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Alternating current susceptometry, a simple and affordable technique, was employed to study the
sensitivity of this approach to assess rat kidney perfusion by the injection of 200 μL of magnetic
nanoparticles with a concentration of 23 mg/mL in the femoral vein and the measurement of the signal
above the kidney. The instrument was able to detect the signal and the transit time of the first and
second pass were measured in five animals with average values of 13.674.3 s and 20.677.1 s.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Magnetic particles have a tremendous potential for medical
diagnostics and therapy and many applications have been reported
[1]. Because the human body is essentially transparent to the
magnetic fields and the magnetic fields can interact with the
human tissue in different ways one can envisage many application
possibilities, such as hyperthermia, drug delivery, cell separation,
magnetic resonance contrast changes, magnetic particle imaging
and its transit through different organs, among many others. In
this perspective, it can be expected that in the future, many studies
that are currently performed with a radioactive tracers would be
also feasible with magnetic tracers with the convenience of no
radiation risk and all the associated benefits. Magnetic micropar-
ticles (diameter ∼100 μm) have been used to study gastrointest-
inal motility [2] and in the pharmaceutical sciences [3–5] in our
group with a relatively simple instrumentation. Trillaud et al. [6]
showed that renal perfusion in rabbits can be evaluated with first-
pass study of superparamagnetic iron oxide particles (SPIO) using
magnetic resonance fast imaging techniques. These authors
pointed out the advantages of using nanoparticles instead of the
commonly used gadolinium chelates that have a vascular phase
that can be obscured by interstitial diffusion and glomerular
filtration of the contrast agent. Differently, magnetic nanoparticles
remain in the blood pool during the first pass because these
i).
particles are not eliminated by the kidney and show no interstitial
diffusion [7,8].

Thus, the goal of this work is to show the potential of this
instrumentation to study the transit of magnetic tracers in the rat
kidney trough the signal time evolution obtained with an AC
biosusceptometer (ACB).
2. Materials and methods

2.1. Biosusceptometric technique

A single ACB sensor works as a double magnetic flux transfor-
mer with an air nucleus and has two coaxial pairs of coils
separated by a baseline (b) of 15 cm [9]. Each pair is composed
of an excitation coil (outer) with Ne coils and area Ae and a
detection coil (inner) with Nd coils and area Ad arranged in a first-
order gradiometric configuration that provides the cancelation of
the common mode signal leading to good signal-to-noise ratio.
One pair works as the reference and the other as the detector
probe. The excitation coil works with a frequency of 10 kHz
generated by a lock-in amplifier fed to a power amplifier that
supplies a current of 88 mA which produces a magnetic field of
20 G (rms) and induces equal magnetic flux in the detection coils.
Hence, when a magnetic sample with volume δv and magnetic
susceptibility χ is near one extreme of the sensor, an imbalance in
the voltage occurs, due to the changes in the flux between the
detection coils. The following expression shows how the flux will
change as a function of the parameters. It can be seen that a
change δV in the volume of the magnetic material will change the
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Fig. 2. TEM images for the magnetic nanoparticles. Scale: (A)100 and (B)10 nm.

C.C. Quini et al. / Journal of Magnetism and Magnetic Materials 380 (2015) 2–6 3
flux Φ and therefore the voltage detected.
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The ACB sensor can locate and quantify the magnetic material
through magnetic flux variation between the set of coils. The
signal intensity detected by the sensors depends on the area of the
detection coil, number of turns, magnetic flux change rate (i.e.
applied field and frequency), the amount of magnetic material as
well as the distance between the sensor and the magnetic sample.
For this study, the ACB sensor was developed with these char-
acteristics: excitation coils diameter φ¼3.5 cm; 200 turns of 26-
AWG wire and detection coils diameter φ¼2.9 cm; 500 turns of
32-AWG wire, to improve spatial resolution and sensitivity for
laboratory animals. Sensitivity tests and a resolution profile were
made using a small test tube containing 200 μL of magnetic
nanoparticles.

