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Abstract

Purpose: Magnetic nanofibers (MNFs) are nanofibers impregnated with magnetic nanoparticles
(MNPs). Magnetic particle imaging (MPI) is a recently introduced imaging method that allows im-
aging of the spatial distribution of MNPs. The purpose of this study was to develop MNFs and to
investigate the feasibility of visualizing them using MPI and of heating them using an alternating
magnetic field (AMF). Materials and Methods: First, chitosan nanofibers were cross-linked with glu-
taraldehyde vapor in a sealed vial for 24 hours. Next, they were mixed with various concentrations
of MNPs and the mixture was stirred for 1 hour using a magnetic stirrer. After the mixture was re-
frigerated at -80°C for 24 hours, it was freeze-dried for 24 hours. The morphology of the resultant
MNFs was characterized by scanning electron microscopy, and the magnetic properties were meas-
ured using a vibrating sample magnetometer. After these measurements, we imaged the MNFs us-
ing our MPI scanner, and investigated the correlation between the pixel values of the MPI image
and the concentration of MNPs or the number of MNF sheets. We also heated the MNFs using AMF,
and measured the temperature rise using an infrared thermometer. Results: The MNFs were suc-
cessfully visualized using our MPI scanner, and the pixel values of the MPI image showed excellent
correlation with the concentration of MNPs (r = 0.992) and the number of MNF sheets (r = 0.997).
A significant temperature rise was observed under AMF, and the initial slope of the time-dependent
temperature rise showed excellent correlation with the concentration of MNPs (r = 0.994) and
the number of MNF sheets (r = 0.979). Conclusion: The MNFs developed in this study can be visua-
lized using MPI and can be applied to magnetic hyperthermia. They will be useful in biomedicine
including cancer therapy and tissue regeneration.
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1. Introduction

The use of scaffolds in tissue engineering is constantly increasing, because these materials have become funda-
mental tools to help the body rebuild damaged or diseased tissues [1]. Of the scaffolds, the magnetic scaffold
has attracted increasing attention because it can attract and take up angiogenic proteins such as growth factors
(GFs) or other bio-agents such as stem cells in vivo via a driving magnetic force. This concept involves the use
of magnetic nanoparticles (MNPs) which are functionalized with GFs or other bio-agents to be taken up by the
magnetic scaffold [1]. These functionalized MNPs act as carriers transporting the bio-agents towards and inside
the magnetic scaffold under the effect of a magnetic field [1].

Some mechanical stimulators such as stress and strain have been shown to enhance bone regeneration and
fracture healing [2]. Besides these mechanical stimuli, magnetic stimulation originating from static or alternating
magnetic fields has also attracted researchers’ interest [3]. Weak magnetic or pulse electromagnetic fields of Gauss
order have been reported to be effective for promoting bone fracture healing and spinal fusion [3]. Strong static
magnetic fields of 5 to 10 Tesla have also been reported to potently regulate the orientation of matrix proteins
and cells in vitro and in vivo [3]. Meng ef al. [3] reported that the magnetic scaffold under a static magnetic field
enhanced osteogenesis and provided a novel strategy for scaffold-guided bone repair.

It is well known that MNPs can induce heat when placed in an alternating magnetic field. On the basis of this
behavior, the use of bone cement containing MNPs has been proposed for the hyperthermic treatment of bone
tumors [4]. Matsumine et al. [5] prepared calcium phosphate cement containing Fe;O4 and conducted clinical
trials to treat patients with metastatic bone lesions by hyperthermia, and reported that the patients treated by
hyperthermia showed better radiographic outcomes than those treated by palliative operation.

Magnetic nanofibers (MNFs) are a magnetic scaffold, comprising nanofibers impregnated with MNPs. MNFs
have huge potential in biomedical applications such as cancer therapy including hyperthermia [6] and tissue re-
generation [5]. Visualization of MNFs as well as accurate knowledge about the quantity of MNPs within the
MNFs is crucial for effective and safe treatment planning of cancer therapy or tissue regeneration using them [5]
[6]. Thus, the development of a readily available, noninvasive, and quantitative imaging technique will be ne-
cessary if cancer therapy or tissue regeneration using MNFs is to succeed.

