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Abstract: A magnetoelasticity-based (MB) sensor was employed for monitoring the degradation
behavior of polylactic acid (PLA) artificial bone (PAB) in vitro, which can be used as an implant to
repair bone defects. Biodegradable PLA material was coated on both sides of the MB sensor strip
with a 3D printer, forming PAB. The PAB samples were submerged in an alkaline medium (pH = 12)
and a neutral phosphate-buffered saline (PBS) medium (pH = 7.4). The degradation behavior of the
PAB was monitored wirelessly based on changes in the output power of the MB sensor. The results
indicated that the output power varied by almost 0.2 and 0.11 dbm over 15 days in the two media.
The degradation behavior monitored by the MB sensor agreed with the theoretical analysis. The MB
sensor provides a wireless method for monitoring the degradation behavior of PAB in vitro and
requires few samples at a lower cost. Importantly, the results showed that biological tissues had
almost no effect on the monitoring function of the MB sensor. Therefore, the MB sensor technology is
highly attractive for fully characterizing the degradation behavior of bone implants in a larger range
of physiological conditions, and will be applied to monitor the degradation behavior in vivo.

Keywords: magnetoelasticity-based sensor (MB sensor); polylactic acid (PLA) artificial bone (PAB);
theoretical analysis; degradation behavior in vitro

1. Introduction

Bioabsorbable or biodegradable bone defect repair devices made of synthetic polymer have
been used as alternative bioappliances for the internal repair of bone defects, particularly those in
load-bearing bone. The overall results so far have been encouraging [1,2]. There are some merits
to using bioabsorbable or biodegradable bone defect repair devices: there is no need to remove the
device after the bone defect heals, in contrast to metal fixation devices [3]; and using bioabsorbable
implants prevents the stress-shielding atrophy and weakening of the fixed bone that is usually caused
by rigid metallic fixation [4]. However, the prolonged presence of an implant can act as a barrier for
new bone regeneration. Thus, the degradation behavior of an implant must be tailored to match the
bone ingrowth as the bone defect heals.

Recently, polylactic acid (PLA) has been recognized as a biodegradable polymer material and used
in a number of biomedical applications, including sutures, pins, screws [5,6], scaffolds, drug delivery,
and internal repair devices [7]. PLA has good mechanical properties paired with biocompatibility, and
can be used to fabricate biodegradable products that are naturally metabolized in vivo to yield carbon
dioxide and water [8]. PLA has been tested as a replacement material for prostheses because of its
high strength performance [9,10]. Many studies have been carried out on its hydrolytic degradation in
different media, including a neutral solution of phosphate-buffered saline (PBS) at 37 °C or higher to
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accelerate degradation [11], an alkaline solution at different temperatures [12], and an acid solution [13].
There have even been studies on its enzymatic degradation with enzymes such as proteinase K [14].

While the pH of internal organs ranges from 7.2 to 7.45 [15], the pH levels of skin (pH = 4—6) [16],
subcutaneous tissues (pH = 6.7—-7.1) [17], tumors (pH < 6.9) [18], and internal tissues prolonged
hemorrhaging (pH < 7) [19] are more acidic. Therefore, the degradation behavior of PLA artificial bone
(PAB) needs to be characterized under multiple conditions to better mimic the various physiological
environments. Importantly, the different pH media can cause different corrosion conditions in PAB.
Hence, an alkaline medium (pH = 12) and a neutral PBS solution medium (pH = 7.4) are used to
degrade the PAB. However, the traditional methods [11,12], such as weight loss, observe the surface
characteristics by scanning electron microscope (SEM) and thermal analysis, and can only be used
in vitro to assess the degradation condition, and require a great deal of samples at a high cost. If PAB
is implanted in vivo, all traditional methods lose their efficacy. Hence, the magnetoelasticity-based
(MB) sensor presented in our study is employed to monitor the degradation behavior.

