE 3.4 a) Size distribution of three SPIONs assessed using TEM for iron cores, presented 
in the form of a normal distribution fit to histogram data, and b) DLS versus 
hydrodynamic size.
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The magnetization curve, calculated as a numerical integration of the 
dM/dH curve, is shown as a function of the magnetic field in Figure 3.5b. 

At low magnetic fields (not exceeding 15 mT), all SPIONs show a nonlin-
ear response at room temperature. It was observed that the dM/dH|max 
for Synomag® is higher than for Resovist® or Sienna+®.

3.3.3.1 Scenario I: Changes in the viscosity of the environment around SPIONs
Figure 3.6 shows the relation between magnetic change and viscosity 
for all three tracers, as assessed in terms of two features (FWHM and 
dM/dH|max). With increasing viscosity (ranging from 0.95 to 115.25 mPa·s), 
FWHM drops sharply for all three tracers.

Although the FWHM for Synomag® drops sharply with increasing vis-
cosity, this trend seems to stabilise for viscosity values above 50 mPa·s. 
The gradient amplitude feature shows stable (although slightly decreas-
ing) performance in response to increasing viscosity for all SPIONs. Un-
like Synomag®, Resovist® and Sienna+® exhibit an almost identical in-
creasing trend in FWHM (from 0.9 to 3.8 mPa·s), followed by a decreasing 
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FIGURE 3.5 a) Differential magnetic susceptibility of SPIONs (Synomag®, Resovist®, and 
Sienna+®) as a function of magnetic field, and b) the magnetization curve as the 
numerical integration of the dM/dH curve.
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TABLE 3.3 Relative changes in magnetic performance for scenario I. FWHM: full width at half 
maximum; dM/dH|max: maximum gradient of amplitude.

Synomag® ηη1 to ηη2 ηη1 to ηη3 ηη1 to ηη4 ηη1 to ηη5 ηη1 to ηη6
FWHM 0.21% 2.47% 11.99% 12.25% 12.75%
dM/dH|max 2.75% 3.78% 5.49% 4.12% 4.81.%

Resovist® ηη1 to ηη2 ηη1 to ηη3 ηη1 to ηη4 ηη1 to ηη5 ηη1 to ηη6
FWHM 8.37% 14.88%) 29.76% 32.09% 33.02%
dM/dH|max 8.45% 14.92% 29.35% 31.34% 32.33%

Sienna+® ηη1 to ηη2 ηη1 to ηη3 ηη1 to ηη4 ηη1 to ηη5 ηη1 to ηη6
FWHM 6.73% 15.38% 22.11% 23.07% 21.15%
dM/dH|max 7.21% 15.46% 21.64% 22.68% 20.61%

trend (from 49.0 to 115.2 mPa·s). They also show a reduction in magnetic 
susceptibility with increasing viscosity. The relative changes in magnet-
ic susceptibility for all three tracers are listed quantitatively in Table 3.3. 
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FIGURE 3.6 Scenario I: Changes in a) dM/dH|max and b) FWHM as a function of viscosity, plotted 
on a logarithmic scale.
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The linear response, as assessed by FWHM, showed the highest decrease 
in performance in response to increasing viscosity: 12.75% (Synomag®), 
33.02% (Resovist®), and 21.15% (Sienna+®). The nonlinear response, as 
assessed by the dynamic and static gradient of amplitude (dM/dH|max), 
was only slightly reduced for Synomag® (4.81%), while the decreases in 
the responses for Resovist®  and Sienna+®  were  32.30% and  20.61%, re-
spectively. 

3.3.3.2 Scenario II: Immobilisation of SPIONs by freeze-drying
Figure 3.7 shows the changes before and after freeze-drying for the two 
features of FWHM and dM/dH|max. All SPIONs exhibit a strong drop 
in magnetic susceptibility after immobilisation, in terms of dM/dH|max. 
The FWHM for Resovist® and Sienna+® increases after immobilisation. 
The relative changes in magnetic performance after immobilisation for 
all three tracers are listed quantitatively in Table 3.4.

FIGURE 3.7 Scenario II: Change in a) dM/dH|max and b) FWHM as a consequence of freeze-
drying.

TABLE 3.4 Relative changes in the magnetic signal for scenario II, for the gradient amplitude 
dM/dH|max and FWHM.

Synomag® Resovist® Sienna+®

FWHM −13.52% 29.19% 29.24%
dM/dH|max 58.39% 76.47% 74.15%
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3.4 DISCUSSION
As mentioned in Section 3.1, our goal is to determine which SPION is 
most promising for future clinical applications. To assess three types 
of SPIONs, two features were used: dM/dH|max and FWHM. In clinical 
applications, SPIONs are expected to perform best when dM/dH|max is 
high and FWHM is narrow. For example, in MPI, this will lead to high 
sensitivity (dM/dH|max) and good spatial resolution (FWHM).

To compare the magnetic properties of the three types of SPIONs sus-
pended in water with free rotation, they were measured at a single exci-
tation frequency of 2.5 kHz, at room temperature. Synomag® was found 
to have the highest maximum amplitude gradient dM/dH|max in compar-
ison with Resovist® and Sienna+®. Based on the TEM results, it seems 
that the larger core size of Synomag® compared to Resovist® and Sien-
na+® causes a higher amplitude gradient. However, Resovist® and Sien-
na+® are both multicore particles, and since their coating is invisible un-
der TEM imaging, it is impossible to determine the number of cores per 
particle (and thus their effective core size). The increase in dM/dH|max 
can be explained by magnetic coupling between the close iron fragments 
(within a single nanoflower) leading to increased magnetic susceptibil-
ity.

In scenario I, the increase in the viscosity around the SPIONs affects the 
hydrodynamic volume (which mimics the protein corona around the 
SPIONs). This leads to a longer Brownian relaxation time, resulting in 
a delay in the magnetic response and hence a lower measured magneti-
zation. As expected, we noted a decrease in dM/dH|max for all SPIONs; 
however, the relative change was minimal for Synomag® in comparison 
with both Resovist® and Sienna+®. 

The FWHM exhibits the same decreasing trend as dM/dH|max in re-
sponse to a decrease in viscosity for all SPIONs tested, with a wider val-
ue for Synomag® that for the other SPIONs.
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As expected, Resovist® and Sienna+® show nearly identical values of 
FWHM at various viscosities due to their similar magnetic core sizes, 
as described above using TEM analysis. The decrease in FWHM in re-
sponse to an increase in viscosity is evidence of their promise for use in 
clinical applications, since the magnetic signal of SPIONs increases as 
FWHM decreases.  

Synomag® showed less sensitivity to a change in viscosity compared 
to Resovist® and Sienna+®; its relative insensitivity to viscosity may be 
due to its relaxation mechanism being dominated by an internal magne-
tization processes rather than by Brownian relaxation. 

In scenario II, SPIONs are expected to bind to cells such as macrophages, 
and to simulate this cell binding, we freeze-dried the SPIONs. We as-
sumed that freeze-drying blocked the Brownian rotation of SPIONs 
completely, and that the mechanism of relaxation was governed pure-
ly by Néel relaxation. dM/dH|max dropped sharply after immobilisation, 
which may be caused by the alignment of free SPIONs (in water) along 
their easy axis compared to randomly immobilised SPIONs. 21 Unlike its 
response to varying viscosity, Synomag® is characterised by a significant 
magnetic decrease after immobilisation. When the rotation of the whole 
particle is blocked by freeze-drying, the Brownian relaxation is inhibited, 
which leads to a negative change in FWHM for Synomag®. This nega-
tive relative change in FWHM compensates for the drop in dM/dH|max, 
making Synomag® the most promising SPION for clinical applications 
in which its typical nonlinear behavior can be exploited. The dramatic 
change in differential magnetic susceptibility for all three SPIONs after 
immobilisation confirms that there is a substantial change in the mag-
netic behavior of SPIONs after cellular uptake. 

3.5 CONCLUSION
Clinical applications using SPIONs rely on preserving the magnet-
ic signal when particles are transferred from a laboratory to an in vivo 
environment. We tested three SPIONs with different sizes and shapes 
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in varying viscosities, and demonstrated that these particles showed 
decreases in magnetic performance after being introduced to a new en-
vironment with varying viscosity. The Synomag® nanoparticle showed 
less sensitivity to changing viscosity compared to Resovist® and Sien-
na+® , confirming that its mechanism of relaxation is not dominated by 
Brownian relaxation. Although Synomag® nanoparticles are character-
ised by a decrease in magnetic performance after immobilisation, their 
limited sensitivity to variations in viscosity is evidence of their promise 
for use in future clinical applications.  

In future work, further optimisation of the SPaQ settings (e.g. excitation 
frequency) for a specific nanoparticle may increase the detection rate 
and hence reduce the amount of injected nanoparticles required.
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 ABSTRACT
Objective: Superparamagnetic iron oxide nanoparticles (SPIONs) are 
promising for clinical applications, because they have a characteristic 
nonlinear magnetic response when an external magnetic field is applied. 
This nonlinearity enables the distinct detection of SPIONs and makes 
measurements less sensitive to the human body and surgical steel in-
struments. In clinical applications, only a limited field strength for the 
magnetic detection is allowed. 

Methods: The signal to noise ratios (SNRs) of four nonlinear magnet-
ic detection methods are compared. These methods include differential 
magnetometry, frequency mixing, and two variations of magnetic parti-
cle spectroscopy: second harmonic detection and third harmonic detec-
tion. All methods were implemented on the same hardware and experi-
mentally compared for various field strengths. To make the comparison 
fair, the same power was supplied to the excitation coil each time. 

Results: In general, the SNR increases with increasing field strength. 
The SNR per drive field of all methods stabilizes or even decreases for 
field strengths above 6 mT. 

Conclusion: The second harmonic detection has the best SNR and the 
most room for improvement. 

Significance: The presented comparison could lead to faster implemen-
tation of nonlinear magnetic detection for clinical applications, such as a 
sentinel lymph node biopsy, which helps to improve cancer patient care.
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4.1 INTRODUCTION
Superparamagnetic iron oxide nanoparticles (SPIONs) are used more 
and more in various (pre)clinical applications, such as a sentinel lymph 
node biopsy, 1,2 cancer diagnosis and therapy, 3 magnetic particle imag-
ing, 4 hyperthermia, 5 and magnetic resonance imaging. 6 For some appli-
cations, such as a sentinel lymph node biopsy, it is important to detect 
SPIONs inside the human body. Multiple handheld probes were devel-
oped to do so. 7–11 Figure 4.1 shows the use of such a probe.

Most of these probes make use of first order (linear) magnetic detection. 
As a consequence, not only the magnetization of SPIONs is measured, 
but the measurements are also influenced by the diamagnetism of the 
human body and the magnetism of the surgical steel instruments. The 
probe developed in our research group makes use of differential magne-
tometry (DiffMag). 9,12 This method of nonlinear magnetic detection is 
specific for SPIONs. As a result, the tiny signal from SPIONs can be mea-
sured in the presence of human tissue and surgical steel instruments. 9,13

Another advantage of DiffMag is that it allows the mechanical separation 
of the excitation and detection coils, which is impossible in convention-
al linear magnetic detection methods. The advantage of this separation 
is that it results in improved depth sensitivity when the size of the probe 
is restricted, for example in laparoscopic surgery. 13

FIGURE 4.1 Example of the use of a handheld probe during surgery. Transcutaneous 
measurements are performed to determine the location of the first incision.
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Besides DiffMag, there are other nonlinear magnetic detection methods 
that are able to distinguish the SPION signal from the signals of the hu-
man body. 14 These include frequency mixing 15–17 and magnetic particle 
spectroscopy (MPS). There are various ways to carry out MPS, includ-
ing second harmonic detection 18–20 and third harmonic detection. 21,22

Much is still unknown about the effects of exposure to low frequen-
cy electromagnetic fields (between 1 Hz and 100 kHz). However, there 
are risks of exposure to fields above a frequency dependent threshold. 
These include reversible effects on excitable cells, electric charge effects 
on the skin, and the stimulation of nerves and muscles (experienced 
as a tingling sensation). At higher levels there is the risk of irreversible 
cardiovascular effects and tissue burns. To avoid these negative effects, 
the international commission on non-ionizing radiation protection 
(ICNIRP) created guidelines for the safe use of electromagnetic fields. 23 
The ICNIRP posits a 0.12 mT maximum field amplitude for occupational 
exposure at a frequency of 2.5 kHz. This value is much lower than mea-
surements on observation thresholds, which range from 7 mT for whole 
body exposure, 24 45 mT for stimulation of the underarm, 25 and up to 95 
mT for stimulation of the wrist alone. 26 Also, low field strengths are cru-
cial for handheld detection to avoid heating of the probe, which might 
harm both the user (surgeon) and the patient.