Recently, a new imaging method called magnetic particle imaging (MPI) has been introduced [7]. MPI allows
imaging of the spatial distribution of MNPs with high sensitivity, spatial resolution, and imaging speed [7]. MPI
uses the nonlinear response of MNPs to detect their presence in an alternating magnetic field, which is referred
to here as the drive magnetic field. Spatial encoding is accomplished by saturating the MNPs over most of the
imaged region using a static magnetic field (selection magnetic field), except in the vicinity of a special position
called the field-free point [7] or field-free line [8]. We have developed a system for MPI with a field-free-line
encoding scheme, in which the field-free line is generated using two opposing neodymium magnets, and trans-
verse images are reconstructed from the third-harmonic signals received by a gradiometer coil using the maxi-
mum likelihood-expectation maximization (ML-EM) algorithm [9] [10].

The purpose of this study was to develop MNFs and to investigate the feasibility of visualizing them using
MPI and of utilizing them as a source of magnetic hyperthermia.

2. Materials and Methods
2.1. Preparation of Magnetic Nanofibers

In this study, we used chitosan nanofibers (Sugino Machine Co., Ltd., Uozu, Toyama, Japan) as the source of
MNFs, prepared from dry chitosan powder using a high-pressure water jet system [11]. First, chitosan nanofi-
bers were cross-linked with glutaraldehyde (Wako Pure Chemical Industries Co., Ltd., Osaka, Osaka, Japan)
vapor in a sealed vial for 24 hours to strengthen the structure of nanofibers and to gain degradation resistance
(Figure 1(a)). Next, they were mixed with M-300 (magnetite, Fe;04) (Sigma Hi-chemical Inc., Chigasaki, Ka-
nagawa, Japan) [12] at various concentrations (0, 25, 50, 100, and 150 mM Fe). The mixture was stirred at 450
rpm for 1 hour using a magnetic stirrer (Figure 1(b)). After the mixture was stirred, it was refrigerated at —80°C
for 24 hours, and then it was freeze-dried at —50°C and 1.8 mbar for 24 hours using a freeze dryer (Free Zone 2.5,
Labconco Co., Kansas, MO, USA) (Figure 1(c)).

2.2. System for Magnetic Particle Imaging

Figure 2 shows a photograph of our MPI scanner. The details of our MPI system are described in our previous
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Figure 1. (a) Chitosan nanofibers cross-linked with glutaraldehyde vapor
in a sealed vial for 24 hours, (b) magnetic nanofibers (MNFs) fabricated by
mixing the cross-linked chitosan nanofibers with magnetic nanoparticles
(MNPs), and (c) MNFs freeze-dried for 24 hours.

Figure 2. Photograph of our scanner for magnetic particle imaging (MPI).

paper [9] [10]. In brief, the field-free line was generated by two opposing neodymium magnets. The drive mag-
netic field was generated using an excitation coil (solenoid coil 100 mm in length, 80 mm in inner diameter, and
110 mm in outer diameter). AC power was supplied to the excitation coil by a programmable power supply
(EC1000S, NF Co., Yokohama, Kanagawa, Japan), and was controlled using a sinusoidal wave generated by a
digital function generator (DF1906, NF Co., Yokohama, Kanagawa, Japan). The frequency of the drive magnet-
ic field was 400 Hz, and the peak-to-peak strength of the drive magnetic field was 20 mT. The MNP-generated
signal was detected by a gradiometer coil (50 mm in length, 35 mm in inner diameter, and 40 mm in outer di-
ameter) and the third-harmonic signal was extracted using a preamplifier (T-AMPO3HC, Turtle Industry Co.,
Tsuchiura, Ibaragi, Japan) and a lock-in amplifier (LI5640, NF Co., Yokohama, Kanagawa, Japan). The output
of the lock-in amplifier was converted to digital data using a personal computer connected to a multifunction
data acquisition device with a universal serial bus port (USB-6212, National Instruments Co., Austin, TX, USA).
The sampling time was taken as 10 ms. When measuring signals using the gradiometer coil, a sample was
placed 12.5 mm (i.e., one quarter of the coil length) from the center of the gradiometer coil and the coil, includ-
ing the sample, was moved such that the center of the sample coincided with the position of the field-free line.
The selection magnetic field was generated by two opposing neodymium magnets (Neomax Engineering Co.,
Takasaki, Gunma, Japan). The field-free line can be generated at the center of the two neodymium magnets.