2.2. Animals

Five male Wistar rats weighing from 200 to 250 g were
employed in this experiment. The animals were obtained from
the institutional vivarium and were fed ad libitum before the
experiment. All procedures were performed in accordance with
the Guide of the Care and Use of Laboratory Animals (Brazilian
College of Animal Experimentation) and were approved by the
local Animal Ethics Committee under protocol number 409-CEUA.

2.3. Nanoparticles

The magnetic nanoparticles (MNp) used were synthesized by a
coprecipitation procedure previously described [10] and consisted
of manganese ferrite-based (MNF-citrate) nanoparticles surface-
coated with citric acid, which has already been tested for toxicity
levels showing to be safe for animal injection under this concen-
tration [11].

Fig. 1 shows the X-ray diffraction pattern of the citrate-coated
manganese-ferrite nanoparticle. The data confirms the spinel
structure and revealed a crystalline diameter of 16.7 nm after
using Scherrer′s relation.

The MNF-citrate nanoparticle size distribution was obtained
using images from a transmission electron microscope (TEM)
(Fig. 2) from JEOL model JEM-2100 operating at 200 kV (resolution
Fig. 1. X-ray diffraction pattern of the citrate-coated manganese-ferrite
nanoparticles.
2.5 Å). We found a mean particle size of 1374 nm, shown in
Fig. 3A.

The dynamic light scattering experiment was performed using
a Zetasizer NanoS from Malvern. Fig. 3B below shows the hydro-
dynamic radius of the magnetic fluid sample fromwhich we found
a mean size of 273 nm with a PDI of 0.210.

As the ACB system is based on acquisitions of magnetic flux
variations and consequently, the AC susceptibility, so the nano-
particles used as magnetic tracers needed to be highly susceptible
to magnetic induction. The AC Susceptibility for Manganese Ferrite
nanoparticles is considerably higher than for the iron oxide
particles, which allowed using a considerable smaller magnetic
particle concentration to acquire the same signal. Fig. 4 shows the
magnetization curve of the manganese-ferrite based nanoparticles
obtained using an ADE Vibrating Sample Magnetometer model
EV9. The saturation magnetization of the nanoparticles was found
to be 52.8 emu/g (264 emu/cm3). The data indicates that the
nanoparticles behave as a quasi-static superparamagnet, i.e. the
nanostructure does not show any coercive field at DC conditions.
The particle concentration was determined from the analysis of
the magnetic fluid magnetization data. From this analysis we
estimated that the NP stock solution had a concentration of
23 mg/ml. The soft-ferrite based magnetic nanoparticle was cho-
sen due to its good response at low magnetic field amplitude [12].

2.4. Procedure

Animals were anesthetized by intramuscular injection of keta-
mine (Ketamina Agener, 30 mg/kg, União Química Farmacêutica
Nacional, Embu-Guaçu, Brazil) and xylazine (Anasedan, 15 mg/kg,



Fig. 3. Particles size distribution (A) and Hydrodynamic distribution (B) for the
magnetic nanoparticles.

Fig. 4. Magnetization curve of the manganese-ferrite nanoparticles.

Fig. 5. Positioning the sensor to acquire the magnetic signal from the kidney.

Fig. 6. Set up for the sensitivity test (A) and for the spatial resolution one (B).

C.C. Quini et al. / Journal of Magnetism and Magnetic Materials 380 (2015) 2–64
Vetbrands, Paulínia, Brazil). After anesthesia, the animal was
positioned as shown in Fig. 5, with the sensor close to the lumbar
back projection of the kidney.
A volume of 200 μL of magnetic tracer at a concentration of
23 mg/mL was manually administered in approximately 5 s by
infusion followed by 0.2 mL of pure saline solution into the right
femoral vein. To ensure that the acquired signal does not suffer
interference from nearby organs, a small incision was made in the
lumbar posterior surface of each animal, allowing the externaliza-
tion of the kidney. However, measurements made without this
externalization also showed satisfactory performance.

2.5. Data analysis

All raw signals were processed in MatLab (Mathworks, Inc.,
USA) by digital filtering with a low pass second order Butterworth
filter at 100 Hz and baseline correction. The transit time of the first
and second pass was measured as the width from the signal onset
and the first two peaks detected and are expressed as mean
7standard deviation (SD).
3. Results and discussion

Fig. 6 shows the set up for the sensor sensitivity test (4A), for
changes in distance to the magnetic material, and spatial resolu-
tion test (4B), when the test tube containing the same volume of
MNPs is moved laterally at 1 cm of distance from the sensor.