We compared the signal to noise ratios (SNRs) of four nonlinear magnet-
ic detection methods as a function of the excitation field strength. Clear 
differences between the four methods were found. We discuss the impli-
cation of this observation for clinical usability, where the maximum field 
strength is low.

4.2 MATERIALS AND METHODS
The SPIONs used in this paper are Magtrace® (Endomag, UK). Magtrace® 
is approved for clinical use; it is both CE marked and FDA approved for 
use in a sentinel lymph node biopsy in combination with the Sentimag® 
magnetometer. 27 The magnetization curve of Magtrace, showing its typ-
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ical nonlinear magnetic behavior, is shown in Figure 4.2. It was measured 
using the protocol described in  28, using an AC field with an amplitude 
of 1.33 mT and a maximum DC offset of 13.3 mT. In all experiments, one 
sample containing 100 μg Fe in a total volume of 100 μl was used.

Four nonlinear magnetic detection methods are compared in this paper. 
These include DiffMag, frequency mixing, and two variations of MPS: 
second harmonic and third harmonic detection. All measurements were 
performed using the superparamagnetic quantifier (SPaQ). 28 The SPaQ, 
including a co-axial magnetometer, enables measurements in a homoge-
neous excitation field. All methods were implemented with this device, 
as described in the following paragraphs.
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FIGURE 4.2 (a) shows the measured curve, which is the derivative of the magnetization curve, 
for a Magtrace® sample containing 100 μg Fe in a total volume of 100 μl. (b) shows the 
numerical integration of (a), resulting in the magnetization curve. Measurements 
were performed using an AC field with an amplitude of 1.33 mT and a maximum DC 
offset field of 13.3 mT.
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4.2.1 DiffMag
4.2.1.1 Excitation

The excitation sequence used for DiffMag consists of a continuous AC 
field (2525 Hz) and various DC offset fields. The sequence consists of 
four parts: (1) no DC offset field, (2) a positive DC offset field, (3) no DC 
offset field and (4) a negative DC offset field, as shown in Figure 4.3. 
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FIGURE 4.3 The excitation field for DiffMag consists of a continuous AC field and four parts with 
various DC offset fields: (1) no DC offset, (2) positive DC offset, (3) no DC offset and 
(4) negative DC offset.



73

4

Experimental comparison of four nonlinear magnetic detection methods

4.2.1.2 Data analysis
After data acquisition, the four parts of the DiffMag sequence are sepa-
rated. A Fourier transform is taken for each part separately, as shown in 
Figure 4.4. The height of the peak at the fundamental frequency is mea-
sured (P1 ; P2 ; P3 and P4) and the DiffMag signal is calculated using the 
following equation:
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FIGURE 4.4 Overview of data analysis for DiffMag. A Fourier transform is taken of the data in 
each of the four parts separately. Next, the height of the peaks is measured and used 
to calculate the DiffMag signal (using Equation 4.1).
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4.2.2 Frequency mixing
4.2.2.1 Excitation

The excitation sequence used for frequency mixing consists of the sum 
of a high frequency (2525 Hz) and low frequency (30 Hz) sinusoidal field, 
as shown in Figure 4.5.
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FIGURE 4.5 The excitation field for frequency mixing is a mix of a high and low frequency 
sinusoidal field.
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4.2.2.2 Data analysis
After data acquisition, a Fourier transform of the complete signal is tak-
en. As shown in Figure 4.6, two peaks at a combination of the high and 
low frequencies arise due to the nonlinear behavior of the SPIONs:

 H L H L  (4.2)

The signal for frequency mixing is calculated using the following equa-
tion:

 FrequencyMixing  (4.3)
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FIGURE 4.6 Data analysis for frequency mixing. After a Fourier transform of the detected signal, 
the peaks at fH + 2fL and fH - 2fL are measured and used to calculate the frequency 
mixing signal (using Equation 4.3).



76

Chapter 4

4.2.3 MPS: Second harmonic
4.2.3.1 Excitation

The excitation sequence for second harmonic detection consists of a 
continuous combination of an AC (2525 Hz) and DC field, which have 
equal field strengths, as shown in Figure 4.7.
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FIGURE 4.7 The excitation field for second harmonic detection consists of a continuous 
combination of an AC and a DC field, which are equal in strength.
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4.2.3.2 Data analysis
After data acquisition, a Fourier transform of the complete signal is tak-
en. A clear peak at the second harmonic frequency (5050 Hz) can be ob-
served, as shown in Figure 4.8. The height of this peak is defined as the 
second harmonic signal:
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FIGURE 4.8 Data analysis for second harmonic detection. After a Fourier transform on the 
measured data, the peak at the second harmonic frequency (5050 Hz) is measured.
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4.2.4 MPS: Third harmonic
4.2.4.1 Excitation

The excitation sequence for third harmonic detection consists of a con-
tinuous AC field (2525 Hz), as shown in Figure 4.9.
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FIGURE 4.9 The excitation field for third harmonic detection consists of a continuous AC field.
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4.2.4.2 Data analysis
After data acquisition, a Fourier transform of the complete signal is tak-
en. A pronounced peak at the third harmonic frequency (7575 Hz) can be 
observed, as shown in Figure 4.10. The height of this peak is defined as 
the third harmonic signal:
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FIGURE 4.10 Data analysis for third harmonic detection. After a Fourier transform on the 
measured data, the peak at the third harmonic frequency (7575 kHz) is measured.
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4.2.5 Measurements
To make the comparison between the four methods fair, the power (the 
dissipation in the excitation coil, ) was kept constant for each meth-
od. The signal was measured at various powers, between 1 and 15 W. The 
corresponding field strengths for each method are shown in Figure 4.11. 
Since the signal is defined differently for each method, it is not possible 
to compare them directly. To compare them, the SNR was computed us-
ing the following equation:

 SNR mean
sample EmptyCoil

noise
 (4.6)

The measurements at 7 W are repeated 15 times for each method. Noise 
is defined as the standard deviation of these 15 measurements. In Diff-
Mag and frequency mixing, the power was increased by increasing the 
DC (low frequency) field strength. In second harmonic detection, the 
power was increased by increasing both the AC and DC field strengths. 
In third harmonic detection, only the AC field strength was increased. 
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FIGURE 4.11 Measurement field strengths as a function of power for each method. A shows the 
AC field strengths (amplitude; in frequency mixing this is the high frequency field). 
B shows the DC field strengths (in frequency mixing this is the low frequency field).
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To compare the SNRs of these methods, it was divided by the drive field 
(AC) amplitude, because the signal scales linearly with the amplitude of 
the drive field at low field strengths (Faraday’s law).

4.3 RESULTS AND DISCUSSION
The resulting signal for each method as a function of the maximum total 
excitation field strength is shown in Figure 4.12. In general, the differ-
ence between signal with and without sample increases with increasing 
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FIGURE 4.12 Signal as a function of maximum total excitation field strength, for different 
methods. The signal of an identical sample (symbols) as well as the signal of the 
empty holder (black bars) is shown. In general, the difference in signals with and 
without sample increases with drive field. However, the third harmonic method 
shows a steep decrease for field strengths over 7 mT.
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maximum field strengths. Only for third harmonic detection is there a 
decrease in the signal for field strengths larger than 7 mT.

Noise was calculated to be the following: DiffMag: 6.2 ± 1.2 V, frequen-
cy mixing: 2.8 ± 0.6 V, second harmonic: 1.2 ± 0.2 V and third harmonic: 
4.9 ± 1.0 V. The SNR per drive field is shown in Figure 4.13. In second 
and third harmonic detection, the drive field amplitude was increased 
with increasing power, whereas it was kept constant in DiffMag and fre-
quency mixing. The SNR improves with increasing drive field strength. 
Therefore, it was normalized to the drive (AC) field amplitude for the 
sake of a fair comparison. In general, the SNR increases with increas-
ing maximum field strengths. For DiffMag, frequency mixing, and sec-
ond harmonic detection, the SNR per drive field stabilizes around 6 mT. 
For third harmonic detection, there is a drop in the SNR per drive field 
for field strengths larger than 7 mT. For DiffMag and frequency mixing, 
the difference between signal with and without sample also stabilizes 
around 6 mT. This latter stabilization can be explained by the fact that 
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FIGURE 4.13 SNR as a function of maximum total excitation field strength (measurement time 
1 second). Second harmonic detection and frequency mixing have the best SNR. 
In general, there is an increase in SNR with increasing maximum field strength. 
For DiffMag, frequency mixing and second harmonic detection, the SNR stabilizes 
around 6 mT. Third harmonic detection shows a steep decrease in SNR after 7 mT.
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the AC (or high frequency) field was kept constant for these methods, 
and the DC (or low frequency) field was increased to increase power. 
Since changes in the magnetic flux are measured with a coil (Faraday’s 
law), an increase in the AC field strength is expected to increase the SNR. 
After saturation of SPIONs is reached, increasing the DC field strength 
has no effect on the measured signal.

Furthermore, DiffMag has a much larger spread between three consec-
utive measurements compared to the other methods. The origin of this 
increased spread might be related to the observation that DiffMag only 
considers differences in the amplitude of the ground harmonic (exci-
tation frequency), whereas the other three methods derive the signal 
from other frequencies. As a result, DiffMag is more sensitive to changes 
in cross talk by the drive field, for instance by changes of the gradiomet-
ric coil position.

4.4 CLINICAL USABILITY
In medical applications, it is important to keep field strengths low. It is 
important to note that when the field amplitude is doubled, four times 
the power is involved (this is a quadratic relation). We have seen a sta-
bilization in SNR per drive field for DiffMag, frequency mixing and sec-
ond harmonic detection for field strengths above 6 mT. For third har-
monic detection, a decrease in SNR per drive field was observed for field 
strengths above 7 mT. These results are promising for clinical applica-
tions, since none of the methods profit from large field strengths.

We were surprised by the low SNR of DiffMag compared to the other 
methods, since DiffMag works well in handheld detection in our expe-
rience. Measurements with our optimized software showed less spread 
between consecutive measurements. However, since the other methods 
were not optimized, it was decided to exclude these measurements from 
this paper. In the future, we will optimize both DiffMag and second har-
monic detection to further compare them.
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4.5 CONCLUSION
Nonlinear magnetic detection is promising for clinical applications be-
cause the characteristic nonlinear behavior of superparamagnetic iron 
oxide nanoparticles (SPIONs) already occurs at low magnetic field 
strengths (<10 mT), which makes it suitable for handheld detection. The 
field applied in these methods consists of a high frequency (AC) drive 
field and a low frequency (DC) bias field. We measured the SNR as a 
function of the maximum applied field.

We determined that the difference between signal with and without sam-
ple of the four methods generally increases with increasing maximum 
applied field. Only for third harmonic detection is there a sharp decrease 
in the signal for fields above 7 mT.

