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A B S T R A C T   

Displaced fractures of patella often require open reduction surgery and internal fixation to restore the extensor 
continuity and articular congruity. Fracture fixation with biodegradable magnesium (Mg) pins enhanced fracture 
healing. We hypothesized that fixation with Mg pins and their degradation over time would enhance healing of 
patellar fracture radiologically, mechanically, and histologically. Transverse patellar fracture surgery was per
formed on thirty-two 18-weeks old female New Zealand White Rabbits. The fracture was fixed with a pin made of 
stainless steel or pure Mg, and a figure-of-eight stainless steel band wire. Samples were harvested at week 8 or 12, 
and assessed with microCT, tensile testing, microindentation, and histology. Microarchitectural analysis showed 
that Mg group showed 12% higher in the ratio of bone volume to tissue volume at week 8, and 38.4% higher of 
bone volume at week 12. Tensile testing showed that the failure load and stiffness of Mg group were 66.9% and 
104% higher than the control group at week 8, respectively. At week 12, Mg group was 60.8% higher in ultimate 
strength than the control group. Microindentation showed that, compared to the Control group, Mg group 
showed 49.9% higher Vickers hardness and 31% higher elastic modulus at week 8 and 12, respectively. At week 
12, the new bone of Mg group remodelled to laminar bone, but those of the control group remained woven bone- 
like. Fixation of transverse patellar fracture with Mg pins and its degradation enhanced new bone formation and 
mechanical properties of the repaired patella compared to the Control group.   

1. Introduction 

Patella is the largest sesamoid bone in the human body and plays a 
vital role in the extensor mechanism of the knee. Patellar fractures ac
count for approximately 1% of all fractures with an overall incidence of 
10.7 per 100,000 people per year, mostly seen in sports injuries and 
trauma [1–3]. Moreover, there is an increasing number of patellar 
fractures in the female and elderly population [4]. Since three-quarters 
of the posterior surface of the patella is covered by articular cartilage, 
most patellar fractures are intra-articular fractures that require 
anatomic reduction to restore joint congruency [4]. Transverse fracture 
of the patella is the most common and accounting for 50–80% of all 
patellar fractures [5]. For displaced fractures of patella, a surgical repair 

with open reduction and internal fixation is recommended. The most 
widely used internal fixation for patellar fracture is Kirschner wires 
(K-wires) with a tension band wire [2,6]. This technique aims to 
neutralize tension forces anteriorly produced by the extensor mecha
nism during knee flexion and converts them into stabilizing compressive 
forces at the articular surface of the patella [6]. Fixation of patellar 
fracture is important to allow early mobilization of the knee without 
detrimental displacement at the fracture site [7]. The modified tension 
band technique for the fixation of transverse patellar fracture has 
favorable clinical outcomes with low failure [8]. Complications of 
patellar fracture such as loss of reduction, nonunion, infection, post
traumatic arthritis, arthrofibrosis, symptomatic hardware may still exist 
[9,10]. For complication cases related to problematic hardware and 
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implant irritation, a second surgery will be necessary to remove such 
implants [8,9]. The quality of life and pain outcomes of patients also 
improved significantly after removal of the implants [11]. Therefore, 
finding a material that is biodegradable in the body and enhances the 
healing of the fracture would be the most ideal. 

Magnesium (Mg) is a biodegradable metal that has comparable 
elastic moduli and compressive yield strength to that of natural bone. 
These unique mechanical properties of Mg reduce stress shielding during 
load transfer after implantation of Mg implant [12]. Since Mg is 
biodegradable, the implant removal surgery could often be avoided. Mg 
implant had demonstrated osteogenic and angiogenic effects to healing 
bone [13–15]. Our previous study showed that implantation of 
Mg-based intramedullary nail for fracture fixation enhanced healing in 
closed fracture model in rats [14,16]. The osteopromotive property of 
Mg implant and its comparable mechanical properties to bone would 
make Mg an innovative and attractive fixation material to enhance 
patellar fracture repair. In the clinical practice for patellar fracture 
repair and rehabilitation, the patient’s knee would be immobilized or a 
knee brace would be used for the first six weeks post-operation [17]. 
Therefore, the ideal material for making fixation pin will need to 
maintain sufficient mechanical strength during the first 6 weeks 
post-operation. We hypothesized that fixation of the patellar fracture 
with Mg pins and the degradation of the Mg pins after implantation 
would enhance fracture healing radiologically, mechanically, and 
histologically. 