To acquire projection data for image reconstruction, both the sample and the receiving coil were automatical-
ly rotated around the z-axis over 180° in steps of 5° and translated in the x-direction from —16 mm to 16 mm in
steps of 1 mm, using an XYZ-axes rotary stage (HPS80-50X-M5, Sigma Koki Co., Sumida, Tokyo, Japan),
which was controlled using LabVIEW (National Instruments Co., Austin, TX, USA). Data acquisition took
about 12 min. Each projection data set was then transformed into 64 bins by linear interpolation. Both the inho-
mogeneous sensitivity of the receiving coil and feed through interference were corrected using the method de-
scribed in [13]. Transverse images were reconstructed from the projection data using the ML-EM algorithm over
15 iterations, in which the initial concentration of MNPs was assumed to be uniform [9] [10].
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2.3. System for Magnetic Hyperthermia

The details of our system for magnetic hyperthermia are described in our previous paper [ 14]. In brief, an alter-
nating magnetic field was generated with use of an external coil comprising 19-turned loops (6.5 cm in diameter
and 10 cm in length) of copper pipe (5 mm in diameter) and was cooled by water to ensure a constant tempera-
ture and impedance. The coil was connected to a power supply (T162-5723BHE, Thamway Co., Fuji, Shizuoka,
Japan) through an impedance tuner (T020-5723AHE, Thamway Co., Fuji, Shizuoka, Japan). This system in-
duced an alternating magnetic field with a maximum amplitude of 3.7 kA/m at an output power of 500 W. The
amplitude of the alternating magnetic field can be controlled by changing the output of the power supply. In this
study, the frequency and amplitude of the alternating magnetic field were taken as 600 kHz and 3.1 kA/m, re-
spectively.

2.4. Evaluation of Magnetic Nanofibers

The morphology of the resultant MNFs was characterized by a scanning electron microscope (SEM) (Hitachi
High-Technologies Co., Ltd., Chiyoda, Tokyo, Japan). The magnetic properties were measured using a vibrating
sample magnetometer (VSM) (Riken Denshi Co., Ltd., Meguro, Tokyo, Japan). After these measurements, we
imaged the MNFs (10 mm in diameter and 2 mm in thickness) with various concentrations of MNPs (0, 25, 50,
100, and 150 mM Fe) and various numbers of MNF sheets with a concentration of 100 mM Fe (1, 2, and 3
sheets) using our MPI scanner [9] [10]. We then calculated the average MPI value by drawing a circular region
of interest (ROI) with a diameter of 10 mm on the MPI image. In this study, we defined an MPI value as the
pixel value of the transverse image reconstructed from the third-harmonic signals. We then investigated the cor-
relation of the average MPI value with the concentration of MNPs and the number of MNF sheets.