The SNR ratio improves with increasing drive field strength. For the sake 
of a fair comparison, we normalized the SNR to the drive field amplitude 
for all four investigated methods. In this comparison, second harmonic 
detection has the best SNR; it is about 4 times higher than for any of the 
other methods.

4.6 RECOMMENDATIONS
Generally, all methods will improve when the data acquisition (DAQ) 
system has a big dynamic range. To make use of the full potential of the 
DAQ system, it is important to minimize the interference of the exci-
tation field. If we only ‘see’ the signal generated by the nanoparticles, the 
gain can be increased and the full dynamic range can be used.

The reproducibility of the measurements made by DiffMag can be im-
proved by using active compensation, which is a way to get rid of the ex-
citation field. 13 Furthermore, the ratio of AC and DC field strengths can 
be optimized for DiffMag. Also, the length of the parts with a DC offset 
field can be shorter than those of the parts without DC offset field. This 
way, the field strengths can be larger while the power dissipated in the 
excitation coil remains the same.
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Third harmonic detection can be improved by using resonance circuits 
for the excitation as well as the detection coils. A resonance circuit re-
duces the power needed to obtain a higher field strength. Also, it is pos-
sible to use analog filtering to split the fundamental and third harmonic 
signals, which would allow a higher gain factor.

For second harmonic detection, the same improvements as for third har-
monic detection can be made (resonance and analog filtering). However, 
the main gain would be in the use of permanent magnets. A constant DC 
offset is used and when doing this with a permanent magnet no power 
is needed.

In this work, the excitation frequency was set at 2525 Hz to avoid inter-
ference with the harmonics of the main power (harmonics of 50 Hz). 
However, the second harmonic frequency lies at 5050 Hz, which is the 
101th harmonic of the main power net. Since the signal of the SPIONs is 
tiny, second harmonic detection might improve when a slightly different 
excitation frequency (for example 2535 Hz) is chosen.

To further analyze the full potential of the compared methods, it would 
be desirable to perform a frequency analysis. The ICNIRP guidelines 
describe a frequency dependent maximum allowed magnetic flux den-
sity. 23 The optimal frequency will be dependent on three factors: (1) the 
maximum allowed magnetic flux density (lower threshold = less signal), 
(2) Faraday’s law (twice the frequency = twice the signal strength, since 
changes in magnetization are measured), and (3) relaxation effects of 
SPIONs (at higher frequencies, the particles cannot keep up with chang-
es in the field and no nonlinear signal is measured).
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 ABSTRACT
A novel probe for laparoscopic in vivo detection of superparamagnetic 
iron oxide nanoparticles (SPIONs) has been developed. The main ap-
plication for in vivo detection of SPIONs our research group aims at is 
sentinel lymph node biopsy. This is a method to determine if a tumor 
has spread through the body, which helps to improve cancer patient care. 
The method we use to selectively detect SPIONs is differential magne-
tometry (DiffMag). DiffMag makes use of small magnetic field strengths 
in the mT range. For DiffMag, a handheld probe is used that contains 
excitation and detection coils. However, depth sensitivity of a handheld 
probe is restricted by the diameter of the coils. Therefore, excitation and 
detection coils are separated in our novel probe. As a result, excitation 
coils can be made large and placed underneath a patient to generate a suf-
ficiently large volume for the excitation field. Detection coils are made 
small enough to be used in laparoscopic surgery. The main challenge 
of this setup is movement of detection coils with respect to excitation 
coils. Consequently, the detector signal is obscured by the excitation 
field, making it impossible to measure the tiny magnetic signature from 
SPIONs. To measure SPIONs, active compensation is used, which is a 
way to cancel the excitation field seen by the detection coils. SPIONs 
were measured in various amounts and at various distances from the 
excitation coils. Furthermore, SPIONs were measured in proximity to a 
surgical steel retractor and 3 L water. It is shown that small amounts of 
SPIONs (down to 25 μg Fe) can be measured, and SPIONs can be mea-
sured up to 20 cm from the top of the excitation coil. Also, surgical steel 
and diamagnetism of water – and thus of tissue – have a minor influence 
on DiffMag measurements. In conclusion, these results make this novel 
probe geometry combined with DiffMag promising for laparoscopic sen-
tinel lymph node biopsy.
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5.1 INTRODUCTION
Sentinel lymph node biopsy (SLNB) is a procedure to determine the 
lymph node status of cancer patients. 1 As a result, it can be determined 
if the tumor has spread through the body and consequently patient care 
will be improved. In this chapter, a novel probe for laparoscopic SLNB is 
presented, as shown in Figure 5.1. Using such a minimally invasive ap-
proach results in improved short-term outcome for infections, hospital 
stay and quality of life compared to open surgery. 2 Laparoscopic SLNB 
can be applied for many types of tumors, including prostate, 3 bladder, 4 
esophageal, 5 and gynecologic 6 cancers.

During SLNB, a tracer is injected close to the tumor. This tracer will 
follow the natural path through the lymphatic system via passive me-
chanical transport and it will accumulate in the first nodes it encoun-
ters, namely the sentinel lymph nodes (SLNs). The next step in SLNB 

Detection

Excitation

Trocar

Probe

FIGURE 5.1 Separation of excitation and detection coils for laparoscopic sentinel node biopsies. 
Primary tumor is shown in pink, lymph nodes are shown in green, and sentinel 
nodes are shown in blue.
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is identification of the SLNs using a dedicated probe. Finally, both the 
primary tumor and SLNs are surgically removed.

Various types of tracers can be used for SLNB. Traditionally, a radioiso-
tope tracer is used in combination with blue dye. However, this has sev-
eral disadvantages, including logistical difficulties.3 A promising alter-
native is a fluorescent tracer, which is frequently used in laparoscopic 
surgery. 7,8 The most important advantages of this tracer are that it can 
be visualized using a standard laparoscopic camera and it is possible to 
map lymphatic drainage pathways in real time. However, the main dis-
advantages are its limited depth sensitivity (<10 mm) and rapid distri-
bution (fluorescent tracer does not get trapped in SLNs), giving the sur-
geon limited time to find sentinel lymph nodes. 3,7,9

Another promising tracer for SLNB are superparamagnetic iron oxide 
nanoparticles (SPIONs). This magnetic tracer has many advantages 
over a radioactive tracer, since it has a long shelf life and no strict regula-
tions. 10 The main advantage of a magnetic tracer over a fluorescent one 
is that SPIONs get trapped inside SLNs, giving the surgeon more time to 
find them. Furthermore, we expect that eventually depth sensitivity will 
be improved with our novel laparoscopic probe.

SLNs have a mean depth of 4 cm (1.5–8.5 cm) in breast cancer patients. 11 
Approximately 0.3% of the injection amount of SPIONs ends up in 
SLNs. 12,13 With a standard injection dose, it was found that an SLN con-
tains 140 ± 80 μg Fe. 12

To detect SPIONs in vivo, several handheld probes were developed for 
open surgery. These probes make use of AC magnetometry, 14 magnet-
ic tunnelling junction, 15 a combination of a permanent magnet and Hall 
sensor, 12 or a fundamental mode orthogonal fluxgate gradiometer. 16 
However, the main disadvantage all these probes share is their sensitiv-
ity to both surgical steel and diamagnetism of tissue. This sensitivity to 
diamagnetism limits depth sensitivity for low dose detection. 17
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differential magnetometry (DiffMag) does not suffer from this disadvan-
tage. DiffMag is a method that makes use of the nonlinear magnetic prop-
erties of SPIONs, which enables selective detection. 18 To detect SPIONs 
in vivo, a handheld probe was developed, which contains excitation and 
detection coils. 19 However, this first handheld probe has limited depth 
sensitivity. Depth sensitivity depends on the diameter of the coils. In 
laparoscopic surgery, the diameter of the probe is limited, because the 
probe has to fit through a standard laparoscopic trocar (12 mm). If the 
diameter of the handheld probe is decreased to 12 mm, depth sensitivi-
ty will decrease. As a result, it will be impossible to detect SLNs that lie 
deeper in tissue, which is a prerequisite for SLNB.

Our solution to improve depth sensitivity is mechanical separation of 
excitation and detection coils. In this way, the excitation coils can be 
made large to generate a sufficiently large volume for the excitation field. 
These large coils will be placed underneath the patient. The detection 
coils will be made small enough to fit through standard laparoscopic tro-
cars and will be used as handheld probe.

The main challenge after separating excitation and detection coils is 
movement of the detection coils with respect to the excitation coils. As 
a result, the detection signal will be obscured by the excitation field and 
it becomes impossible to detect tiny magnetization of SPIONs. To solve 
this problem we make use of active compensation. In active compen-
sation, extra field is coupled in, to cancel the measured excitation field. 
This leads to a balanced probe and SPIONs can be measured. A second 
goal of active compensation is to cancel the contribution of materials 
with a linear magnetic susceptibility in the mT field range, such as tissue 
and surgical steel.

Active compensation is only possible because we use DiffMag. In 
DiffMag, a combination of an AC field and DC offsets is used. When a 
DC offset is applied, the amplitude of the measured signal is lower com-
pared to when no offset is applied due to nonlinearity of SPIONs. The 
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difference in amplitude between blocks with and without DC offset is 
defined as DiffMag counts. This is a selective, quantitative measure for 
SPIONs. By coupling in extra field, as is done in active compensation, 
the amplitude of the measured signal will change, but the difference in 
amplitude remains the same. Therefore, distortions in balance of the 
probe do not influence DiffMag measurements.

However, in conventional AC magnetometry only an AC excitation field 
is used. In this case, the amplitude of the measured signal is indicative 
for the amount of SPIONs in proximity to the probe. As a result, the ex-
tra coupled field has exactly the same effect as measuring a lower quanti-
ty of PIONs, or measuring them further away from the probe. Therefore, 
it is impossible to distinguish the magnetization of SPIONs from distor-
tions in balance of the probe.

The main reason to balance the probe with active compensation is to op-
timize amplification gain and stay in the sensitive region of the data ac-
quisition system. The goal of this paper is to describe and demonstrate 
active compensation. Furthermore, the first static SPION measurements 
using our novel probe are shown. Finally, it is shown that measurements 
are not disturbed by surgical steel or diamagnetism of tissue.

5.2 MATERIALS
In this paper, SHP-25 (Ocean Nanotech) particles were used. These are 
water soluble iron oxide nanoparticles. They have a single magnetite 
core with a diameter of 25 nm and a 4 nm thick amphiphilic polymer 
coating. 20,21 They were measured in their standard concentration of 
5 mg(Fe)/mL.

This magnetite core – polymer shell structure is typical for SPIONs. A 
clinical tracer is for example Sienna+®, a CE-marked magnetic tracer in-
tended for SLNB. This tracer also has a core–shell structure. 14,22 Howev-
er, magnetic behavior of a monodisperse particle like SHP-25 is easier to 
predict, so we use this particle for developmental purposes.
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5.3 METHODS
5.3.1 Differential magnetometry

DiffMag is a method to selectively detect SPIONs in vivo, as previously 
described by Visscher et al. and Waanders et al. 18,19 It combines a con-
tinuous alternating (AC) magnetic field that has a small amplitude with 
positive and negative DC offset fields, as shown in Figure 5.2. As a re-
sult, every iteration of the excitation sequence consists of four blocks: 
no offset, positive offset, no offset, negative offset. Due to nonlinearity 
of SPIONs, the amplitude of the signal in a block with DC offset is lower 
compared to the signal in a block without DC offset. The difference in 
amplitude between these blocks is defined as DiffMag counts. This is a 
quantitative, selective measure for SPIONs.

per offset field interval allow a reliable quantitative measure of the
amount of particles. The response is independent of the magne-
tization of linear magnetic material (e.g. tissue). In this paper, the
procedure, which patent is pending, is referred to as quantification
protocol or Diffmag protocol [19].

