Open Access Article. Published on 23 February 2024. Downloaded on 11/29/2025 10:12:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 6805

Received 29th December 2023
Accepted 12th February 2024

DOI: 10.1039/d3ra08927d

How surface-to-volume ratio affects degradation
of magnesium: in vitro and in vivo studies

Jiang Sun,*2°¢ Shan-Shan Liu,1*2*° Da Zou,1*?* Xuan He,*®*“ Zhang-Zhi Shi*®
and Wei-Shi Li [ *abe

Despite the many studies carried out over the past decade to determine the biodegradation performance of
magnesium and its alloys, few studies focused on the effect of altered surface area to volume ratio on in
vitro and in vivo degradation rate and osteogenesis. Here, high purity magnesium cylindrical rods with
gradient of surface area to volume ratio were processed by excavating different numbers of grooves on
the side surface. The immersion test in SBF solution and the rat femoral condylar bone defect model
were used to evaluate the degradation of magnesium rods in vitro and in vivo, respectively. We
demonstrated that, the increased number of grooves on the HP magnesium surface represented
a decrease in the percentage of residual volume over time, not necessarily an increase in absolute
degradation volume or a regular change in corrosion rate. Furthermore, there were strong linear
correlations between the relative degradation volume and the initial surface-to-volume ratio of HP
magnesium rods both in vitro and in vivo. The difference in the slope of this relationship in vitro and in
vivo might help to determine the possible range of in vivo degradation rates via in vitro data. In addition,
the corrosion rate is more suitable for evaluating bone formation surrounding the different HP
magnesium rods. Our findings in this work may facilitate adjusting the in vivo degradation and
osteogenesis of different kinds of orthopedic implants made of the same magnesium-based material,

rsc.li/rsc-advances

1 Introduction

With the continuous growth in worldwide orthopedic surgery
volume' and higher requirements for healing quality, a series of
biomaterials, including biopolymers, bioceramics, and bio-
metals, have been developed for bone repair application in
recent decades.”> Among them, magnesium and its alloys have
received more attention owing to their natural degradability,
thereby requiring no need for secondary surgical removal. In
vitro experiments indicated that Mg>" can facilitate bone repair
through various pathways, e.g., promoting the osteogenic
differentiation of periosteum-derived stem cells (PDSCs) via
activating the CGRP receptor (consisting of CALCRL and
RAMP1)® as well as the proliferation and osteogenic differenti-
ation of MSC by sequentially activating MAPK/ERK and Wnt/f-
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and thus, accelerate the clinical popularization and application.

catenin signaling pathways.* Furthermore, based on the
promising outcomes in animal models and clinical follow-
up,”™*® MgYReZr screws first obtained a Conformité Européene
(CE) mark in Germany in 2013," and soon afterwards,
magnesium-based screws for vascularized bone flaps and
radius fractures fixation were approved by the China FDA
(CFDA) and the Korea Food and Drug Administration (KFDA)
respectively.'>'* However, since its first application in traumatic
surgery in 1900," concerns have persisted regarding the rapid
degradation of magnesium in the human body. Thus, alloying
or optimized manufacturing methods and post-processing
techniques such as heat treatment have been employed to
magnesium-based materials to control the degradation
behavior through adjusting the purification, composition and
microstructure, including the grain size and texture of the base
material.”® In addition, surface coating technology has been
developed to protect the magnesium matrix from direct contact
with body fluid. It was widely believed that the degradation of
magnesium and its alloys must be tailored following a suitable
manner before osteosynthesis application, which should satisfy
(i) an adequate stability during fracture healing and (ii)
a moderate and homogeneous degradation performance in
equilibrium with the bone healing process.> Fast or uncon-
trolled degradation is associated with strong hydrogen and ion
release and severe pH changes, which can lead to undesirable
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clinical outcomes, conversely, slow degradation can hinder the
ingrowth of the new bone.*® Therefore, for magnesium-based
materials under development, it is particularly important for
researchers to accurately predict their degradation rate in the
human body and adjust process parameters of surface treat-
ment or alloying and so on accordingly.