Fig. 7 shows the sensitivity profile for the signal versus distance
test.

A slow decay can be noticed for distances lower than 1 cm and
for distances greater than 1 cm the decay follows approximately
the simplified function described in the Equation.

Fig. 8 shows the spatial resolution when the test tube contain-
ing the same volume of MNPs is moved laterally at 1 cm of
distance from the sensor. The expected shape of the curve is
obtained [13] with a resolution of 1.85 cm, measured as the width
at the half maximum of the curve.

Fig. 9 shows one representative plot of the signal versus time
obtained in this experiment. In all data, it is possible to observe the
arrival of the MNPs at the kidney, the increase in signal intensity
indicating the collection of MNPs in the organ, its clearance and
the second passage. The signal does not return to its base line and
the possible reason is the perfusion and collection of the magnetic
nanoparticles in the kidney. The focus was to analyze the first



Fig. 7. Intensity of the signal detected by the biosusceptometer as a function of the
distance for a 200 μL of the MNPs used in the experiment.

Fig. 8. Intensity of the signal detected by the biosusceptometer as a function of the
distance for a 200 μl of the MNPs used in the experiment.

Fig. 9. Representative plot of the signal versus time obtained from five animals
studied.

Table 1
Time intervals observed in the 5 animals after MNPs infusion.

Animal Tmax1(s) Tmax2(s) Tint (s) IS (mV) Ts (s)

1 15 32 17 0.95 77
2 13 35 22 0.9 80
3 11 30 19 1.4 65
4 11 41 30 1.45 75
5 12 37 25 1.5 70
Mean 12.4 35 22.6 1.24 73.4
SD 1.7 4.3 5.1 0.29 5.9
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three minutes after MNPs infusion, however longer measurements
indicate a tendency to return to baseline levels. The first pass is
described as the interval between injection time (TStart) and the
first peak (Tmax1). Second pass corresponds to the injection and
second peak interval (Tmax2-TStart). The time interval between
passages (TInt) was also recorded, been the difference between
second and first passage (Tmax2-Tmax1). As the signal intensity does
not return to the background value, the intensity in which the
signal stabilizes (IS) and the instant that occurs (Ts) was also
recorded. The average time for the first pass was 13.674.3 s, range
10 s to 21 s and for the second pass it was 20.677.1 s, range 13–
32 s. Table 1 specifies all these data for each animal subjected to
the test.
4. Discussion

The curve shown in Fig. 6 is very similar to those obtained by
the fitting of the perfusion curves of the kidney in MRI studies [8].
The curve of the kidney exhibits a typical shape: an early peak
corresponds to the first pass of the magnetic nanoparticles and
second broader peak can be attributed to the recirculation. How-
ever, contrary to other contrast agents that can be transferred to
the glomerular–tubular system, diminishing considerably this
second peak, in our case it is still prominent. Trillaud et al. [6]
used SPION as a contrast agent and measured the first peak in
rabbits, that for MRI is negative due to the increase in the
relaxivity of the tissues. The values they found are higher than
those found in our study, but this could be explained by the
difference of the experimental protocol, different animals, injec-
tions of MNPs and type of MNPs used are some possibilities.
Regarding the use of citrate-coated nanoparticles, studies with rats
and mice had not revealed any toxicity related problems under the
doses used so far [11,12]. Another point is the resolution of the
susceptometer, although the organ was exteriorized it is possible
that signal from the vasculature that fed the kidney could also be
captured that would increase the transit time measured. After
developing methods to study these patterns in other organs, using
different particles and also different coating materials, will be
possible to combine an optimized ACB sensor, specific magnetic
particle and also specific targeting techniques, to study tissue
targeting and drug delivery systems within a nanoscale accuracy.
5. Conclusions

The AC biosusceptometer has adequate sensitivity to detect the
presence of the MNps in the kidney and dynamic studies of the
kidney activity can be performed.
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