The alternating field excitation causes rotation of the magnetic
moments of the nanoparticles. This process includes particle
relaxation mechanisms known as Néel and Brownian relaxation.
Néel relaxation is defined as rotation of the magnetic moment of
the core without physical rotation of the entire particle. In
Brownian relaxation the entire particle rotates, which thus
includes rotation of the magnetic moment. Physical rotation of
the particle is influenced by the volume of the particle and by the
viscous drag acting on the particle. The Brownian relaxation time
τB for particles with volume V is defined as

τB ¼
3Vη
kBT

; ð9Þ

with η is the viscosity of the medium surrounding the particle.
Néel relaxation is independent of viscosity, but depends on
temperature, size and anisotropy of the core [20].

Nonlinearity of the magnetization plays a key role in the
Diffmag algorithm. There are two important parameters that
determine the sensitivity of the procedure, as is shown in Fig. 2.
The Diffmag response is calculated as a function of the offset field
amplitude for different spherical iron oxide particle sizes using the
Langevin model of superparamagnetism, all with identical satura-
tion magnetization. For larger offset field amplitudes, the differ-
ence in local susceptibility (dM/dH) probed by the alternating field
is stronger, resulting in a larger Diffmag response. Secondly,
magnetic nanoparticles with a large diameter express a stronger
magnetization for low fields and magnetization saturates at lower
offset field amplitudes, which together results in a larger Diffmag
response compared to smaller particles. In addition, the Diffmag
response of Resovist and Endorem is calculated, based on particle
size distributions obtained from VSM. The larger average particle
diameter of Resovist compared to Endorem results in a stronger
Diffmag response.

The two aspects of particle size and field amplitude have to be
taken into account in the design of a system for a specific
application. Depending on the size of the particles used for a
typical application, the signal amplitude gained by increasing the
offset field amplitude is limited. The differential magnetometry
principle is most sensitive for particles with large core size,

allowing a lower offset field amplitude. This is advantageous for
clinical applications where magnetic field limits have to be
considered [21].

2.1.3. Measurement of magnetization curve
In an alternative way, the method can be used for characteriza-

tion purposes, by measuring the magnetization response to the
small alternating field for a range of offset field amplitudes. The
offset field is stepwise increased, while the alternating field is
applied to probe the local susceptibility. The resulting response is
the time derivative of the magnetic moment as a function of offset
field amplitude. This can be used to reconstruct a (frequency
dependent) dm/dH-curve that is equivalent with the point-spread-
function (PSF) in x-space MPI [22]. Subsequently, the dm/dH-curve
can be used to determine the magnetization vs. field curve of a
sample material and the magnetic core size distribution of the
particles in a sample that contribute to the signal.

2.2. Experimental setup

2.2.1. Magnetometer
The magnetometer is constructed of a set of coils that is placed in a

homemade G10 fiberglass epoxy cryostat with vacuum insulation and

Fig. 1. The concept of differential magnetometry simulated for monodisperse iron oxide particles with 16 nm diameter (A). The alternating excitation field is applied with
intervals with a positive and negative offset field amplitude (B). The colors in each panel correspond with the offset field amplitude. Nonlinear magnetic susceptibility results
in a reduced alternating magnetization response during periods with offset field (C), which is proportional to the amplitude of inductively measured signal (D). The Diffmag
voltage ΔU specifically represents the contribution from magnetic nanoparticles in a sample.
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Fig. 2. Calculated response of differential magnetometry for mono-disperse parti-
cles with different size for various offset field amplitudes. The response of Resovist
and Endorem was based on a bimodal log-normal particle size distribution,
determined by VSM. Endorem shows a much smaller response compared to
Resovist due to the differences in particle size distribution. For larger offset field
amplitudes and larger particle sizes, the Diffmag response becomes stronger and
saturates finally.
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FIGURE 5.2 The concept of differential magnetometry simulated for monodisperse iron oxide 
particles with 16 nm diameter (A). The alternating excitation field is applied with 
intervals with a positive and negative offset field amplitude (B). The colors in each 
panel correspond with the offset field amplitude. Nonlinear magnetic susceptibility 
results in a reduced alternating magnetization response during periods with offset 
field (C), which is proportional to the amplitude of inductively measured signal 
(D). The Diffmag voltage ΔU specifically represents the contribution from magnetic 
nanoparticles in a sample. This figure is reproduced from 18.
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5.3.2 Active compensation
Since the detection coils can move with respect to the excitation coils, 
their mutual inductance changes. As a result, the detection signal is ob-
scured by the excitation field, making it impossible to detect the tiny 
magnetization of SPIONs. Part of the excitation field is eliminated, be-
cause the detection coils are in a gradiometer configuration. However, to 
further optimize balance of the moving probe, active compensation is 
required. To achieve this, compensation coils are used, which are wound 
directly around the two detection coils. The phase and amplitude of the 
current that is sent through the compensation coils (and thus the mag-
netic field they produce) can be adjusted using two 10-bit digital poten-
tiometers.

The induction voltage in the detection coils (Udet) is proportional to the 
time derivative of four contributions, as shown in the following equa-
tion:

  (5.1)

In this equation MSPION is the nonlinear magnetization of SPIONs, Mlin is 
the magnetization of materials with a linear susceptibility (for example, 
tissue and surgical steel), Hexc is the excitation field strength and Hcomp is 
the compensation field strength. The goal of active compensation is to 
make Hcomp equal to Mlin+Hexc .

The first step in active compensation is a calibration measurement. This 
has to be performed only once for a certain set of excitation parameters 
(frequency and amplitude of the AC field) for a certain probe. The detec-
tion coil signal is measured for every setting of both digital potentiom-
eters. Next, the amplitude and phase of this signal are determined us-
ing a digital phase sensitive detection (PSD) algorithm. By fitting these 
results, parameters (a0, a1, b0 and b1) in the following equations can be 
determined:

  (5.2)
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in which Rc is the amplitude, Pc is the phase, CA is  the amplitude po-
tentiometer setting (0…1023), and CP is the phase potentiometer setting 
(0…1023). Potentiometer settings for a desired compensation signal are 
given by:

  (5.3)

After calibration, the excitation field is turned on and the detector sig-
nal is measured. After applying the PSD algorithm, the detector signal is 
given by Xp and Yp. The phase and amplitude of the current compensa-
tion signal (Rc and Pc) are know from Equation 5.2, since CA and CP are 
known. Xc and Yc can be calculated:

  (5.4)

Now, we can calculate the new compensation signal:

  (5.5)

  (5.6)

AC excitation

DC excitation

Detection

Compensation

266 mm

17 mm

FIGURE 5.3 Schematic representation of coils.
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Equation 5.3 will be used to determine the new potentiometer settings:

  (5.7)

These settings are used in the next iteration of the DiffMag sequence.

5.3.3 Experimental setup
5.3.3.1 Device

The most important part of the device are the coils, which are shown 
in Figure 5.3. Specifications of all coils are shown in Table 5.1. There are 
two excitations coils, one for the DC and one for the AC field. For both 
Litz wire is used. A transformer is connected in series to the excitation 
coils, but wound in opposite direction. This transformer has exactly the 
same mutual inductance as the excitation coils, so coupling between the 
coils is canceled (since the AC field would otherwise induce a current 
in the DC coil). Furthermore, there are two detection coils, which are in 
gradiometer configuration. The distance between these coils is 30 mm. 
Around both detection coils, compensation coils are wound.

To apply a magnetic field, a current is sent through the excitation coils. 
This current is provided by two power amplifiers; one for the DC coil 
(Servowatt DCP 390/60 50V/8A) and one for the AC coil (Servowatt 
VM200/48A 48V/4A). The magnetic field is verified by measuring the 
current that is provided by the power amplifiers. These power amplifi-
ers are controlled by a data acquisition (DAQ) card (NI USB-6356) that 

TABLE 5.1 Specifications of the coils.

Wire ∅ [mm] Inner ∅ [mm] Outer ∅ [mm] Turns [#]
AC excitation coil 2.5 252 266 20
DC excitation coil 2.5 146 248 100
Upper detection coil 0.115 10 15.5 720
Lower detection coil 0.115 10 15.5 −720
Upper compensation coil 0.115 15.5 16 40
Lower compensation coil 0.115 15.5 16 −36
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is connected to a PC. All input and output signals from the DAQ card 
are filtered (and amplified) in a customized box with electronics to pre-
vent aliasing. The content of this box is shown in the red rectangle in 
Figure 5.4. The electronics box also contains two digital potentiometers 
to control the current sent through the compensation coils. Settings of 
the potentiometers are controlled by a microprocessor, which is mount-
ed on an Arduino Uno. The signal measured by the detection coils is am-
plified, filtered and sent to the PC via the DAQ card. MATLAB is used 
both to control the system and process data.

5.3.3.2 Measurement protocol
All measurements were performed in a static setup. First, active com-
pensation was performed, by iterating the process explained in Section 
3.2 ten times to achieve balance. In all measurements, an excitation fre-
quency of 2525 Hz and a sample frequency of 200 kHz were used. The 
length of one DiffMag sequence was set to 0.5 s and 20 iterations were 
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Filter
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DC output

AC output

Phase
0o..100o 0...1x

A�enuator Compensa�on 
output

FIGURE 5.4 Schematic representation of signal filtering and amplification. All components in 
the red rectangle are present in a customized electronics box.
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measured. All measurements were performed three times. Three sets of 
measurements were performed.

First, various amounts (25, 50, 75, 100, 250 and 500 μg Fe) of SHP-25 were 
measured. The samples were placed directly in front of the probe con-
taining the detection coils and the probe was at a distance of 5 cm from 
the excitation coils. The currents sent were 2.4 Ampere AC and 8 Am-
pere DC and maximum magnetic field strengths at the location of the 
sample were 0.2 mT AC and 3.3 mT DC.

Second, the SHP-25 sample containing 500 μg Fe was measured at vari-
ous distances to the excitation coils. The probe was placed at the center 
of the excitation coil, 1 cm above the top of the excitation coils. The sam-
ple was placed directly in front of the probe. Next, the probe and sample 
were moved in a straight line upwards in steps of 1 cm to a total distance 
of 20 cm from the excitation coils.
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FIGURE 5.5 Calibration results showing amplitude and phase of the signal from the detection 
coils for every setting of the potentiometers. At the highest values of CA the 
amplitude bends, because the DAQ card has a range of ± 10 V.
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Last, the SHP-25 sample containing 500 μg Fe was measured in air and in 
proximity to a surgical steel retractor and water, in three separate mea-
surements. The samples were placed directly in front of the detection 
coils and the detection coils were at a distance of 5 cm from the exci-
tation coils. The retractor was placed directly on top of the excitation 
coils, between excitation coils and sample. Next, a square container con-
taining 3L water was placed on top of the excitation coils, resulting in 
± 4 cm water between excitation coils and sample.

5.4  RESULTS
5.4.1 Active compensation

Figure 5.5 shows calibration results. The amplitude and phase of the sig-
nal from the detection coils is shown for every setting of the potentiom-
eters.

Figure 5.6 shows ten iterations of active compensation. At the start, the 
excitation field is disturbing the signal, but it is gradually canceled out. 
After ten iterations, the probe is balanced and SPIONs can be measured.
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FIGURE 5.6 Ten iterations of active compensation, after which the probe is balanced.
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5.4.2 SPION measurements
Static particle measurements are shown in Figure 5.7. SHP-25 can be 
measured down to 25 μg Fe.

Measurements at various distances to the excitation coils for the SHP-25 
sample containing 500 μg Fe are shown in Figure 5.8. Measurements are 
possible up to 20 cm from the top of the excitation coils.