The degradation behavior of magnesium-based materials
can be evaluated through both in vivo and in vitro methods.
Considering the long testing times, high cost, surgical proce-
dures and ethical issues of in vivo model when using as
preliminary screening and evaluation of the degradation
behavior, establishing a simple and highly reproducible
connection between in vitro and in vivo test results is hence
important for further clinical applications of Mg and its alloys.
The various techniques available to measure corrosion in vitro
are grouped into two categories: (i) unpolarized and (ii) polar-
ized. The former are all inexpensive and easily performed
including static or dynamic immersion tests with H, evolution
measurement, pH monitoring and weight loss measurement of
specimens, while the latter are simple to perform and highly
reproducible including potentiodynamic polarization, electro-
chemical impedance spectroscopy. The difference between
these methods relates to the presence of a driving force (i.e.
electrochemical polarization) which is applied or measured
during the test.”” In order to facilitate comparison, analysis and
standardization of experimental results obtained by different
researchers, ASTM has already published standard for in vitro
corrosion evaluation of absorbable metals, which provided
guidelines for general test conditions and monitoring require-
ments (F3268). However, due to differences in the selection of
immersion solution, testing duration, and testing methods in
practical operation, a large range of results can be achieved even
for the same alloy. Hence, researchers will find it difficult to
directly refer to the in vivo performance of magnesium-based
alloy with similar in vitro degradation rates reported in litera-
ture to predict their own newly developed materials. Actually,
even if the immersion solution used in vitro tests is limited,
Martinez et al.*® reported that the in vitro and in vivo differences
in degradation rates between different magnesium alloys are
significant (conversion factor: 1.1 of pure Mg, 8.9 of Mg-1.34Ca-
3Zn). In theory, due to differences in chemical composition,
grain size, texture, type, size and distribution of the second
phase, and dislocation density among different alloys, the
impact of differences in the internal and external environments
on their degradation behavior also varies.” As a result, it is
almost impossible to summarize the conversion factor or
mathematical formula of in vitro and in vivo degradation rates
applicable to all magnesium-based materials.

Once the biological safety and osteogenic induction of
a specific magnesium-based material are verified, it is often
hoped to be used in more implant devices in the future. Yet, the
requirements for the retention time of magnesium-based fixa-
tions and repair scaffolds may vary depending on the surgical
procedure, implantation site, and functions in clinical practice.
Therefore, if the possible degradation rate of the same material
used in other implant devices can be inferred from existing in
vitro and in vivo degradation data, it can significantly reduce the
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development time and cost of magnesium-based implants, and
make it easier to meet differing clinical needs.

Surgeons often focus on residual volume ratio of
magnesium-based alloy after implantation at specific time
points due to concerns about the reliability of early fixation. For
the same magnesium-based material for different applications,
previous literature-based analyses have suggested that the
implant location has little impact on its degradation rate in the
field of orthopedics,™ thus the surface area to volume ratio are
rightly considered a determinant of the residual volume at
specific time points. However, considering the dynamic
changes in volume and surface area during the degradation
process in vivo, as well as the active regulation and trans-
portation of tissues around the implants, when applied to
different devices, residual volume cannot be accurately pre-
dicted solely by considering the differences in surface area and
volume parameters before implantation based on previous
degradation data of the same material.’* How and to what
degree the surface-area-to volume ratio differences in various
implants can affect the degradation behavior in vivo remains
incompletely clear so far.

Recent evidence suggested that the therapeutic effect of Mg**
shows a significant concentration- and stage-dependent
behavior.”® For example, Mg>" in the culture medium with
concentration higher than 0.5 x 107*M could act as a Ca**
antagonist and inhibit the production of collagen and other raw
materials so that impaired the bone biomineralization degree.*
In another report, Qiao et al.** found that continued exposure of
Mg>* lead to the excessive osteoclastogenesis and bone
destruction due to the overactivation of NF-kB signaling in
macrophages. However, due to limitations such as difficulty in
real-time tracking of degradation rate in vivo,” it is difficult to
quantify the relationship between the in vivo degradation
performance and the osteogenic effect of Mg. Based on this, this
experiment further aims to examine whether the difference in
degradation rate of HP magnesium with gradient of surface
area-to-volume ratio is sufficient to cause changes in the oste-
ogenic effect of HP magnesium rods, then quantify the
differences.