Magnetoelasticity-based sensors have been used to track the degradation behavior of bioadhesives
over a period of time [20]. The ability to wirelessly monitor changes in permeability allows the
Magnetoelasticity-Based (MB) sensors to be applied to monitoring stress in bone plates [21] and the
tensile force of sutured wound sites [22]. Fortunately, the permeability of MB sensors is sensitive to
compressive and tensile stresses. Hence, wireless MB sensors are applied to monitor the degradation
behavior of PAB based on the relationship between output power of the MB sensor and external
compressive force with the degradation of the PAB.

In this study, an MB sensor was used to monitor the degradation behavior of PAB in vitro.
PAB was fabricated by coating both sides of an MB sensor with PLA using a 3D printer. PAB samples
were subjected to the hydrolytic degradation process in PBS (pH = 7.4) and NaOH (pH = 12) media
over 15 days at body temperature (37 °C). PAB was tested with a self-developed experimental platform
every 7 days, and the changes in permeability of the MB sensor were tracked wirelessly. The varying
permeability can reflect the degradation behavior of the PAB, and is supported by theoretical analysis.
The changes in the weight and volume of PAB were also measured with traditional methods and a
scanning electronic microscope (SEM).

2. Materials and Methods

2.1. Theoretical Analysis of the Magnetoelasticity-Based (MB) Sensor

The MB sensor [23,24] (Metglas 2826 MB, Hong Kong, China) was purchased from Hong Kong,
China, as a continuous ribbon of 11.7 mm width and 28 um thickness containing 40% Fe, 38%
Ni, 18% B, and 4% Mo (FeyoNisgMo4B1g). The magnetoelastic coupling factor reached 0.98 and a
magnetostriction of 12 x 107 [25,26]. The physical and magnetic properties of the material are
presented in Table 1. This material has special characteristics such as low resistivity, high permeability,
and a high magnetoelastic coefficient, and is much thinner and cheaper than Terfenol-D and galfenol,
which gives it a wide range of applications [27]. The principle is based on the inverse magnetoelastic
effect (Villari effect)}—when an MB sensor is subjected to tensile or compressive stress under an external
magnetic field, its permeability changes accordingly. The variation in the permeability can cause a
change in spatial magnetic field.

Magnetoelasticity refers to the coupling of magnetic and elastic/mechanical energies within a
material. For the MB sensor, the reverse situation (i.e., Villari effect) also holds true in this study
because an applied stress changes the susceptibility x [26,28,29]:
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Here, 0 is the stress, F is the external force (50 and 100 N in this study), A is the force area of PAB,
M; is the magnetization density, K is the surface current density (current per unit length), U is the
internal energy, A is the saturation magnetostriction, and y is the susceptibility.

Table 1. The magnetic and physical properties of magnetoelastic material.

Magnetic Properties Physical Properties
Saturation induction (T) 0.88 Density (g/ cm?) 7.90
Maximum D.C. permeability (p): Vicker’s hardness (50 g load) 740

Annealed 800,000 Elastic modulus (GPa) 100-110

As-cast >50,000 Tensile strength (GPa) 1-2
Saturation magnetostriction (ppm) 11.7 Lamination factor (%) >75
Electrical resistivity (u(2-cm) 138 Continuous service temperature. (°C) 125
Curie temperature (°C) 353 Thermal expansion (ppm/°C) 11.7
- - Crystallization temperature (°C) 410

The susceptibility of the material is directly related to its magnetic permeability by [26]

#=po(l+x), 3

where yi is the permeability, and p is the vacuum permeability.

In this study, the stress (o) of compressive force working on the MB sensor causes a change in the
permeability (1). Moreover, the degradation of PAB can cause a change in the force area of PAB (A),
and then lead to the change in stress (¢). Hence, the relationship between degradation behavior of
the PAB and the output power of the MB sensor was obtained to express the degradation behavior
of the PAB in vitro. The Villari effect describes the magnetization change induced by a mechanical
load. The response of the flux density with respect to the input stress is the principle of the MB sensor,
as shown in Figure 1. Importantly, the stress range between phase M and phase N in Figure 1 was
allocated to monitor the degradation behavior of PAB in this study.
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Figure 1. Sensing responses of a highly textured material under decreasing stress [30], expressed as the
stress—flux density response.