Figure 5.9 shows DiffMag and AC magnetometry measurements on the 
SHP-25 sample containing 500 μg Fe. The sample was measured in air, 
and in proximity to a surgical steel retractor and water. It can be observed 
that DiffMag counts are nearly the same in air and in presence of a sur-
gical steel retractor or water. On the contrary, AC magnetometry counts 
are increased in presence of a surgical steel retractor, and decreased in 
presence of water. Furthermore, the standard deviation is much larger in 
AC magnetometry measurements compared to DiffMag.
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FIGURE 5.7 Sample measurements showing DiffMag counts for various amounts of SHP-25. 
Samples were placed directly in front of the detections coils, and detection coils were 
at a distance of 5 cm from excitation coils, resulting in field strengths of 0.2 mT (AC) 
and 3.3 mT (DC). Error bars show ± one standard deviation.
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5.5  DISCUSSION
Our novel laparoscopic probe for in vivo detection of SPIONs has five 
main advantages. First, it makes use of small field strengths. As a result, 
energy consumption is limited and handheld detection becomes possi-
ble. Second, separation of excitation and detection coils makes it possi-
ble to reduce the diameter of the detection coils, while reduction in depth 
sensitivity is limited. This makes our probe suitable for laparoscopic 
surgery. The large excitation coils generate a far-reaching excitation field, 
allowing identification of SLNs at different locations in the body. Third, 
a feature of our probe is its possibility to cancel the excitation field seen 
by the detection coils at various distances to the excitation coils. This 
shows the possibility to balance the probe at any location in the non-
uniform excitation field. Consequently, amplification gain can be chosen 
optimally to measure the tiny magnetic signature of SPIONs.
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FIGURE 5.8 DiffMag counts at various distances to the excitation coils. An SHP-25 sample 
containing 500 μg Fe was placed directly in front of the detection coils. The detection 
coils and sample were moved away from the excitation coils in steps of 1 cm. Error 
bars show ± one standard deviation.
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Fourth, both surgical steel and diamagnetism of water and tissue are not 
disturbing DiffMag measurements. Figure 5.9 shows that the DiffMag 
counts are nearly the same when SPIONs are measured in proximity to 
surgical steel or water. In this experiment, water is used to show the ef-
fect of diamagnetism of tissue. In a clinical application, we want to mea-
sure a small amount of SPIONs in a large amount of tissue. Therefore, 
DiffMag’s insensitivity to tissue is a big advantage compared to all other 
probes. 12,14–16

The final advantage of our novel probe is DiffMag’s robustness for im-
balances of the probe. DiffMag is not sensitive to the amplitude of the 
measured signal, but is a selective measurement for SPIONs. On the 
contrary, conventional AC magnetometry is not possible when balance 
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FIGURE 5.9 DiffMag (left) and AC magnetometry (right) measurements of an SHP-25 sample 
containing 500 μg Fe. The sample was placed directly in front of the detections coils, 
and detection coils were at a distance of 5 cm from excitation coils. Measurements 
were performed in air, with a surgical steel retractor between excitation coil and 
sample, and with 3 L (± 4 cm) water between excitation coil and sample. Error bars 
show ± one standard deviation.
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of the probe is disturbed. This can be explained by the fact that when 
balance is disturbed, the amplitude (AC magnetometry) of all blocks of 
the detected signal increases, whereas the difference in amplitude be-
tween the blocks (DiffMag) stays the same. This (in)sensitivity to bal-
ance also explains why the standard deviation of the AC magnetome-
try measurements in Figure 5.9 is much larger compared to the DiffMag 
measurements. However, active compensation is possible and required 
for DiffMag, since the sensitive range of the DAQ card is limited. The 
better the probe is balanced, the smaller the amplitude of the measured 
signal, enabling a larger amplification gain, making the probe more sen-
sitive.

5.5.1 Performance in relation to clinical needs
Currently, the minimum amount of SPIONs that can be identified with 
our novel probe contains 25 μg Fe. In the clinical situation, an SLN con-
tains 60–220 μg Fe. 12 This means that our probe is already sensitive 
enough to detect SLNs. However, this detection limit of 25 μg Fe was de-
termined for measurements where SPIONs were placed directly in front 
of the detection coils.

Biot-Savart law is used to predict the maximum detection depth of an 
SLN. Figure 5.7 shows a linear relation between DiffMag counts and 
amount of iron in the sample. This linear relation is used to calculate the 
counts induced by a typical SLN. The empty coil measurement shown 
in Figure 5.7 provides the threshold, or minimum number of detectable 
counts. The depth sensitivity of an SLN containing 60–220 μg Fe is cur-
rently 14–24 mm. Reducing noise in the system, as described in Section 
5.2, will improve sensitivity of the probe and consequently the maxi-
mum detection depth.

For example, in breast cancer patients, SLNs have a mean depth of 4 cm. 11 
However, in laparoscopic surgery SLNs are not measured through the 
skin, but the probe is placed directly on the fatty tissue containing the 
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lymph nodes. 23 To conclude, the present sensitivity of our probe is al-
ready clinically usable.

5.5.2 Improvements before clinical implementation
Although sensitivity of the probe is already clinically usable, the probe 
can be improved for clinical use in four ways. First, it is essential that 
movement of detection coils is possible during SPION measurements. 
This can be achieved by implementation of active compensation in the 
DiffMag protocol. The signal of one block of the DiffMag sequence will 
be used to calculate new compensation values and thus to balance the 
probe. The length of a DiffMag sequence needs to be reduced to enable 
compensation in real time and faster movement of the probe.

Second, the diameter of the probe must be reduced. For clinical usage it 
must fit through a standard 12 mm trocar.

Third, sensitivity of the probe can be improved. This will lead to mea-
surement of either a lower quantity of SPIONs, or measuring a sample at 
a larger distance from the detection coils (measuring nodes that are lo-
cated deeper in tissue). Presently, there are distortions on the measure-
ment signal. Part of these distortions are caused by the 50 Hz harmonics. 
This is why we now measure at 2525 Hz instead of 2500 Hz. Furthermore, 
the power amplifiers seem to introduce noise. We also want to amplify 
the probe signal directly after the detection coils instead of in the elec-
tronics box, to avoid signal loss when the signal is transfered through a 
cable. Improving these electronics in our setup will improve sensitivity 
of the probe.

Finally, it would help to make the excitation field more homogeneous. 
This would make balancing of the probe much easier. If we can achieve 
a perfectly homogeneous field, the excitation field is the same at every 
location of the probe. As a result, the field is equal in both detection coils. 
The coils will be passively balanced, making active compensation less 
crucial. Another advantage of a homogeneous excitation field is that 
DiffMag counts are in that case not dependent on the location of the 
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SLNs. Figure 5.8 shows that DiffMag counts decrease when distance to 
the excitation coils is increased. However, achieving a sufficiently large 
homogeneous excitation region would require a more complicated setup 
with large coils, making a surgical procedure more difficult.

It is hard to say how the improvements described in this section will af-
fect the measurements. The theoretical noise limit is the resistance of 
the detection coils. We are already close to clinical needs, so slight im-
provements will make this probe usable in the clinic.

5.6  CONCLUSION
A novel probe for in vivo detection of SPIONs has been developed. A 
unique feature of this probe is mechanical separation of excitation and 
detection coils. Active compensation was developed and demonstrated, 
allowing independent movement of the detection coils with respect to 
the excitation coils. With our current hardware it is possible to measure 
as little as 25 μg of SPIONs. Furthermore, measurements are successful 
at various distances from the excitation coils, showing the possibility to 
move the detection coils. Measurements are successful because we use 
DiffMag. Distortions in balance of the probe do not influence DiffMag 
measurements. Finally, both surgical steel and diamagnetism of tissue 
have minor influence on DiffMag measurements. In conclusion, this 
chapter shows promising first steps towards laparoscopic SLNB, since it 
enables identification of magnetically marked nodes in the diamagnetic 
human body.
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 ABSTRACT
Objective: Sentinel lymph node harvesting is an essential step in the 
surgical treatment of a growing number of malignancies. Various tech-
niques are available to facilitate this purpose. The present study reports 
a new laparoscopic technique for lymph node harvesting using magnetic 
nanoparticles containing a superparamagnetic iron-oxide core and dex-
tran coating. This study assesses the clinical relevance of the prototype 
and provides input for further technological development on the way to 
clinical implementation. 

Methods: A laparoscopic differential magnetometer prototype was 
built, utilizing a nonlinear detection principle (differential magnetom-
etry) for magnetic identification of lymph nodes. The iron content sen-
sitivity, depth and spatial sensitivity, and angular sensitivity were ana-
lyzed to investigate clinical options.

Results: The minimum detectable amount of iron was 9.8 μg at a dis-
tance of 1 mm. The detection depth was 5, 8, and 10 mm for samples con-
taining 126, 252, and 504 μg iron, respectively. The maximum lateral de-
tection distance was 5, 7, and 8 mm for samples containing 126, 252, and 
504 μg iron, respectively. A sample containing 504 μg iron was detectable 
at all angulations assessed (0°, 30°, 60° and 90°). 

Conclusion: The laparoscopic differential magnetometer demonstrates 
promising results for further investigation and development towards 
laparoscopic lymph node harvesting using magnetic nanoparticles .
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6.1 INTRODUCTION
The importance of lymph node (LN) involvement for treatment plan-
ning is widely recognized in an extensive number of cancer types. A sur-
gical procedure to detect and remove LNs, based on the primary tumor 
spreading to the first draining LNs (sentinel lymph nodes, SLNs), is the 
current-standard-of-care for treating a variety of cancer types, including 
breast, skin, vulvar, and cervical cancer. 1 The effectiveness of SLN-har-
vesting in abdominal primary cancers, 2 such as endometrial, 3 gastric, 4 
colon, 5 and prostate cancer, 6 has been the subject of extensive clinical 
research.

The SLN principle can be conducted using various tracers and detection 
techniques. Depending on the tumor type and stage, the tracer is inject-
ed intratumorally or peritumorally, before or during the surgery. When 
injected, the tracer spreads from the injection spot through the lymphat-
ic system. Depending on halftime and coating, a tracer will be excreted 
by the kidneys, phagocytosed by macrophages, or encapsulated by a 
deposition of plasma proteins. 7 Subsequently, intraoperative harvesting 
of LNs is facilitated by LN identification using a tracer-specific detector.