This current study directly compares the performance of four
different designs of HP magnesium bone defect implants in
vitro and in rat femoral condylar defects, with the intention of
identifying the effect of surface area-to-volume ratio on the
degradation behavior and in vivo biological effects. The use of
different number of grooves to set the group is to simulate the
effect of different number of threads of bone screws in clinical
application. Ultimately, the aim of this work is to facilitate the
clinical promotion of well-established magnesium-based
materials and the screening and improvement of newly devel-
oped materials and processing techniques for future
investigators.

2 Materials and methods
2.1. Materials

The high purity magnesium (HP Mg, 99.99 wt%) cylindrical
rods were supplied by Beijing Shiyue Advanced Material

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Technology Co. Ltd, China. The cylindrical rod had a diameter
and height of 3 mm and 3.5 mm, which was designed according
to the bone defect repair model for rat lateral femoral condyle.*
Gradient of surface area-to-volume ratio was achieved by exca-
vating different numbers of grooves with a depth of 0.5 mm and
a width of 0.5 mm on the side surface of the magnesium
cylindrical rods. The HP magnesium cylindrical rods with 0, 1,
2, and 4 grooves (hereafter 0 g, 1 g, 2 g, 4 g) correspond to the
surface area of 47.13 mm?, 53.41 mm?, 59.69 mm?, 72.25 mm?,
the volume of 24.74 mm?, 22.38 mm?, 20.02 mm?, 15.31 mm?
and the surface area-to-volume ratio of 1.91, 2.39, 2.98, 4.32,
respectively. Design of four types of cylindrical rods were illus-
trated in Fig. 1. According to the pre-design of the sample, the
small cylinder with different shapes is drawn by Auto CAD
drawing software and imported into the five-axis milling
machine automatically controlled by the computer for precision
machining. In order to protect the sample surface from oxida-
tion, the whole processing process is carried out in an argon
atmosphere. Samples were ultrasonically cleaned and sterilized
using 29 kGy of *°Co radiation before implantation.

2.2. Immersion tests

In vitro degradation was studied by immersion of samples in
SBF (simulated body fluid) solution for 12 and 24 weeks at 37 °©
C, pH 7.4, and the SBF was replaced every 2 days. The specific
ion component concentration is as follows: 142.0 mM Na’,
5.0 mM K*, 1.5 mM Mg>*, 2.5 mM Ca*", 148.8 mM Cl, 4.2 mM
HCO;™, 1.0 mM HPO,>", 0.5 mM SO,>". The ratio of solution
volume to the sample area was set to 20 mL cm ™2 according to
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the ASTM-G31-72 standard. At each time point, the samples
were immersed in 200 mg mL ™" CrO; for 1 min at 80 °C then
cleaned three times using distilled water. The in vitro corrosion
rate (CR) is calculated according to eqn (1),

CR = 8.76 x 10*AW/Atp (1)

where AW is the weight loss, A is the original surface area, p is
the density of the sample and ¢ is the time of immersion. Four
parallel samples were measured for each group.

2.3. Preliminary animal study

2.3.1. Animal model and study design. All animal opera-
tions and experiments were approved by the Peking University
Institutional Review Board Office (LA2019209). A total of 16
male Sprague Dawley (SD) rats aged 10-12 week old, weighing
270-300 g, were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd and maintained in the specific
pathogen-free facilities. A cylindrical bone defect repair model
for rat lateral femoral condyle was established. After being
anaesthetized with 3% isoflurane (RWD, China), the rats were
placed in the supine posture and the skin overlying the bilateral
knee joints was prepared and strictly disinfected using iodo-
phor and ethyl alcohol. A 12 to 15 mm lateral parapatellar
incision was made to expose the lateral femoral condyle. With
the knee positioned in 45° flexion, a bone tunnel of 3 mm in
diameter and 3.5 mm in depth was created using a sterile
dentistry drill. After irrigating with sterile saline solution,
a cylindrical HP magnesium rod was carefully implanted into