We also heated the MNFs for 10 min using our apparatus for magnetic hyperthermia [14] at a frequency of
600 kHz and an amplitude of 3.1 kA/m, and measured the time course of the temperature rise during heating us-
ing an infrared thermometer (FLIR E4, FLIR Systems Inc., Wilsonville, OR, USA) every 30 s during the first 2
min and every | min during the next 8 min after the beginning of heating. The time-dependent temperature rise
(AT(¢)) thus measured was fitted by use of the phenomenological Box-Lucas equation given by [15]

AT(t)=T(t)-T(0)=A(1-¢") (1)

where T (t) and T (0) are the temperatures at time ¢ and 0, respectively, and 4 and B are constants. This eq-
uation is often used to describe the heating of MNPs using an alternating magnetic field [16]. The product of the
fitting parameters, 4 x B, is equivalent to the initial slope of the time-dependent temperature rise (AT/At)
ie.,

0°

AT
[El = AxB )

We investigated the correlation of (AT /At)0 with the concentration of MNPs and the number of MNF
sheets.

2.5. Magnetic Particle Imaging of Magnetic Nanofibers Implanted in the Bone

To simulate therapy of a bone tumor or bone regeneration using MNFs, we created a hole with a diameter of 4
mm in the bone of a chicken, and implanted MNFs with a concentration of 150 mM Fe into the hole. To inves-
tigate whether MNFs implanted in the bone can be visualized by MPI, the bone implanted with the MNFs was
imaged using our MPI scanner [9] [10]. After the MPI study, X-ray CT images were obtained using a 4-row
multi-slice CT scanner (Asteion, Toshiba Medical Systems Co., Odawara, Tochigi, Japan) with a tube voltage of
120 kV and a tube current of 210 mA. The MPI image was co-registered with the X-ray CT image using the pa-
rameters for magnification and rotation, which were obtained using a phantom with 3 point sources with a di-
ameter of 0.5 mm and filled with 100 mM MNPs.

2.6. Statistical Analysis

The correlations of the average MPI value with the concentration of MNPs and the number of MNF sheets were
analyzed using linear regression analysis and the correlation coefficients and regression equations were calcu-
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lated. The correlations of (AT/At), with the concentration of MNPs and the number of MNF sheets were also
analyzed using linear regression analysis. A P value less than 0.05 was considered statistically significant.

3. Results

Figure 3 shows the SEM images of MNFs. As shown in Figure 3, chitosan nanofibers were seen when the con-
centration of MNPs was low. In contrast, globular aggregations like cocoons were observed when the concentra-
tion of MNPs was high.

Figure 4 shows the magnetization of the MNFs with various concentrations of MNPs, which was measured
using VSM. As shown in Figure 4, the MNFs had a nonlinear response to a magnetic field, and the saturation
magnetization increased with increasing concentration of MNPs.

Figure 5 shows the MPI images of MNFs (upper row) and the thermal images obtained by an infrared ther-
mometer 10 min after the start of magnetic hyperthermia (lower row), with various concentrations of MNPs.
Figure 6 shows the case when the number of MNF sheets was varied. As shown in the upper row of Figure 5,
the pixel value of the MPI image increased with increasing concentration of MNPs. It also increased with in-
creasing number of MNF sheets as shown in the upper row of Figure 6. The temperature of MNFs 10 min after

Figure 3. Scanning electron microscope (SEM) images of the MNFs with various
concentrations of MNPs. (a) 0 mM Fe, (b) 25 mM Fe, (c) 50 mM Fe, (d) 100 mM
Fe, and (e) 150 mM Fe. Scale bar = 1 um; magnification 40,000x.
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Figure 4. Magnetization of the MNFs with various concentrations of MNPs (25,
50, 100, and 150 mM Fe), measured using a vibrating sample magnetometer (VSM).
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Figure 5. MPI images of the MNFs (10 mm in diameter and 2 mm in thickness)
with various concentrations of MNPs (upper row) and the thermal images obtained
by an infrared thermometer 10 min after the start of magnetic hyperthermia (lower
row). (a) 25 mM Fe, (b) 50 mM Fe, (c) 100 mM Fe, and (d) 150 mM Fe. Scale

bar = 10 mm.
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Figure 6. MPI images of the MNFs (10 mm in diameter and 2 mm in thickness)
with various numbers of MNF sheets (upper row) and the thermal images obtained
by an infrared thermometer 10 min after the start of magnetic hyperthermia (lower
row). (a) one sheet, (b) two sheets, and (c) three sheets. In these cases, the concen-
tration of MNPs was 100 mM Fe. Scale bar = 10 mm.

the start of magnetic hyperthermia also increased with increasing concentration of MNPs (lower row in Figure 5)
and increasing number of MNF sheets (lower row in Figure 6).