Currently, radioactive tracers are the most commonly used tracers to fa-
cilitate LN harvesting. 8 The most notable downsides to this technique 
include radiation exposure to patients and medical staff, although min-
imal, and related strict regulations. Furthermore, the radioactive tracer 
has a relatively short decay time, which implies that the moment of in-
jection and the subsequent surgery need to be planned within a strict 
time frame. When the intended surgical procedure is delayed, the tracer 
has already lost most/all of its signal and needs to be injected again. 9–11 
Also, when the radioactive tracer is injected, structures in the near prox-
imity may be hard to identify due to the shine-through effect. 12 Final-
ly, the availability of the radioactive tracer is a major problem in many 
countries. An alternative to radioactive tracers are near-infrared fluores-
cent tracers. By utilizing the dedicated wavelength setting on the laparo-
scopic camera, the fluorescent tracer is directly visible and can be used 
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for LN identification during surgery. 13 However, the penetration depth 
of a fluorescent tracer is limited. This can be countered by using a hybrid 
tracer, which is a combination of radioactive or magnetic and fluorescent 
particles. Additionally, leakage of tracer during surgery contaminates 
the laparoscopic view. 14

This study reports on techniques using magnetic tracers consisting of 
superparamagnetic iron-oxide nanoparticles (SPIONs). Provided with a 
relatively long half time of the magnetic tracers, 15 they are phagocytosed 
by macrophages and encapsulated by a deposition of plasma. These ef-
fects contribute to the trapping of the injected tracer inside the LN. 7 The 
main advantages of magnetic tracers are the absence of radiation expo-
sure, the lack of regulatory requirements related to radioactivity, and the 
longer shelf-life compared to a radioactive tracer. Magtrace® (Endomag, 
UK) is a commercially available CE-marked and FDA-approved magnet-
ic tracer for SLN harvesting that is currently used clinically for breast 
cancer patients. The tracer is injected intra- or peritumorally, at least 
20 minutes before surgery. Considering the long half time of magnetic 
nanoparticles, surgery can take place days after injection. An addition-
al advantage includes the ability to perform preoperative imaging using 
nanoparticle-enhanced MRI, enabling MRI lymphography by identify-
ing the hotspot areas. 16 

The only available CE-marked and FDA-approved magnetometer for 
SLN detection, the Sentimag® magnetometer (Endomag, UK), 17 utilizes 
a linear magnetic detection mechanism and is developed for open sur-
gery. This mechanism is insensitive to the different types of magnetic 
signal. Consequently, all magnetic signals in near proximity will be de-
tected, including the human body, metal implants, and surgical steel in-
struments. Also, a calibration step is required to compensate for linear 
contributions before starting every individual measurement. The size, 
frequent calibration and magnetic disturbances make linear detection 
unsuitable for laparoscopic surgery, which is the current-standard-of-
care for most abdominal cancers.
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The future generation magnetometers assess magnetic nanoparticle 
response to an external magnetic field in a nonlinear mode. 18,19 These 
nonlinear magnetometers are tailored to detect only the nonlinear signal 
of the injected SPIONs, making a calibration step before measuring and 
the use of non-iron instruments obsolete. Some of these magnetometers 
have been developed especially for laparoscopic surgery, including one 
reported by Kuwahata et al., 18 and the laparoscopic differential magne-
tometer (LapDiffMag) presented in this study. The LapDiffMag is based 
upon the nonlinear differential magnetometry (DiffMag) principle. 19 

An excitation coil is used to activate the magnetic nanoparticles with a 
combination of an alternating magnetic field (1–10 kHz) and a pulsating 
static magnetic field. Detection coils are used to measure magnetization 
of the magnetic nanoparticles. By calculating a difference in amplitude 
of parts of the signal, with and without the static magnetic field, the 
nonlinear signature of the magnetic nanoparticles is measured. This re-
sults in a number, shown on a screen, and an audio signal, which is rep-
resentative of either the amount of particles close to the probe or the dis-
tance between the probe and the sample. To decrease the diameter of the 

20 mm 10.5
mm

FIGURE 6.1 Left: the magnetometer setup for open surgery (in green the excitation coil and in 
blue the detection coil). Right: the magnetometer setup with separated coils.
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magnetic detection probe (and fit it inside a trocar), the excitation coil 
was separated from the probe, enlarged and placed beneath the patient, 
as shown in Figure 6.1. Based on this principle, we have built a laparo-
scopic prototype, the LapDiffMag, and have assessed its usability with 
regard to clinically-relevant requirements, in terms of sensitivity to iron 
content, depth, lateral distance, and angulation.

6.2 MATERIALS AND METHODS
6.2.1 The laparoscopic differential magnetometer

The LapDiffMag presented in this study consists of three main parts: an 
excitation coil, a detection probe, and a control unit, as shown in Figure 
6.2. The dimensions of the control unit are 0.5 m x 0.5 m x 1.5 m (length 
x width x height), the weight is 70 kg, and it is placed on wheels. The 
excitation coil consists of the two parts that are needed for DiffMag 

FIGURE 6.2 LapDiffMag situated in an operating room. The excitation coil is shown in green, the 
detection probe in blue and the control unit in yellow. The number (42) shown on 
the screen and the pitch of the sound represent either the amount of particles close 
to the probe or the distance between probe and sample.
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detection: one to apply the alternating magnetic field and one to ap-
ply the static magnetic field. This coil has an outer diameter of 27 cm, a 
height of 1 cm and is able to excite LNs up to 20 cm above its surface. The 
excitation coil is shielded to meet electrical safety requirements and is 
placed underneath a mattress for patient comfort. The detection probe 
consists of a set of two compensation coils and a set of two detection 
coils, both in a gradiometric configuration. This arrangement enables 
compensation of the inhomogeneous excitation field. 20 The current di-
mensions of the detection probe (length = 45 cm, diameter = 10.5 mm) 
allow the use of a sterile sleeve trough of a standard 12 mm trocar. De-
tails of the detection probe are shown in Figure 6.3. Besides the coils, the 
probe contains a printed circuit board for signal filtering and amplifica-
tion. The control unit contains all remaining electronics to control the 
system and process data.

a b

c

FIGURE 6.3 Details of LapDiffMag. a) shows the complete setup where the detection probe is 
placed in a trocar. b) shows the outside of the detection probe. c) shows the inside 
of the detection probe: a printed circuit board and a holder with the detection and 
compensation coils.
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6.2.2 Experiments
The performance of the LapDiffMag detection probe, in terms of sensi-
tivity to iron content, depth, spatial sensitivity, and angularity, was test-
ed in three experiments, as shown in Figure 6.4. The liquid sample con-
taining magnetic nanoparticles (28 mg/mL, Magtrace®, Endomag, UK) 
in a plastic (polypropylene) microtube, was placed in a wooden holder to 
avoid magnetic influences. At the location of the sample (centrally to the 
excitation field and 5 cm above the surface of the excitation coil), the par-
ticles undergo an alternating magnetic field with an amplitude of 0.2 mT 
at a frequency of 2525 Hz and an additional static (pulsating) magnetic 
field with a strength of 3.3 mT . The detection probe was controlled using 
a robotic arm (Meca500, Mecademic inc., Canada).

The DiffMag signal is measured twenty times per acquisition (10 sec-
onds). Each acquisition was repeated five times to assess the repeat-
ability. A baseline signal is acquired without sample (empty coil). To 
increase the robustness of the detection, 100 individual DiffMag signals 
were preprocessed in order to remove all signals that deviated by more 
than 1 standard deviation from the average. The remaining signals were 
used to calculate an average DiffMag signal for both the empty coil (back-
ground noise) and the sample acquisitions. A detection is considered in 
cases where the average minus one standard deviation of the DiffMag 
signal exceeded the background noise.

a b c

FIGURE 6.4 Summary of experiments. a) Samples containing various amounts of iron were 
measured to determine sensitivity of the probe. b) Lateral and longitudinal distance 
between probe and sample were varied to determine depth and spatial sensitivity 
of the probe. c) A sample was measured under various angles to determine angular 
sensitivity of the probe.
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In the first experiment, the iron content sensitivity was tested for 12 
Magtrace® samples with various iron quantities (2.8, 5.6, 7, 9.8, 14, 28, 42, 
56, 84, 112, 252, and 504 μg iron). Signals were acquired at a distance of 1 
mm from the tip of the detection probe, as shown in Figure 6.4a.

In the second experiment, the depth & spatial sensitivity were tested for 
three Magtrace® samples containing 126, 252, and 504 μg iron at various 
depths and lateral distances, as shown in Figure 6.4b. The depth was 
varied between 1 and 11 mm, in 11 steps. The lateral distance was varied 
between 0 and 10 mm, in 11 steps. Since the detection probe is symmetric, 
these measurements represent the DiffMag signal in all axial directions.

In the third experiment, the angular sensitivity was tested. The probe 
(and sample) were placed at an angle with respect to the excitation coil, 
as shown in Figure 6.4c. The DiffMag signal for a sample containing 504 
μg iron was acquired at angles of 0°, 30°, 60°, and 90°.
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FIGURE 6.5 Measured DiffMag signals for Magtrace® samples with various iron contents (2.8, 
5.6, 7, 9.8, 14, 28, 42, 56, 84, 112, 252, and 504 μg iron) are shown as blue stars. Error 
bars show ± 1 standard deviation. The red line shows the average of 65 empty coil 
measurements. The inset shows a magnification of the first four samples (2.8, 5.6, 7, 
and 9.8 μg).
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6.3 RESULTS
6.3.1 Iron content sensitivity

The DiffMag signals of samples containing various amounts of iron are 
shown in Figure 6.5. The smallest sample detected contains 9.8 μg iron.

6.3.2 Depth & spatial sensitivity
Measurements at various depths and lateral distances between sample 
and probe are shown in Figure 6.6 for all three samples. The smallest 
sample (126 μg) was detectable at a depth of 5 mm and a lateral distance 
of 5 mm. The sample containing 252 μg iron was detectable at a longitudi-
nal distance of 8 mm and a lateral distance of 7 mm. The sample contain-
ing 504 μg iron was detectable at a longitudinal distance of 10 mm and a 
lateral distance of 8 mm. 
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FIGURE 6.6 Measured DiffMag signals for three Magtrace® samples containing 126, 252, and 
504 μg iron at a fixed location in the excitation field while the probe was moved in 
a longitudinal and lateral direction in steps of 1 mm. Error bars show ± 1 standard 
deviation. The red line shows the average of 55 empty coil measurements.
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6.3.3 Angular sensitivity
The DiffMag signal for a sample containing 504 μg iron measured under 
various angles is shown in Figure 6.7. The sample was detectable under 
all angles (0°, 30°, 60°, and 90°).

6.4 DISCUSSION
This study presents the first results characterizing the laparoscopic dif-
ferential magnetometer (LapDiffMag) with respect to amount of iron, 
detection depth, lateral distance, and detection angle. In a clinical appli-
cation, the detection will be simultaneously influenced by all four fac-
tors. A fifth factor is the distance between the SPIONs and the excitation 
coil (an increased distance corresponds with a lower signal). During the 
study, this distance was kept constant at 5 cm in order to focus only on 
the properties of the detection probe. 

Much is still unknown about the spreading of magnetic tracers in the 
lymphatic system, making it difficult to determine strict requirements 
for a magnetometer with respect to sensitivity. However, one study re-
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FIGURE 6.7 Measured DiffMag signal for a Magtrace® sample containing 504 μg iron (blue) and 
empty coil measurements (red) at a fixed location in the excitation field while the 
probe was angulated (0°, 30°, 60°, and 90°). Error bars show ± 1 standard deviation.
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ports that a LN typically contains 140 ± 80 μg iron for breast cancer pa-
tients, after injecting 1.6 mL Resovist (28 mg/mL). 21 The minimum iron 
sensitivity of 9.8 μg for the LapDiffMag is sufficient to detect LNs direct-
ly positioned in front of the probe. With increasing lateral or longitudi-
nal distance between sample and probe, the detection rate decreases. 

Spatial sensitivity in this study was 10 to 16 mm, which is in the range of 
the probe diameter (10.5 mm). This means that LNs can only be success-
fully detected when the probe is directly aimed at the LN. The advan-
tage of this narrow spatial sensitivity is that it is easier to distinguish 
the relevant LNs in close proximity or those close to the primary tumor 
(injection spot). 

An important advantage of magnetic tracers is that they also facilitate 
preoperative MRI lymphography, which is beneficial for LN identifica-
tion using magnetic nanoparticles. 22 The clinical concern that magnetic 
nanoparticles could lead to long-lasting artefacts hampering diagnos-
tic MRI is currently reported as being obsolete, as it can be prevented 
by choosing an adequate dose, injection site, and MRI sequence. 23 Al-
though the magnetic tracer is still being researched and improved, it is 
already an interesting alternative due to lower costs, user friendliness, 
and preoperative MRI possibilities. 