..0.5mm
O,Smn[] N
—
\
y p.t
W\
X

u

1@ 4 O
N AN 2 /
L 4 1 10.5mm
3.5mm
N
17 T045mm '
e () 1‘H TR
el {HH i AN

0.5mm| |

Fig.1 Schematic design of HP magnesium rods with dimensions.
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the bone defect site, then the incision was sutured layer by layer.
Animals were sacrificed and their femurs were removed and
dissected free of adherent soft tissue at 12 or 24 weeks after
surgery. For each experimental group or time point (0 g,1¢g,2 g,
4 g at 12 or 24 weeks) contained 4 knee joints. Signs of limping,
joint swelling, subcutaneous emphysema were recorded daily
before sacrifice.

2.3.2. Micro-computed tomography (Micro-CT) evaluation.
The in vivo degradation of HP magnesium cylindrical rods and
new bone formation in the defect region of femoral condyles
were monitored by Micro-CT device (Siemens INVEON MM,
Germany). The scanning parameters were as follows: 70 kV and
400 pA in the X-ray tube, 13 pm scan resolution, and 400 ms
exposure time. Multimodal three-dimensional (3D) visualiza-
tion software (Siemens INVEON MM, Germany) was used for 3D
reconstruction of the images. Bone tissue and implant mate-
rials were distinguished based on HU ranges according to visual
evaluation as well as previously study, and the region of
interest (ROI) was defined as the cylindrical area situating at the
initial bone defect.

2.3.3. Histological analysis. Histological analysis was
carried out to evaluate the peri-implant osseointegration at 12
and 24 weeks after surgery. After completing the Micro-CT
analysis, the specimens were fixed with 4% paraformaldehyde
(Yili FineChemical, China) for 48 h and decalcified in 15%
ethylenediaminetetraacetic acid solution for 8 weeks. The
decalcified femoral bones were dehydrated and embedded in
paraffin, and then sectioned with a thickness of 5 pm. The
slides were stained with hematoxylin and eosin (H&E, Solarbio,
China) and Masson trichrome staining (Solarbio, China) after
dewaxing and rehydrating in a graded series of ethanol
according to routine protocols.

2.4. Statistical analysis

Statistical analyses were performed with SPSS software (version
24.0; IBM). All data are presented as means + standard devia-
tion. Data analysis and correlation were carried out using
independent two-sample ¢-test (between two groups), one-way
ANOVA with Tukey's post hoc test (multiple comparisons
between two groups) and Pearson's correlation analysis, as well
as linear regression analysis. Differences were determined to be
statistically significant when p < 0.05.

3 Results and discussion

3.1. Evaluation of effects of the number of grooves on in
vitro and in vivo degradation performance

Prior to discussion of the results, it should first be stated that
the aim of this work is not to find a method to predict in vivo
degradation rate through in vitro experiments, but to find out
how the degradation of implants in bone tissue changes when
the initial surface area and volume changes, and whether this
trend is consistent in vivo and in vitro.

The weight changes during immersion tests as well as the
volume changes calculated from Micro-CT scans at 12 and 24
weeks post-implantation were recorded to evaluate in vitro and
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in vivo degradation performance. In all the experimental rats,
no significant restriction of movement of both lower limbs was
found after 1 week of recovery except for 2 cases of subcuta-
neous cysts caused by infection.

It is easy to find that the increased number of grooves
accelerates, for the short and long term, the relative degradation
rate (absolute degradation volume divided by initial volume),
not only in vitro but also in vivo (Fig. 2a and b). However, more
grooves did not necessarily mean that more absolute volume of
magnesium was degraded. This was true both in vivo and in
vitro, but the trends were not the same. After 12 weeks'
immersion in vitro, 4 g rods exhibited the highest volume loss of
10.2 + 0.2 mm?, followed by the 9.50 + 0.3 mm?® of 0 g rods. The
other two groups did not have a statistically significant differ-
ence. However, at the same time, 2 g and 4 g rods degraded the
largest volume in vivo, and 0 g and 1 g rods degraded relatively
little volume (Fig. 2c). In the early stage of implantation, the
greater number of grooves represented a lager absolute degra-
dation volume to some extent which may be attributed to
a larger initial surface area, but over time, this trend dis-
appeared (Fig. 2d).