2.2. Fabrication of the PLA artificial bone (PAB)-Coated MB Sensor

PLA (True Yellow, MakerBot Industries, USA) was coated on both sides of the MB sensor to
form PAB with a 3D printer. The sample was fabricated based on the height gap between the layer
thickness (0.3 mm) of the 3D printer and the thickness of the magnetoelastic sensor strip (28 pm).
Pro/Engineering 4.0 was applied to design a PAB model (cylinder with a length of 25 mm and diameter
of 15 mm). Then, it was printed with a MakerBot 3D printer (LLC One Metro Tech Centre, Brooklyn,
USA). The MB sensor strip (20 mm x 10 mm x 28 um) was embedded in the neutral surface of PAB
with a quick adhesive (Gelianghao New Material Co., LTD, Shenyang, China). The thickness of the
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sensor strip had little influence on the 3D printer. Hence, PAB could be fabricated with the 3D printer.
The quick adhesive is not harmful to the human body, according to the Food and Drug Administration
(FDA) of the USA and CE Marking of Europe [31]. The application of the PAB prototype is shown in
Figure 2.

Figure 2. Polylactic acid (PLA) artificial bone (PAB) prototype applied to repair a bone defect (red line
is the magnetoelasticity-based (MB) sensor).

2.3. Preparation of PAB Degradation

PAB samples were subjected to hydrolytic degradation at 37 °C for 15 days in two different media:
a phosphate-buffered saline (PBS) solution with pH = 7.4 mimicking the internal conditions of humans
and an NaOH solution with pH = 12 for an accelerated PAB degradation rate. The degradation media
were renewed every 24 h. Five samples were prepared for those tests. All experiments were carried out
in an incubator (37 °C /98.6 °F), and the degradation period was 15 days. Each sample was weighed
with an electronic scale (KFS-C series, Kaifeng Inc. China) to obtain its initial mass (w1).

2.4. Weight Loss of PAB

The weight loss was measured by immersing the PAB in PBS and alkaline solutions at 37 °C for
15 days. At the end of each time point, the samples were weighed after excess surface water was
removed with filter paper. The weight loss (Q) of PAB was determined from the initial weight of the
dry sample (w;) and weight of the final dry sample (w»):

(w1 —ws)
wq

Q(%) = x 100%. 4)

At the end of the predetermined time intervals (24 h), the samples were washed thoroughly
with distilled water to eliminate any soluble inorganic salt and weighed after being completely
vacuum-dried at 37 °C to obtain a constant weight for calculating the percentage of weight loss
(Equation (4)).

2.5. Surface Characterization

The evolution of the PAB surface was evaluated with an SEM (Evo 18, Zeiss, Germany) at the
beginning, middle, and end of the degradation time (i.e., days 0, 7, and 15) at different magnifications
(500, 5000, 15,000 ).

2.6. Monitoring the Degradation Behavior of PAB with the MB Sensor in Vitro

Figure 3 shows the experimental platform. PAB was fully fixed on the experimental platform
and was compressed by the external force. It was surrounded by an exciting coil and a sensing coil.
The outer coil comprised 0.5 mm diameter copper wire (line 25) with 200 turns and was used for
excitation. It produced an alternating magnetic field (3 x 10> A/m) caused by a sinusoidal signal
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(200 Hz and 2 V, peak to peak) and amplified by a power amplifier (TAPCO Juice ™, Loud Technologies
Inc. USA). The inner coil consisted of 0.25 mm diameter copper wire (line 33) with 200 turns and was
used for sensing. It was connected with the spectrum analyzer to capture changes in the magnetic
field. The results were stored in a computer for data analysis. In this study, the degradation of PAB
caused a change in stress on the MB sensor, which led to the varying permeability. This change
in the permeability of the MB sensor caused the change of the spatial magnetic field, which could
be measured with the sensing coil. Therefore, the degradation of PAB was monitored by the MB
sensor wirelessly. Importantly, no cables or batteries were needed for the MB sensor throughout the
monitoring process.
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Figure 3. Experimental platform devices. The external compressive force (F) was applied on the PAB
by the handwheel.