One other promising nonlinear laparoscopic magnetometer was de-
scribed in the literature. 18 This study showed the feasibility of lapa-
roscopically detecting gastric LNs with a magnetic tracer in a porcine 
model. It also confirmed the possibility of measuring with surgical steel 
in close vicinity to the detection probe, due to the nonlinear magnetic 
principle used. The probe shaft of this magnetometer has a diameter of 
12 mm. Even though both probes can be used with a 12 mm trocar, the 
probe presented in this study (10.5 mm) facilitates the use of a sterile 
sleeve. An advantage of the LapDiffMag is that the detection probe does 
not contain an excitation coil. The magnetometer described by Kuwa-
hata et al. contains a coil to apply an alternating magnetic field, which 
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might lead to heating of the probe. 18 In the LapDiffMag, the excitation 
coil is placed beneath the patient and can be shielded to prevent injury 
due to heating and to increase electrical safety. 

6.5 CONCLUSION
The LapDiffMag, using a nonlinear DiffMag principle, demonstrated 
promising first results in terms of sensitivity to iron content, depth, spa-
tial sensitivity, and angularity. With this in mind, the magnetic route is 
promising as an alternative to the radioactive technique and as an addi-
tion to the fluorescent technique.

6.6 RECOMMENDATIONS
Prior to clinical implementation of the LapDiffMag, the following tech-
nical developments are necessary. Firstly, the excitation coil needs to be 
improved. The sample location used in this study is ideal for the present 
hardware. Even though LNs can be excited up to 20 cm from the surface 
of the coil, the excitation field (and therefore the DiffMag signal) de-
creases rapidly with increasing distance. 20 In practice, the coil must be 
shielded, and a mattress is needed for patient comfort. This means that 
only LNs that lie a few cm from the back of the patient can be measured. 
For clinical implementation, an increased excitation distance (at least 
30 cm) is required. To enlarge the area where SPIONs can be detected, 
a larger excitation coil is needed. Furthermore, the angular sensitivity 
of the LapDiffMag is an important feature that needs comprehensive 
evaluation (measuring multiple samples under various angles) in terms 
of angles typically used during laparoscopic surgery. A final important 
aspect to this system is the magnetic tracer. Currently, there is only one 
CE-marked and FDA-approved tracer available (Magtrace®, Endomag, 
UK). There are many experimental tracers available with superior mag-
netic performance demonstrated in laboratory conditions. When clini-
cally available, these tracers will increase the effectiveness of the proce-
dure by increasing detection sensitivity in terms of detection of smaller 
amounts of tracer and improved detection depth.
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7.1 NANOPARTICLE CHARACTERIZATION  
TO IMPROVE IN VIVO DETECTION
In Chapter 2, a characterization technique for superparamagnetic iron 
oxide nanoparticles (SPIONs) was introduced. Measuring the magneti-
zation curve of SPIONs can be useful for multiple purposes. It is a con-
venient tool in the manufacturing process of particles. Since measure-
ments are fast (approximately 1 second), it is easy to measure a range 
of produced particles to analyze their superparamagnetic properties and 
finetune production steps to create an optimal particle for a specific ap-
plication.

The optimal particle for a sentinel lymph node biopsy (SLNB) has a 
steep magnetization curve: a high peak (large magnetic susceptibility), 
and a narrow width (low saturation magnetization). This results in a 
large measured signal per volume of particles, leading to a reduced in-
jection dose. A particle dominated by Brownian relaxation shows a large 
DiffMag signal in a liquid sample. However, for an SLNB, the effect of 
in vivo injection must be taken into account. After injection, Brownian 
relaxation is (partly) blocked, and most of the DiffMag signal is lost for 
a Brownian dominated particle. A Néel dominated particle is much less 
sensitive to environmental effects, but the DiffMag signal is low. A nano-
flower particle seems to have the best of both worlds. Due to a combina-
tion of multiple small cores in a larger core, both relaxation processes 
play an important role, and environmental effects are limited. In the end, 
an SLNB does not require quantitative measurements, since a surgeon 
only needs to know whether a lymph node contains particles. Therefore, 
a small environmental effect is not an issue, as long as the particles are 
still detectable after in vivo injection.

After finding the optimal particle in the future (in terms of magnetic 
performance, but also for safe use in humans), we can use the magneti-
zation curve to optimize the protocol for nonlinear magnetic detection. 
The frequency of the excitation field is an important aspect. Faraday’s 
law of induction states that if the frequency is doubled, the measured 
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signal is doubled as well. It would, therefore, be ideal to use a high fre-
quency. However, above a certain frequency, the particles cannot keep 
up with the frequency of the alternating field, and the measured voltage 
stabilizes or even decreases. A second consequence of using a low-fre-
quency excitation field is that the effect of particle dynamics, and thus of 
environmental changes, is less. As described in Chapter 3, this is con-
venient for SLNB. In the end, the optimal frequency is a compromise 
between the optimal particle response and receiving a sufficient signal 
to measure. To find this optimal frequency, magnetization curves can be 
measured at various frequencies.

A second step is to optimize the excitation field strengths to improve in 
vivo detection. The excitation sequence in DiffMag consists of a continu-
ously changing (AC) magnetic field and a pulsating static (DC) magnetic 
field. Both the AC and DC field strengths can be optimized by measuring 
the magnetization curve for multiple combinations of the two. 

Finally, in vivo detection can be further optimized by analyzing envi-
ronmental effects on SPIONs. It is typical for SPIONs to accumulate in 
lymph nodes during an SLNB. A combination of the natural filtering 
of lymph nodes and uptake by macrophages leads to (partial) blocking 
of the particles, resulting in a decrease in Brownian relaxation time. In 
Chapter 3, the environmental effects on differential magnetic suscepti-
bilities were analyzed for various particles, and it was shown that parti-
cles with a nanoflower structure were least sensitive to environmental 
changes. In the quest for the optimal particle for an SLNB, it is import-
ant to further analyze changes in in vivo magnetic susceptibility.

7.2 SAFETY OF LOW-FREQUENCY ELECTROMAGNETIC FIELDS
In all the presented methods, magnetic excitation fields with a frequency 
between 1 and 10 kHz were used. As described in Chapter 1 of this the-
sis, for this frequency range, the magnetic field strength is limited by 
magnetostimulation: a tingling sensation when the body is exposed to 
a magnetic field. The ICNIRP guidelines are rather strict (0.12 mT), but 
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experimental evidence shows that magnetic field strengths up to 95 mT 
(for stimulation of the wrist) can be used before magnetostimulation is 
experienced. Therefore, field strengths used in this thesis (0 – 15 mT) are 
feasible for clinical implementation, mainly because the magnetic field 
is applied to only a small part of the body.

Another important factor when developing a handheld magnetic probe 
is heating of the probe itself. While applying a magnetic field, a current 
is sent through an excitation coil, leading to heating of the coil. To avoid 
tissue burns for both the patient and the operator of the probe, the total 
power dissipated in the excitation coil must be limited. In the presented 
separate coil setup, it is not heating of the probe that must be avoided, 
but heating of the big coil underneath the patient.

7.3 TOWARDS THE CLINICAL IMPLEMENTATION OF 
LAPAROSCOPIC MAGNETIC SENTINEL LYMPH NODE BIOPSY
Before the setup described in Chapter 6 can be implemented in a clinical 
setting, some important steps need to be taken. First of all, the excitation 
coil used activates particles in a relatively small volume. For SLNBs, an 
area of at least 30 × 30 × 30 cm must be excited. For this, a new excitation 
coil is currently under development. The safety limits of this new coil 
must be studied. 

Another important aspect is balancing of the detection signal. The better 
the balance, the more the signal can be amplified, and the more sensitive 
the probe becomes. Besides the magnetization of SPIONs, the AC exci-
tation field also induces a voltage in the detection coils. The probe con-
tains two detection coils in a gradiometer configuration, meaning that 
there are two identical coils connected in the opposite direction. This re-
sults in passive balancing; if both detection coils ‘see’ the same AC field, 
the net voltage over the gradiometer is zero. However, the complication 
in the separate coil setup is that the probe containing the detection coils 
can move through the excitation field. Active balancing is therefore re-
quired: constantly compensating for the excitation field experienced by 
the detection coils. 
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In this thesis, active balancing was achieved by using an additional set of 
compensation coils. However, there is another promising way to achieve 
active balancing, for which we recently filed a patent (application num-
ber N2025726). In this new method, we use the signal measured by one 
of the detection coils and combine this with the gradiometer signal. By 
constantly matching the phase and amplitude of the single-coil signal 
to the gradiometer signal, the balance can be improved. This new meth-
od has several advantages over compensation coils. With compensation 
coils, only a limited range of signals can be compensated for. In the an-
gular measurements presented in Chapter 6, it was not possible to bal-
ance the probe under an angle of 90°, leading to a large increase in the 
background DiffMag signal. With the new method, all measured signals 
can be balanced. Also, there is no longer an active component needed in 
the probe. Even though the current sent through the compensation coils 
is small, it might still lead to heating of the probe. Finally, and most im-
portantly, with this new balancing method, an additional compensation 
step becomes possible. The DiffMag signal is dependent on the position 
of a lymph node in the excitation field. The stronger the excitation field 
at the location of a lymph node, the more SPIONs are magnetized, and 
the larger the measured DiffMag signal. However, the DiffMag signal can 
be compensated for the field experienced by the probe by dividing the 
DiffMag signal with the amplitude of the single-coil signal. This correct-
ed DiffMag signal will be independent from the location of the lymph 
nodes. Without this correction, it is not possible to distinguish a lymph 
node containing a few particles that lies closer to the excitation coil (back 
of the patient) from a lymph node containing many particles that lies 
further from the excitation coil, making it difficult to identify the SLNs.

A final step is to update the hardware to an integrated system. Presently, 
the speed and stability of the measurements are limited by a USB con-
nection between the data acquisition card and a laptop. Therefore, static 
measurements must be performed to find balance and enable measure-
ments. By processing all data on an integrated system, measurements 
will be smoother and dynamic measurements are possible. The surgeon 
will be able to move the probe and get direct feedback.



133

SUMMARY
The goal of the research presented in this thesis is to develop a magnet-
ic detector for laparoscopic surgery. Laparoscopic surgery is a form of 
minimally invasive surgery resulting in improved outcomes for the du-
ration of hospital stays, infections, and quality of life compared to open 
surgery. Since the dimensions of laparoscopic instruments are limited, 
it is not trivial to develop a magnetic detector. What is unique about the 
novel detector presented in this thesis is that it will be used during sur-
gery, guiding the surgeon directly. 

The medical problem for which this magnetic detector is being devel-
oped is that the tumor cells of a cancer patient will eventually spread 
through the body when the tumor is not treated. One of the main routes 
for the spreading of tumor cells is via the lymphatic system. To deter-
mine whether the tumor has metastasized or not, a sentinel lymph node 
biopsy (SLNB) can be performed. A tracer material is injected in, or close 
to, the tumor and will passively spread through the lymphatic system. 
The tracer will accumulate in the first lymph nodes it encounters; these 
are the SLNs, the lymph nodes with the highest chance of containing 
metastases. Both the primary tumor and the SLNs are removed surgical-
ly. Next, in a pathology laboratory, it is investigated whether the SLNs 
contain metastases. This information helps to determine the prognosis 
and possible treatment for the patient. Since the tracer accumulates in 
the SLN, a high dose of tracer is searched for, making SLNB a logical first 
application for our new magnetic detector. When the sensitivity of the 
detector improves, it will be possible to implement it in other applica-
tions as well. It might, for example, be possible to see if tumor cells re-
main in the body after removing a primary tumor. 

The type of tracer explored in this thesis consists of superparamagnetic 
iron oxide nanoparticles (SPIONs). SPIONs have a magnetic core and a 
polymer coating to avoid clustering of particles and improve biocompat-
ibility. The size and shape of the magnetic core is crucial because it deter-
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mines the characteristic nonlinear behavior of SPIONs. This nonlinear 
behavior implies that SPIONs respond differently to different externally 
applied magnetic fields. An advantage is that this nonlinear behavior al-
ready occurs at low magnetic field strengths (< 10 mT). This nonlinear 
behavior is used to distinguish the signal of SPIONs from the signal of 
the human body and surgical steel instruments, which have linear mag-
netic properties.

