Feasibility Study of Multi-Wavelength Optical Probe
to Analyze Magnesium Implant Degradation Effects
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Abstract—Near-infrared spectroscopy (NIRS) is a rapidly de-
veloping and promising technology with potential for spectro-
graphic analysis. Understanding NIRS measurements on the
implant-tissue interface for hydrogen gas formation as part
of degradation is essential for interpreting the biodegradable
Magnesium (Mg) based implants. This paper introduces novel
NIR optical probe that can assess the state of Mg implant's
degradation when in contact with biological tissues. A tissue-
mimicking phantom (TMP) to mimic biological tissue's optical
properties helps investigate changes in reflectance spectra due to
bubble formation at the implant-tissue interface. Spectra taken
from different TMP samples containing biodegradable Mg and
non-degradable Titanium (Ti) disk are suitable for evaluating
the implant's interaction. The results show that the reflection in
TMP for samples containing Mg disks, confirms the presence
of hydrogen bubbles at the surface of implants. Multi-distance
optical probe with depth selectivity of 3mm and 4mm has shown
to be an effective tool to monitor bubble effect on different
samples.

Index Terms—Optical probe, Near-infrared spectroscopy
(NIRS), Biodegradable Magnesium (Mg) implants, Tissue diag-
nostics

I. INTRODUCTION

In recent decades, magnesium (Mg) and its alloys have been
widely explored due to their features that make these materials
attractive candidates for biodegradable materials in medical
applications [1, 2]. In addition, these materials are biocompat-
ible and possess mechanical qualities suitable for orthopaedic
implants [3, 4]. During the Mg implant's degradation in vivo,
the hydrogen gas cavity is produced. Literature confirms that
gas cavities are usually perforated subcutaneously in numerous
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animal model-based experiments, which needs monitoring as
part of evaluating the progress of implant [5].

Near-infrared spectroscopy (NIRS) has been developed over
four decades ago [6] and is now conventional tissue-blood
oxygenation measuring technology to measure oxygenation
haemoglobin (HbO), deoxygenation haemoglobin (HbR), and
oxygen (Os) saturation [7]. The potential of NIRS for biopro-
cess monitoring, where a range of analytes can be measured
in real-time, has been investigated [8]. Such measures can be
beneficial for several applications and automatic control. How-
ever, the success of NIRS for bioprocess monitoring is still not
a routine, because bioprocessing possess various challenges.
One of them is the biodegradation of Mg, which exhibits gas
formation upon implantation [9]. There are many technologies
to measure the Mg degradation and its effects including
computed tomography (CT) [10], synchrotron-radiation-based
computer microtomography (SRuCT) [11], positron emission
tomography (PET) [12], magnetic resonance imaging (MRI)
[13], and ultrasound photoacoustic (USPA) [14]. However, the
bubble formation needs to be investigated extensively. For that
reason, NIRS is a potential candidate, and its feasibility has
been discussed in a recently published comprehensive review
[15].

In this paper, a novel multi-distance NIRS optical probe that
can be used to investigate the bubble formation and its effect
due to the Mg implant is proposed. Furthermore, a comparison
of reflectance graphs at two different depths was evaluated.

II. MATERIAL AND METHODS

In this pilot study, a total of 3 Mg alloy (ZX00) disks
with 0.45 wt % Zn — 045 wt % Ca from BRI.Tech
(Austria) were used. Different disks were used for comparison
containing Mg alloy, control (no disk in phantom), and pure
Ti disks. Two disks were placed in Dulbecco's modified eagle
medium (DMEM) solution for ten days out of three Mg



disks. An incubator (TS8056, Termaks) at 37° C with 5%
carbon dioxide C'Oy with 21% O, was used [16]. One of
the disk's surfaces was damaged from the sandpaper to get
the roughness properties of the material surface. The effect
of bubble formation and optical properties in the medium was
investigated based on a TMP mimicking the breast tissue [17].

A. Tissue-mimicking Phantom (TMP)

The development of most physical therapeutic and diag-
nostic imaging systems requires tissue phantoms that exhibit
human or animal tissue qualities. For several reasons, the usage
of so-called “phantoms”, includes initial testing of system de-
signs and comparison [18, 19]. For TMP formation, a gelatine
substrate was used as the base structure, while titanium dioxide
TiO2 was applied as scattering particles, India ink was used
as an absorber and ethylenediaminetetraacetic acid (EDTA)
solution was used to avoid bacterial infection. In addition to
the above procedure, 0.2 % Formaldehyde was added in the
solution to work with the TMP at room temperature [18].
The concentration of India ink was within the range of 0.002-
0.0012 mm~*! and TiO5 was selected 0.4 mm~?! at 1 g/L that
is less than 0.5-1.3 mm™!, and for normally found in human
breast tissue [17, 20].

B. Multi-wavelength Optical Probe

An application-specific probe was designed at the Optical
NIRS lab facility in OsloMet - Oslo Metropolitan university to
investigate Mg implant’s degradation process in tissues. The
optical probe used in this experiment contains two identical
broadband light sources (SFH4735, Osram, Germany) which
works within the NIR range from 600 to 1050 nm. Because
of the non-ionizing nature of NIR light, it does not change
genetic information, unlike ultraviolet radiations, which may
cause problems like tissue heating and burning due to light
sources. The maximum allowed NIR lights exposure for the
skin varies from 0.2 W/em? in 630 nm to 0.4 W/cm? in 850
nm [21]. The designed optical probe’s light sources are strictly
compliant with this threshold to ensure the operation safety.