2.7. Simulated In Vivo Testing

PAB was implanted in a sheep leg to repair a bone defect, as shown in Figure 4. Then, the repaired
sheep leg was tested with the experimental platform shown in Figure 3 after the implantation operation.
This was a pre-experiment to verify the working condition of the MB sensor in vivo, and the effect of
screws on the performance of the MB sensor was omitted in this study. The Ethics Committee at the
Northeast Electric Power University Hospital has endorsed this study protocol according to the Code
of Ethics of The World Medical Association (Declaration of Helsinki).
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Figure 4. Implantation of the PAB: (a) sheep leg, (b) bone, (c) bone defect, (d) PAB, (e) implantation, (f)
fixation, (g) suturing, and (h) X-ray image.

3. Results

3.1. Weight Loss of PAB

Figure 5 plots the weight loss of PAB in the PBS and NaOH media over 15 days. The weight loss
decreased almost linearly and was faster in the alkaline medium than in the PBS medium. The weight
variation trend of PAB was similar in the PBS and NaOH media. An average of 5 & 0.1 g PLA was
coated on the sensor strips. The 15 days of degradation produced losses of 2.5% =+ 0.2% and 6% =+ 0.4%,
respectively, of the original weight in the two media.

7 T T T T T T T

—=—%Alkaline medium
*—% PBS medium

Weight loss(%)

Time(day)

Figure 5. Weight loss of PAB in the alkaline and phosphate-buffered saline (PBS) media over 15 days.
3.2. Morphology of PAB

The morphology of PAB immersed in the NaOH medium was analyzed according to SEM images
for days 0, 7, and 15, as shown in Figure 6. The surface of PAB before degradation (day 0) was smooth.
After 15 days, PAB had a rougher appearance compared to days 0 and 7 at different magnifications
(500, 5000, 15,000x). The red circles in the SEM images indicate that the PAB degraded slowly in
the NaOH medium at first. The degradation gradually increased on days 7 and 15. The images clearly
show indications of PAB degradation.
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Figure 6. SEM images of PAB immersed in the NaOH medium at different magnifications (500,
5000, and 15,000 x ) and degradation times (days 0, 7, and 15). The red circles indicate the degradation
condition of PAB.

3.3. MB Sensor Monitoring Results

Figure 7 indicates that the varying value of the output power increased with the external force
(0-100 N) on PAB in vitro and in vivo (repaired the defect in the sheep leg). The maximum value
was 0.04 dbm at 100 N. The increasing trend was similar both in vivo and in vitro. Figure 8 shows
the variation of the output power when the external force was changed for the three days (days 0, 7,
and 15) in the alkaline medium in vitro. Figure 8a indicates that the change of output power was low
on day 0 in the alkaline medium at about 0.1 dbm. Importantly, the changes were about 0.15 dbm and
0.20 dbm on days 7 and 15, respectively. The output power gradually increased with degradation.
Figure 8b further shows the increasing tendency of the output power at 10, 50, and 100 N on days 0,
7, and 15. Figure 9a shows the increasing output power in the PBS medium with values of 0.04, 0.07,
and 0.1 dbm for days 0, 7, and 15, respectively. Figure 9b further shows the details of the output power
at 10, 50, and 100 N. The variation of the output power of PAB in the alkaline medium was higher than
that in PBS.

e
o
P

L] L) T T L]

—=— PAB in vitro
—&— PAB in vivo

e 4 s
S b4 g
] T T

4

=

—_
LJ

Varying value of output power (dbm)

g
2
e

20 40 60 80 100
External force (N)

Figure 7. Varying values of the output power when an external force of 0-100 N was applied to PAB
in vitro and in vivo (repaired sheep leg).
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Figure 8. In the alkaline medium (pH = 12): (a) the linear increase in the varying value of the output
power with an increasing external force (0-100 N) for the three phases; (b) the comparison of output
power (dbm) for days 0, 7, and 15 at 10, 50, and 100 N.
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Figure 9. In the PBS medium (pH = 7.4): (a) a relationship between the varying value of the output
power (dbm) and external force (N) on days 0, 7, and 15; (b) a detailed comparison of output power at
10, 50, and 100 N for the three days.