To find SPIONs in the human body (for example, during SLNB), it is es-
sential to know how SPIONs behave. Chapter 2 is about the character-
ization of SPIONs. This is achieved by measuring their magnetization 
curve with a device developed by the Magnetic Detection & Imaging 
group. The magnetization curve shows how SPIONs respond to a chang-
ing external magnetic field. In Chapter 3, the effects of the environment 
of SPIONs on their magnetic properties are investigated. This chapter 
shows that SPIONs with a nanoflower structure are least influenced by 
their environment and are, therefore, most promising for clinical appli-
cations.

The main detection method explored in this thesis is differential mag-
netometry (DiffMag). In this method, SPIONs are activated by a con-
tinuously changing magnetic field and a varying static magnetic field, 
which are generated by one or two excitation coils. Activated SPIONs 
give an optimal signal at an excitation field with a frequency between 1 
and 10 kHz. As a result, it is possible to use inexpensive Faraday detec-
tion, in which the magnetization of SPIONs is measured using coils. By 
assessing the difference of parts of the signal with and without static 
offset field (DiffMag counts), the nonlinearity of SPIONs is measured. 
DiffMag counts show the surgeon whether there are SPIONs close to the 
tip of the probe, so the surgeon will know which lymph nodes to remove. 
Also, other nonlinear detection methods are described in the literature. 
In Chapter 4, an overview and comparison of four methods are present-
ed. This chapter shows that the performance of our new laparoscopic de-
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tector might improve when a second harmonic detection is used instead 
of DiffMag. 

The magnetic system that is being developed for laparoscopic surgery 
consists of detection and excitation coils. Typical for Faraday detection 
is that the quality of detection is determined by the shape of the coils. 
For our new detector, the depth sensitivity is dependent on the diameter 
of the coil. In laparoscopic surgery, the probe must fit through a trocar, 
which has a maximum diameter of 12 mm. To achieve sufficient depth 
sensitivity for SLNB, excitation and detection coils are mechanically 
separated. As a result, the excitation coils can be big and placed under-
neath the patient. The narrow probe in the hand of the surgeon only 
contains detection coils. The main challenge after separating excitation 
and detection coils is that the detection coils can move through the ex-
citation field. Consequently, the mutual inductance between the coils 
changes, and the detection signal is overshadowed by the excitation 
field. To be able to measure the tiny signal of SPIONs, active compensa-
tion for the excitation field was developed. To achieve this, an additional 
set of compensation coils was used. Chapter 5 shows a proof-of-prin-
ciple of separation of excitation and detection coils and the principle of 
active compensation.

After confirmation that the principle of separated coils is possible, a new 
detection probe suitable for laparoscopic surgery was developed. The 
most important criterium was the size of the probe (both diameter and 
length are important). Chapter 6 describes and characterizes this new 
detection probe. Finally, Chapter 7 discusses the main findings present-
ed in this thesis and describes the remaining challenges before clinical 
implementation is possible.
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Het doel van dit proefschrift is het ontwikkelen van een magnetische 
detector voor laparoscopische chirurgie (kijkoperaties). Deze vorm 
van minimaal invasieve chirurgie resulteert in verbeterde uitkomsten 
op het gebied van infecties, verblijfsduur in het ziekenhuis en kwaliteit 
van leven vergeleken met open chirurgie. Doordat de afmetingen van in-
strumenten beperkt zijn bij kijkoperaties, is het moeilijk om een magne-
tische detector te ontwikkelen. Dit is dan ook niet eerder gedaan. Bijzon-
der aan de nieuwe detector die in dit proefschrift wordt beschreven is dat 
deze tijdens een operatie gebruikt kan worden en de chirurg dus direct 
van feedback zal voorzien.

Het medisch probleem waar deze magnetische detector voor ontwik-
keld wordt is dat de tumorcellen van een kankerpatiënt zich uiteindelijk 
zullen verspreiden door het lichaam wanneer de tumor niet wordt be-
handeld. Eén van de manieren waarop een tumor verspreidt, is via het 
lymfatisch systeem. Om erachter te komen of dit al is gebeurd, kan een 
schildwachtklier (SWK) procedure worden uitgevoerd. Hierbij wordt 
tracer materiaal in of rond de tumor geïnjecteerd. Vervolgens zal deze 
tracer via de natuurlijke weg verspreiden door het lymfatisch systeem en 
zich ophopen in de eerste lymfeklieren die de tracer tegenkomt; dit zijn 
de SWKen, de lymfeklieren met de grootste kans om uitzaaiingen te be-
vatten. De chirurg gebruikt een detector (probe) om de SWKen te identi-
ficeren. Deze lymfeklieren zullen samen met de primaire tumor worden 
verwijderd. Vervolgens zal in een pathologie laboratorium worden on-
derzocht of de lymfeklieren tumorcellen bevatten. Met deze informatie 
kunnen de prognose en eventueel behandeling van de patiënt worden 
gepersonaliseerd. Aangezien de tracer zich ophoopt in de SWK, wordt 
gezocht naar een hoge dosis tracer. Hierdoor is de SWK procedure een 
logische eerste toepassing. Als de sensitiviteit van de nieuwe detector in 
de toekomst verbetert, zijn er ook andere toepassingen mogelijk. Er kan 
bijvoorbeeld worden gekeken of er tumorcellen zijn achtergebleven bij 
het verwijderen van een primaire tumor.
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Het type tracer dat in dit proefschrift wordt onderzocht bestaat uit super 
paramagnetische ijzer oxide nanodeeltjes (SPIONs). SPIONs hebben 
een magnetische kern en een coating om samenklontering te voorkomen 
en biocompatibiliteit te verhogen. Cruciaal hierbij is de afmeting van de 
magnetische kern; deze afmeting zorgt voor een typisch niet-lineair ge-
drag. Dat houdt in dat de deeltjes verschillend reageren op verschillende 
externe magnetische velden. Een groot voordeel is dat deze verschillen 
al optreden bij zeer lage magnetische veldsterktes (<10 mT). Dit niet-li-
neaire gedrag wordt gebruikt om het signaal van SPIONs te onderschei-
den van het lineaire magnetisme van het menselijk lichaam en chirur-
gisch instrumentarium. 

Om SPIONs te kunnen vinden in het lichaam (bijvoorbeeld tijdens een 
SWK procedure), is het essentieel om te weten hoe de deeltjes zich gedra-
gen. Hoofdstuk 2 gaat over het karakteriseren van SPIONs. Dit wordt 
gedaan door een magnetisatie curve te meten met een door de Magne-
tic Detection & Imaging groep ontwikkeld apparaat. Deze magnetisatie 
curve laat zien hoe SPIONs reageren op een veranderend extern mag-
neetveld. In Hoofdstuk 3 wordt gekeken naar het effect van de omge-
ving van SPIONs op hun magnetische eigenschappen. Uit dit hoofdstuk 
blijkt dat SPIONs met een nanoflower structuur het minst beïnvloed 
worden door hun omgeving, en daardoor veelbelovend lijken voor klini-
sche toepassingen.

De belangrijkste detectiemethode die in dit proefschrift wordt onder-
zocht is differentiële magnetometrie (DiffMag). Eerst worden SPIONs 
geactiveerd door een continu wisselend magneetveld en een variërend 
statisch magneetveld, welke worden gegenereerd door één of twee ex-
citatie spoelen. De geactiveerde SPIONs geven optimaal signaal bij een 
excitatieveld met een frequentie tussen de 1 en 10 kHz. Hierdoor is het 
mogelijk om goedkope Faraday detectie te gebruiken, waarbij de magne-
tisatie van SPIONs wordt gemeten met spoelen. Door naar het verschil 
in reactie van de SPIONs met en zonder statisch veld te kijken (DiffMag 
counts), wordt de niet-lineariteit van de deeltjes gemeten. Deze DiffMag 



139

Samenvatting

counts vertellen de chirurg of er zich SPIONs in de buurt van de pro-
be bevinden en zo weet de chirurg welke lymfeklieren hij/zij moet ver-
wijderen. Echter zijn in de literatuur ook andere methodes beschreven 
die gebruik maken van het typische niet-lineaire gedrag van SPIONs. In 
Hoofdstuk 4 wordt een overzicht en evaluatie van vier methodes gepre-
senteerd. Hieruit blijkt dat onze nieuwe laparoscopische detector nog 
beter zou kunnen werken wanneer tweede harmonische detectie wordt 
gebruikt in plaats van DiffMag.

Het magnetische systeem dat wordt ontwikkeld voor laparoscopische 
chirurgie bestaat uit detectie- en excitatiespoelen. Typisch voor Faraday 
detectie is dat de detectie kwaliteit wordt bepaald door de vorm van de 
spoel. Voor onze nieuwe detector is de dieptegevoeligheid afhankelijk 
van de diameter van de spoel. In laparoscopische chirurgie moet de pro-
be door een standaard trocar passen, welke een maximale diameter heeft 
van 12 mm. Om voldoende dieptegevoeligheid te behalen voor een SWK 
procedure, is ervoor gekozen om de excitatie- en detectiespoelen me-
chanisch van elkaar te scheiden. De excitatie spoelen kunnen hierdoor 
groot worden gemaakt en onder de patiënt worden geplaatst. De smalle 
probe in de hand van de chirurg bevat alleen detectie spoelen. De groot-
ste uitdaging van dit nieuwe concept (het scheiden van spoelen), is dat 
de detectiespoelen nu kunnen bewegen door het excitatieveld. Hierdoor 
verandert de koppeling (mutuele inductie) tussen deze spoelen en wordt 
het detectiesignaal verstoord door het excitatieveld. Om toch het kleine 
signaal van SPIONs te kunnen meten, is actieve compensatie van het ex-
citatieveld ontwikkeld. Dit wordt gedaan met een extra set compensatie 
spoelen. Hoofdstuk 5 beschrijft een proof-of-principle van het scheiden 
van excitatie- en detectiespoelen en het principe van actief compenseren.

Nadat is gebleken dat het principe van gescheiden spoelen mogelijk is, 
hebben we een nieuwe detectie probe ontwikkeld die geschikt is voor 
laparoscopische chirurgie. Het belangrijkste criterium hier was de afme-
ting van de probe (diameter en lengte). Hoofdstuk 6 geeft een beschrij-
ving en analyse van deze nieuwe probe. Tot slot worden in Hoofdstuk 7 
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de belangrijkste conclusies uit dit proefschrift bediscussieerd en worden 
de overgebleven uitdagingen beschreven voor klinische implementatie 
van onze nieuwe magnetische laparoscopische detector mogelijk is.
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LIST OF ABBREVIATIONS
AC  alternating current

ACS  AC susceptibility

DAQ  data acquisition

DC  direct current

DiffMag differential magnetometry

DLS  dynamic light scattering

FWHM full width at half maximum

ICNIRP international commission on non-ionizing radiation  
   protection

LapDiffMag laparoscopic differential magnetometer

LN  lymph node

MPI  magnetic particle imaging

MPS  magnetic particle spectroscopy

MRI  magnetic resonance imaging

PDI  polydispersity index

PET  positron emisson tomography

PNS  peripheral nerve stimulation

PPMS  physical property measurement system

PSD  phase sensitive detection

SAR  specific absorption rate

SLN  sentinel lymph node

SLNB  sentinel lymph node biopsy

SNR  signal to noise ratio

SPaQ  superparamagnetic quantifier

SPION  superparamagnetic iron oxide nanoparticle

SQUID superconducting quantum interference devices

TEM  transmission electron microscopy

VSM  vibrating sample magnetometry
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