Figure 7 shows the time courses of the temperature rise in MNFs, which were measured by an infrared ther-
mometer. Figure 7(a) shows the case when the concentration of MNPs was varied as 25 mM (closed circles), 50
mM (open circles), 100 mM (closed squares), and 150 mM (open squares), whereas Figure 7(b) shows the case
when the number of MNF sheets was varied as one (closed circles), two (open circles), and three (closed
squares). (AT/At) , Was calculated from Equation (2) by fitting these time courses to Equation (1) (solid lines).

Figures 8(a)-(b) show the relationships between the concentration of MNPs and the average MPI value and
between the number of MNF sheets and the average MPI value, respectively. Figures 9(a)-(b) show the rela-
tionships between the concentration of MNPs and (AT/At) and between the number of MNF sheets and
(AT/ At)o, respectively. As shown in Figure 8, the average MPI value had excellent correlations with the con-
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Figure 7. Time courses of the temperature rise in MNFs, measured by an infrared thermo-
meter. (a) Concentration of MNPs varied as 25 mM Fe (closed circles), 50 mM Fe (open
circles), 100 mM Fe (closed squares), and 150 mM Fe (open squares). (b) Number of MNF
sheets varied as one (closed circles), two (open circles), and three (closed squares).
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Figure 8. (a) Relationship between the concentration of MNPs and the average MPI value.

(b) Relationship between the number of MNF sheets and the average MPI value.
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Figure 9. (a) Relationship between the concentration of MNPs and the initial slope of the
time-dependent temperature rise ((A7/Af)y) calculated from Equation (2). (b) Relationship
between the number of MNF sheets and (A7/Af), calculated from Equation (2).
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centration of MNPs (r = 0.992, P < 0.05) and the number of MNF sheets (r = 0.997, P < 0.05). As shown in
Figure 9, (AT/At) , had also excellent correlations with the concentration of MNPs (r = 0.994, P < 0.05) and
the number of MNF sheets (r = 0.979, P <0.05).

Figures 10(a)-(c) show the MPI image of the MNFs implanted in the bone of a chicken, the X-ray CT image
of the bone in which the MNFs were implanted, and the fusion image between the MPI and X-ray CT images,
respectively. As shown in Figure 10(a), MPI could clearly visualize the MNFs implanted in the bone, and the
position of the MNFs in the MPI image coincided with that in the X-ray CT image (Figure 10(b)), as confirmed
by the fusion image between them (Figure 10(c)).

4. Discussion

Chitosan has a cationic linear polysaccharide structure and has great potential for many uses including food,
cosmetic, biomedical, and pharmaceutical applications, because it is biocompatible and biodegradable and has
cellular-binding, wound-healing, anti-bacterial, and anti-fungal properties [11]. In this study, we developed
MNFs by mixing cross-linked chitosan nanofibers with MNPs. This procedure is very simple and easy to im-
plement.

As shown in Figure 3, the SEM images clearly indicated that MNPs aggregated like cocoons on chitosan na-
nofibers especially when the concentration of MNPs was high. The magnetization measured by VSM (Figure 4)
demonstrated that the MNFs developed in this study have a nonlinear response to a magnetic field and the satu-
ration magnetization increases with increasing concentration of MNPs. These magnetic properties appear to be
appropriate for MPI to image these MNFs, and the MNFs could be successfully visualized using our MPI scan-
ner (Figure 5, Figure 6, and Figure 10). Furthermore, the average MPI value showed excellent correlation with
the concentration of MNPs (r = 0.992, P < 0.05) (Figure 8(a)) and the number of MNF sheets (r = 0.997, P <
0.05) (Figure 8(b)), indicating that MPI can quantify the quantity of MNPs in the MNFs.