4. Discussion

The traditional PLA degradation measurement patterns (i.e., weight loss, morphological change)
have been widely studied. However, this study was the first to use an MB sensor to monitor PAB
degradation wirelessly and passively. In general, the results indicated that incorporating an MB sensor
in PAB allowed the degradation behavior to be monitored in vitro. The in vitro weight loss and SEM
monitoring of the PAB degradation behavior [32] were used to further elucidate the viability of the
MB sensor. A theoretical analysis was also performed to verify the viability of using the MB sensor to
monitor the degradation behavior of PAB.

About 5 & 0.1 g of PLA was coated on the MB sensor strip. The PAB weight decreased by
0.3 & 0.03 g in the alkaline medium and 0.15 £ 0.03 g in the PBS medium over 15 days. SEM images
clearly showed the weight loss of PAB in the alkaline medium. In previous studies, Araque-Monros [33]
used the traditional methods of weight loss, SEM micrographs, thermal analysis, and others to monitor
the degradation process of a new PLA braided biomaterial, while Yuan et al [12] used the mass,
morphology, thermal behavior, and tensile properties of PLA to monitor its surface degradation. The
weight loss and SEM imaging results in this study were similar to those described in the above papers.
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Figure 7 shows that the varying value of output power had the same trend when PAB was tested
in vivo and in vitro. This indicates that biological tissues have almost no effect on the output power.
Therefore, the MB sensor can be used in vivo to monitor the degradation behavior of bioimplants in
the future.

Figures 8 and 9 present the varying values of the output power when PAB was incubated in
alkaline (pH = 12) and PBS (pH = 7.4) media for 15 days. On day 0, the output power was lower than
that on days 7 and 15. As the degradation time increased, more PLA degraded, and the diameter and
weight of PAB were reduced. The external force could cause a large amount of stress on the MB sensor,
which could increase its permeability. The output power of PAB with external forces of 10, 50, and 100 N
was further studied for the three days, as shown in Figures 8b and 9b. The effect of degradation on the
MB sensor at these specific forces was considered. The output power gradually increased from day
0 to day 7 and day 15, but the only difference was the increasing tendency. This can further explain
the degradation behavior of the PAB. Thus, the MB sensor could monitor and reflect the degradation
behavior under different conditions wirelessly and passively (i.e., medium and external force).

The output power shown in Figure 8a was higher than that shown in Figure 9a on days 0, 7,
and 15. PAB degraded more quickly in the alkaline medium than in the PBS medium. The different
degradation conditions led to different stresses working on the MB sensor. The different degradation
conditions also caused different permeabilities in the MB sensor. Furthermore, the change in the PAB
diameter could affect the permeability of the MB sensor in the same environment. In this study, the PAB
diameter was 15 & 0.05 mm at the beginning of degradation and decreased to 14.92 & 0.02 mm in the
alkaline medium and 14.96 & 0.02 mm in the PBS medium over 15 days. Table 2 gives the variation of
the PAB diameter in the two media over 15 days, and the varying value of the output power increased.
The diameter and weight of PAB gradually decreased with increasing degradation time, as shown in
Figure 10a. The output power increased with the degradation of PAB, as shown in Figure 10b.

Table 2. Relationship between the degradation time (days) and PAB condition under different
immersion conditions.