The surface integrity of machined components, encom-
passing roughness, residual stress, and microstructure, signif-
icantly impacts their corrosion resistance. Variations in surface
integrity, including the presence of tensile/compressive residual
stress, microhardness, twinning, and surface roughness, are
closely linked to the cutting parameters.”®>” Desai et al’®
demonstrated that the feed rate emerges as the most influential
factor affecting the average surface roughness value, which
subsequently plays a pivotal role in determining degradation
rates. Uddin et al.* reported that machined surfaces optimized
under specific parameters exhibited approximately a 9%
increase in corrosion potential and a notable 54% reduction in
corrosion density and rate compared to their as-received
counterparts. In this study, identical cutting parameters were
employed for sample preparation, and only the effect of specific
surface area on degradation performance was evaluated. We
suspect that this phenomenon is mainly related to the differ-
ence in the dynamic change rate of surface area of magnesium
rods with different designs due to uneven pitting corrosion as
well as the stress corrosion in vivo.

Interestingly, as the most commonly used parameter to
evaluate the degradation rate, the effect of different number of
grooves on the corrosion rate of magnesium rods presented
a completely different law. The effect of the design parameters
on corrosion rate has been often disregarded in prior research
studies, which implies that a single material is considered to
have a fixed average corrosion depth per unit surface area at
a certain implant site during the same observation period.
However, differences in corrosion rates were observed in both in
vivo and in vitro environments for each group of samples
whether at 12 or 24 weeks as shown in Fig. 3.

In general, the corrosion rate of magnesium rods in vitro
decreased with the increase of the number of grooves. However,
only when the number of grooves was increased to four, the
corrosion rate in vivo would be significantly decreased at 24
weeks (Fig. 3a and b). This means that when developing

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08927d

Open Access Article. Published on 23 February 2024. Downloaded on 11/29/2025 10:12:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
= 80
a e In Vitro In Vivo 4
] 1 a
=
© 60-.
1 c
EQ b b b
53 d
S~ 404
ST
b
%
® 204
°
o
g
=] 0-
100 0g 1g 29 4g 0g 1g 29 4g
b § J InVitro In Vivo a
® 804 a b
g ] b
£8 e © o =
32 d
5 ]
~N
Es 40
S
) J
a 0-

0g 1g 29 4g 0g 1g 29 4g

View Article Online

RSC Advances
15
C E In Vitro In Vivo a
E
RS
5%
22
% 54
)
o
0_
2 0g 1g 29 4g 0g 19 29 4g
d ‘-?E‘ In Vitro In Vivo
£ a
»151 a a a bc ab
1
8
2 404
210
o~
s
5_
2
[
o_

0g 1g 29 4g 0g 19 29 4g
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Fig. 3 The in vitro and in vivo corrosion rate of the HP magnesium
rods with different designs at 12 (a) and 24 weeks (b) post-operation (n
= 4). Columns significantly different letter (p < 0.05) to each other
would be labeled with different letters.

orthopedic implants with different forms of the same
magnesium-based material, the corrosion rate of one implant
cannot be directly used, but rather requires conversion or
selection of other descriptive parameters just like relative
degradation rate mentioned above.

In addition, the degradation of HP magnesium rods with
different designs (0 g, 1 g, 2 g, 4 g) in SBF solution and femoral
condyle shared similar fast-to-slow degradation behavior
(Fig. 2), which was in line with previous findings.*

Following are the main corrosion reactions on pure Mg:*

Mg — Mg** + 2¢~ (2)

2H,O + 2¢~ — H, + 2(OH)™ 3)

© 2024 The Author(s). Published by the Royal Society of Chemistry

Mg*" + 2(OH)~ < Mg(OH), (4)
Mg** + 2CI~ = MgCl, (5)

In nanometer distance to the substrate surface, another
reaction takes place:*?