As shown in Figure 7, a temperature rise was obtained from the MNFs under an alternating magnetic field,
suggesting that the MNFs can be used as a source of magnetic hyperthermia. Furthermore, (AT/At) , showed
excellent correlation with the concentration of MNPs (r = 0.994, P < 0.05) (Figure 9(a)) and the number of
MNF sheets (r = 0.979, P < 0.05) (Figure 9(b)). These results suggest that it is possible to perform local tem-
perature control in magnetic hyperthermia by changing the concentration of MNPs in the MNFs and the number
or thickness of MNF sheets. Such local temperature control will be important for reducing the side effects and
risks of heating surrounding healthy tissues in magnetic hyperthermia.

In addition to the fact that MNFs can be visualized using MPI and can be heated using an alternating magnetic
field (Figures 5-10), and that the concentration of MNPs and the number or thickness of MNF sheets can be
easily changed, the advantage of the MNFs is that the MNFs can be freely transformed into a desired shape ac-
cording to the purpose or the shape and/or size of the targeted region, as shown in Figure 10. This aspect also
appears to be useful for realizing reliable and safe cancer therapy or tissue regeneration using MNFs.

As previously described, MPI could successfully visualize the MNFs as a positive contrast (Figure 5, Figure
6, and Figure 10). This excellent visibility of MPI appears to be useful for in vivo monitoring of the effective-
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Figure 10. (a) MPI image of the MNFs (150 mM Fe) implanted in the bone of a chicken, (b) X-ray
CT image of the bone implanted with MNFs, and (c) the fusion image between the MPI and X-ray

CT images. Scale bar = 10 mm.
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ness of cancer therapy or tissue regeneration using MNFs. Another imaging method to detect MNPs is magnetic
resonance imaging (MRI). When we attempted to image MNPs using MRI with a conventional transverse relax-
ation time (7, )-weighted imaging sequence, it was almost impossible due to large susceptibility-induced MR
signal loss and image distortions in the regions near the MNPs. Recently, however, MRI pulse sequences capa-
ble of preserving the signal from spins with ultrashort 7, , such as ultrashort echo time (UTE) [17] and sweep
imaging with Fourier transformation (SWIFT) sequences [ 18], have been developed. With these pulse sequences,
MNPs can be detected and quantified based on the shortening of the longitudinal relaxation time of water (77;)
[18]. Zhang et al. [19] reported that the reciprocal of 7 measured using the SWIFT sequence combined with the
Look-Locker method has a linear relationship with MNPs concentration up to 53.6 mM Fe. Although their me-
thod also appears to be promising and useful for detecting MNPs, significant research and technology develop-
ment will be necessary before establishing the effectiveness of their method when translated to animal and/or
human studies [20].

Recently, multifunctional nanofibers have been developed by electrospinning polymers mixed with an addi-
tional compound such as biomolecules or by surface modification with peptides or proteins [21]. These func-
tional nanofibers are promising for more diverse applications such as drug delivery, tissue engineering, and
wound healing [21]. Functionalizing MNFs by mixing with an additional compound or by surface modification
would yield more diverse applications of MNFs and MPI might provide a new imaging strategy for monitoring
the effectiveness of the functionalized MNFs in these applications.

Although the present study is limited to phantom and ex vivo studies, we will perform in vivo studies using
small animals in the near future in order to investigate the feasibility of practical application of the MNFs de-
veloped in this study.

5. Conclusion

In this study, we developed MNFs by mixing cross-linked chitosan nanofibers with MNPs, and investigated the
feasibility of visualizing them using MPI and of heating them using an alternating magnetic field. Our results
demonstrate that the MNFs developed in this study can be visualized using MPI and can be used as a source of
magnetic hyperthermia, and suggest that MNFs will be useful in biomedicine including cancer therapy and tis-
sue regeneration.
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