Time (days) 0 15 15
(PAB Condition) (Without Treatment) (In Alkaline Media) (In PBS Media)
Diameter of PAB (mm) 15 + 0.05 14.92 4+ 0.02 14.96 4+ 0.02
Weight loss (g) 0 0.3 +0.03 0.15 + 0.03

Varying value of output

power (dbm) in 50 N 0.02 +0.004 0.09 £ 0.04 0.06 +0.02
Varying value of output
power (dbm) in 100 N 0.04 = 0.004 0.2 £ 0.004 0.11 £ 0.02
Stress (N/mm?) 0.566 0.579 0.569

The stress for PAB with different diameters was calculated with Equation (1), and is given in
Table 2. The stress and output power increased as the PAB diameter decreased. The variation of
the output power gradually increased with increasing stress, which indicated a positive relationship
that was consistent with Equations (2) and (3). The changing tendencies shown in Figures 7-9 were
similar with the stress range from phase M to N in Figure 1. Hence, the theoretical analysis agreed
with the experimental results. This indicated that the MB sensor can be used to wirelessly monitor the
degradation behavior of PAB.

The Ni and Mo elements of the MB sensor are toxic. However, as shown in Figure 4d, the MB
sensor was fully coated with about 10 um of the quick adhesive and about 15 mm of PLA. The MB
sensor was not in direct touch with body tissues during the degradation process. When PAB in the
body was fully degraded, a micro-operation was performed to remove the MB sensor. Many papers
have used MB sensors in vitro and in vivo to measure and monitor blood coagulation [34] and the
host response (wound healing) to an implant in vivo [35]. The sensor has also been applied to monitor
the tensile force on sutured wound sites [22] and implanted in a 6 mm femoral segmental defect model
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of a rat for non-invasive real-time measurement of the stress [36]. Therefore, the MB sensor was not
harmful to the body and was suitable for monitoring the degradation behavior of an implant.
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Figure 10. (a) Changes in the PAB diameter (mm) with the degradation time (days); (b) Relationship
between the PAB diameter (mm) and varying value of the output power (dbm).

Traditional methods [11,12] are not efficient means of monitoring the degradation behavior if PAB
is implanted in the defect site to repair a bone defect. The MB sensor presented for the first time in
this study to monitor the degradation behavior of PAB showed innovations in power supply, signal
transmission, and data collection. PLA was fully coated on the surface of the MB sensor, which means
that it could work without external wires or any batteries to supply power. The signal transmission
and the final data are collected by the wireless and passive method which is low cost and does not
cause disturbance to the patient, making it convenient to monitor the degradation behavior of PAB
in vitro. The results showed that the MB sensor could wirelessly monitor the degradation behavior of
PAB in vitro. The MB sensor was smaller in volume and lower in cost [37] than traditional methods.
Importantly, biological tissue has almost no effect on the MB sensor, so it could potentially be used
in vivo in the future.

5. Conclusions

In this study, a magnetoelasticity-based (MB) sensor was used as a novel method for wirelessly
and passively monitoring the degradation behavior of polylactic acid (PLA) artificial bone (PAB).
The MB sensor strip was coated with PLA by a 3D printer to form PAB. Hydrolytic degradation of PAB
samples was carried out in PBS (pH = 7.4) and NaOH (pH = 12) media over 15 days at 37 °C. The PAB
diameter decreased to 14.92 & 0.02 and 14.96 £ 0.02 mm, respectively. The varying value of the output
power changed from 0.04 &+ 0.004 dbm to 0.2 & 0.04 dbm when the PAB diameter was changed from
15 £ 0.05 mm to 14.92 £ 0.02 mm under an external force of 100 N. The monitoring results with the
MB sensor coincided with the theoretical analysis. This demonstrates the viability of the MB sensor for
monitoring the degradation behavior of PAB in vitro. Importantly, the results showed that biological
tissues had no effect on the output value of the MB sensor. There was no need for additional cables or
power to collect and transmit the signal for the wireless and passive characteristics of the MB sensor.
Importantly, compared with traditional methods (i.e., weight loss and SEM images), the MB sensor was
convenient and had low cost to monitor the degradation behavior of PAB in vitro. There are currently
many disadvantages that limit the use of this method for monitoring the degradation behavior of
PAB in vivo, such as a lack of live animal samples, in vivo PAB implantation process, and related
knowledge about transplant operations in vivo. Future research work will involve using the MB sensor
to monitor the degradation behavior and rate of PAB in vivo.
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