Avantes spectrometer (Avaspec-2048x14, Avantes, The
Netherlands) is used to collect the spectrum through a detector
fiber of 1000 um. The design of the optical probe-target
different sets of the region of interest (ROIs) simultaneously.
Matlab ® (R2020a) was used for programming and control
the switching of light sources. One of the advantages of the
optical probe is to have multiple acquisitions within minutes.
An illustration of the optical probe setup is shown in Fig. 1,
where S is the light source, and D stands for the detector.

III. DEPTH VARIATION AND REFLECTANCE SPECTRA

Penetration depth can be distinguished by examining the
distance traveled by the photon from the source to the detector.
The depth of NIR light penetration is approximately half of
the physical distance of the source-detector [22]. The source-
detector distance from S; to D was 6 mm, and S5 to D was
8 mm to achieve the depth of 3 mm and 4 mm, respectively.
The spectrum of reflected light was measured for each sample.
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Fig. 1. Illustration of optical probe setup

All measured spectra were recorded by removing the dark
reference. A white reference was utilized to standardize spectra
from non-uniformities of all components of the equipment
(light source, spectrometer, and optical fiber). As the optical
probe is working in the reflectance mode, the calculations for
reflectance at pixel “n” using the current, dark, and reference
sets is determined by the following equation:

sample,, — dark,,
ref, — dark,

NIRS data obtained with the optical probe from turbid
media can be used to accurately model NIR light propagation
by using modified Beer-Lambert law (MBLL). MBLL can be
utilized for NIR spectroscopic investigation to quantify the
variation in tissue chromophore's concentration. The MBLL
explores the optical attenuation using the differential path-
length factor (DPF) in highly scattering media. The DPF is
a scaling factor based on wavelengths and describes how long
NIRS light traveled through the media from source to detector
[23]. In order to investigate the area surrounding the implant,
MBLL can be used to measure the changes in concentration
of different chromophores i.e, HbO, HbR and cytochrome c
oxidase.

R, =100 x ( (1)

IV. RESULTS AND DISCUSSION

Optical scattering is usually classified by the ratio of spher-
ical particle radius to a light wavelength between Rayleigh
or Mie scattering [24]. The Rayleigh scattering occurs in
all directions when the size of the particle exceeds light
wavelength. In contrast, the incident light is scattered mainly
in the forward direction in the Mie scattering system, which
corresponds with when the particle size comparable with the
light wavelength. Bubble formation is observed when the disks
were placed in the gel phantom. As shown in Fig. 2, the
scattering is in the forward direction due to bubbles around the
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Fig. 2. Reflectance spectra from gel phantoms (4 mm depth)

tissues. The source-detector S3-D was applied to investigate
the disk-tissue interface. It was found that the Mg alloy
reflection is around 60% higher as compared to Ti, corroded,
and destroyed disks while calculating mean absolute error by
taking control as a reference. The reason for lower spectra at
the destroyed and nonhomogeneous surface is the light back-
scattered due to the reflection of the Mg disk. Ti gives a similar
observation because some of the light is reflected from the
surface. As shown in Fig. 3, NIR light is not reaching the disk
gel interface. The situation is reverted as bubbles generated by
the destroyed (nonhomogeneous surface) disk are more than
Mg alloy and corroded one. On the other hand, Ti and control
samples have the same absorbance level because of no bubble
formation, no chemical reactions as in Mg disks, and absence
of back-scattered photons.

When light propagates within the tissues in the presence of
air bubbles, the photons are affected mainly by Mie-scattering.
While there are fewer influences from Rayleigh scattering,a
forward scattering behavior is observed [25]. It may indicate
a significant scattering and therefore defocusing of incident
light can be minimised if air bubbles are generated along the
incident path, which can boost the light penetration.

A principal component analysis (PCA) was used for an-
alyzing the reflectance spectra. It is a statistical procedure
to resolve data collection into orthogonal components whose
linear combinations approach the original data to the desired
precision. In terms of the product of two more minor scoring
and loading matrices, PCA allows the predominant patterns
to be extracted from the reflectance spectral data set matrix.
Furthermore, the highly repeatable non-invasive measurements
in nature help use the NIRS optical probe during and after im-
plantation processes for tissue oxygenation. Figure 4 shows the
score plot obtained from the PCA analysis (Camo, Norway),
segregate effectively into two groups, the data collected from
two different source-detector distances mainly 6 mm and 8
mm.
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Fig. 3. Reflectance spectra from gel phantoms (3 mm depth)

V. CONCLUSION

The effect of bubble formation on reflectance spectra ob-
tained from the optical probe is studied using tissue-mimicking
phantoms. Furthermore, the influence of the bubbles at the
implant tissue interface due to scattering in biological tissues is
comparatively analyzed using the developed optical probe and
TMP. Additionally, the comparison of two different source-
detector distances was separated 100% in the PCA score plot.
It opens up the possibility of using the developed optical
probe to differentiate the depth of NIR light in the vicinity
of implant tissues interface. Hence, the feasibility studies of
using a novel multi-wavelength NIR probe for Mg implant
degradation showed an effective optical analysis tool.
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