Mg + 2H,O0 — MgO + H,1 (6)

Mg(OH), deposited on the surface has a certain barrier
effect, but it is not dense enough to provide effective protection
against corrosion. The oxide film may react with ClI™ in the
solution, then the film will be penetrated, and CI™ corrodes Mg
to generate MgCl,. Yet, insoluble phosphates and carbonates
corrosion products usually deposited as a result of a reaction
between Mg and the SBF solution or surrounding tissue fluids,
which may act as an auxiliary anti-corrosion layer.**** The above
theory can to some extent explain the changes in the in vivo and
in vitro degradation rate of magnesium over time.

3.2. Factors associated with above-mentioned degradation
performance changes

Based on the results above, we further focused to find out which
aspects of in vivo and in vitro results are consistent among the
changes of magnesium rods degradation behavior caused by
increasing grooves. The results of in vivo-in vitro correlations
are presented in Fig. 4. First, in terms of the corrosion rate,
a correlation between in vitro and in vivo data at 24 weeks was
found with a Pearson correlation coefficient (R*) 0.42 (p < 0.01),
while there was no linear correlation between the in vitro and in
vivo corrosion rate at 12 weeks. On the other hand, the Pearson
correlation-based comparison between the in vitro and the in
vivo degradation volume ratio revealed a highly significant
correlation, with an R” of 0.74 from 12 weeks' data (P < 0.001),
0.89 from 24 weeks (P < 0.001), and 0.75 from total (P < 0.001).
Thus, researchers or manufacturers who want to adjust the

RSC Adv, 2024, 14, 6805-6814 | 6809
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with statistical significance.

degradation rate of orthopedic implants through similar
structural changes (like adding grooves, threads or holes) were
best able to obtain relative degradation volumes, especially over
longer periods of time, from in vitro immersion experiments,
which will help determine the change trend of their degradation
rate in vivo.

The main structural changes associated with degradation
due to differences in the number of grooves is the initial surface
area-to-volume ratio. Since the degradation volume ratio is the
most consistent parameter reflecting the impact of design
changes on the degradation behavior of magnesium rods,
regression analysis was performed to analyze the correlation
between initial surface area-to-volume ratio and the degrada-
tion volume ratio. These results revealed strong positive corre-
lations between initial surface area-to-volume ratio and
degradation volume ratio both in vivo and in vitro at 12 weeks
(R* = 0.87 and 0.92, both P < 0.001), which remained consistent
at 24 weeks (Fig. 4c and d).

Additionally, the slope of the regression curve for this rela-
tionship was significantly greater in vivo than in vitro in both
time points (¢-test on the regression slope, p < 0.01). That is,
although we cannot directly calculate the in vivo degradation
rate from the data of the in vitro immersion test, when the
surface area-to-volume ratio changes, the relative degradation
rate value fluctuates more sharply in vivo than in vitro, which
helps the researchers to determine the possible in vivo degra-
dation rate range of the implant after changing the design. For

6810 | RSC Adv, 2024, 14, 6805-6814

example, if the surface area-to-volume ratio of a HP magnesium
implant is reduced by 1 and the remaining volume is reduced by
10% after 12 weeks of immersion tests, then the residual
volume reduction after 12 weeks of implantation in vivo can be
expected to be greater than this amount. It should be pointed
out that the linear regression formulas shown in Fig. 4 may not
be generalizable to other magnesium-based materials or
samples with surface area-to-volume ratio exceeding the range
of this experiment.

There have been various studies directed at established an in
vitro assay to mimic the in vivo degradation environment, for
example, improving the composition of immersion solution® or
using dynamic flow,* applying static and dynamic loading.*®
This study found that the relationship between in vivo degra-
dation performance and in vitro degradation rates measured via
immersion tests varies with the initial surface area-to-volume
ratio of the implants. Therefore, experimental groups with
samples in different gauge sizes should be added in similar
studies aimed at mimicking the degradation behavior of Mg to
improve the feasibility of experimental results, rather than only
verifying samples of one design and dimension.

3.3. Evaluation of effects of altered surface area-to-volume
ratio on peri-implant bone formation

The remaining parts of HP magnesium rods as well as the bone
ingrowth within defects at 12/24 weeks of implantation were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Micro-CT scanning for in vivo imaging of femoral condyle in rats after insertion of HP magnesium rods. (a) 2D and 3D tomography
imaging of the implants and surrounding bone tissue at 12 and 24 weeks post-operation. HP magnesium rods: yellow, bone tissue: red. Scale bar:
1 mm. (b) Percentage of bone volume (BV)/total volume (TV) at 24 weeks after operation (n = 4). One-way ANOVA with Tukey's post hoc test.
Columns significantly different letter (p < 0.05) to each other would be labeled with different letters. (c) Scatter plot of BV/TV at 24 weeks and in
vivo corrosion rate (mm per year) with a linear regression prediction line.

shown in Fig. 5a. The pitting type of uneven corrosion were
found in all groups of samples. Minimal new bone formation
was seen in all groups which is probably due to the excessive
accumulation of magnesium ions or release of hydrogen gas,
while differences between the groups were still statistically
significant (Fig. 5b). Linear regression showing a negative
correlation between the in vivo corrosion rate and the BV/TV
value (R> = 0.47, p < 0.01, Fig. 5¢). On the contrary, similar
correlations were not observed when applying absolute or
relative degradation volume as descriptive data.

To verify the above Micro-CT results, we further analyzed
histological staining for the implants retrieved at 12 and 24
weeks postoperatively (Fig. 6). All images were taken from the
outer third of the bone tissue surrounding the non-grooved area

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the rods. The results from H&E and Masson's trichrome
staining showed that all four groups exhibited enlargement of
the bone tunnel (indicated by the green circle) due to osteolysis
at 12 weeks postoperatively, which correspond to the higher
corrosion rate at this stage (Fig. 3a). When the degradation
process in the femur condyle reached 24 weeks, it was observed
that large quantity collagen fiber and continuous thick bone
trabeculae formation began to grow into the filling bone defect
area along with the further degradation of “0 g” and “4 g” HP
magnesium rods. On the other hand, largest bone defect area
and broken trabecular meshwork were found in group “2 g”,
which correspond to the highest corrosion rate of “2 g” rods.
Previously, there are various methods for describing the in vivo
degradation performance in related studies (degradation

RSC Adv, 2024, 14, 6805-6814 | 6811
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Fig. 6 Representative images of hematoxylin and eosin staining and Masson's trichrome staining. Collagen fiber: blue staining, immature bone
tissue: red-blue staining, mature bone: red staining, initial bone tunnel boundary: green circle, Scale bar: 500 pm.

volume, corrosion rate, residual volume percentage and so on).
The above results remind us that different description methods
are applicable to different evaluation directions.

Findings from this study should be interpreted with limita-
tions in mind. First, only four groups based on differences in
surface area volume ratio were set in this study limited by the
machining accuracy (¢ 3 x 3.5 mm). Second, the absolute values
of the size parameters such as the volume and surface area of the
HP magnesium rods used in the rats are far from those of most
clinical orthopedic implants. Combining the above two points,
the results of some tests such us the above regression formula
cannot be directly applied to predict in vivo degradation perfor-
mance of clinical implants. Further relevant research (more Mg
alloys, larger implants, etc.) is still needed to validate the various
quantitative relationships involved in this article.

4 Conclusion

The conclusion of this study can be summarized in the
following three points.

(1) The increased number of grooves on the HP magnesium
surface represented a decrease in the percentage of residual
volume over time, not necessarily an increase in absolute
degradation volume or a regular change in corrosion rate.

(2) There were strong linear correlations between the relative
degradation volume and the initial surface-to-volume ratio of

6812 | RSC Adv, 2024, 14, 6805-6814

HP magnesium rods both in vitro and in vivo. The difference in
the slope of this relationship in vitro and in vivo might help to
determine the possible range of in vivo degradation rates via in
vitro data.

(3) The corrosion rate is more suitable for evaluating the
negative effects of excessive Mg ions and hydrogen release on
bone formation compared to the absolute degradation volume.
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