2. Methods 

2.1. Transverse patellar fracture model in rabbits 

Forty-eight 18-week-old female New Zealand White rabbits were 
obtained from the Laboratory Animal Service Center of the Chinese 
University of Hong Kong. Patellar fracture model was performed ac
cording to our established protocol [18,19]. Experimental procedures 
were approved by the Animal Experimentation Ethics Committee in the 
Chinese University of Hong Kong (Ref. No. 15/005/MIS). Briefly, a 
transverse osteotomy was performed between the proximal two-thirds 
and distal one-third of the patella by using an oscillating saw (Syn
thes; Mathys AG, Bettlach, Switzerland). A tunnel (ø 1.1 mm) was drilled 
longitudinally through the two bone fragments. A fixation pin (ø 1.0 
mm; stainless-steel or pure Mg) was inserted into the tunnel. Mg pins 
used in this experiment (ø 1.0 mm, 99.99%) were purchased from 
Handan Longhai Special Metals, Ltd, China. The Mg pin was first 
extruded at a diameter about 3 mm and then cold drawn to a diameter of 
1.0 mm. We have performed initial three-point bending mechanical test 
on these pure Mg pins that showed the failure load of 16.2 N and stiff
ness of 44.39 N/mm, respectively. A stainless steel cerclage wire (ø 0.6 
mm; Synthes) was threaded through the ends of the K-wire to form a 
longitudinal “figure-of-eight” tension band at the anterior side of the 
patella (Fig. 1). This tension band wire was used to reduce and stabilize 
the whole construct and prevent the displacement of the two bone 
fragments. Figure-of-eight tension band wire was used because it pro
vides higher stability than a circular wire [20]. Cast immobilization of 
the operated knee was applied on the operated knee for six weeks to 
prevent excess movement of the knee and mimic the clinical situation. 
Buprenorphine (0.03 mg/kg intramuscularly; Temgesic, 
Schering-Plough, Kenilworth, New Jersey) was injected 15 min before 
the operation and then daily for three days after the operation. The 
rabbits were allowed free cage activities and food access throughout the 
experiment. 

The rabbits were euthanized at the end of week 8 or 12 after trans
verse osteotomy with an intravenous injection of an overdose of sodium 
pentobarbital. Two fluorochromes, calcein green (10 mg/kg; Sigma, 
Deisenhofen, Germany) and xylenol orange (90 mg/kg; Sigma), were 
injected subcutaneously at 2 and 1 week before euthanasia, respectively, 
for histological measurement of the rate of the new bone formation. The 

figure-of-8 tension band wire was removed and the quadriceps-patella- 
patellar tendon-tibia (QPPTT) complex of the operated knee was har
vested. The QPPTT samples were then wrapped in gauze with saline, 
sealed in a freezer bag, and stored in a − 80 ◦C freezer for further 
assessments. 

2.2. Radiological analysis 

One of the complications of surgical repair for patellar fracture is the 
loss of fixation and reduction which would lead to displacement of the 
bone fragments. In the current experiment, failure of the implants would 
be one of the causes for the displacement of bone fragments. Since the 
Mg pins have a similar density on radiological images, the fracture gap 
cannot be identified. Therefore, the displacement of the two patellar 
bone fragments was estimated by measuring the total length of the pa
tella at different time points. Briefly, the lateral radiological images were 
taken using a digital radiography system (UltraFocusDXA, Faxitron, 
Arizona US) at week 0, 4, 8, and 12 to monitor the healing progress of 
the patella fracture. Two experienced researchers, who were blinded 
from the time point and groupings of the samples, measured the total 
length of the repaired patella, from the base of the patella to the apex, at 
different time points. 

2.3. Microarchitectural analysis and assessments of the degradation rate 
of Mg pins 

Microarchitecture of the repaired patella was evaluated using a high- 

Fig. 1. Transverse patellar fracture model in rabbits was established according 
to our published protocol [18,19]. A: Transverse osteotomy was performed 
between the proximal two-thirds and distal one-third of the patella. A tunnel (ø 
1.1 mm) was drilled longitudinally through the two bone fragments. A fixation 
pin (ø 1.0 mm; stainless steel or Mg) was inserted into the tunnel. A “figur
e-of-eight” tension band wire (ø 0.6 mm stainless steel wire; Synthes) was used 
to reduce and stabilize the whole construct, and to prevent displacement of the 
two bone fragments. 
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resolution microCT (μCT-40; Scanco Medical, Brüttisellen, Switzerland) 
according to our established protocol [16]. The metal tension band wire, 
suture material, all periarticular connective soft tissues, and soft tissues 
around the knee were removed. The QPPTT was placed in the sample 
holder with their long axes in the vertical position. Samples were 
scanned in air instead of submerging in saline or ethanol during the scan. 
To prevent the sample from drying during the scanning, a piece of 
saline-soaked gauze was used to wrap around the entire sample. The 
whole PPT complex was scanned at an isotropic resolution of 20 μm3. 
The beam energy was 70 kV, current intensity was 114 μA, and the 
integration time was 200 msec. The imaging data was then convoluted 
with a 3D Gaussian filter with a width and support equal to 1.2 and 2, 
respectively. Bone was segmented from the marrow and soft tissue for 
subsequent analysis using a global threshold, which was set to equal 
165. Values equal to or greater than the threshold were used for rep
resenting bone tissue, while values below the threshold represented 
bone marrow and soft tissue [16,21]. Bone volume (BV), bone volume 
density (BV Density), tissue volume (TV), and the ratio of bone volume 
to tissue volume (BV/TV) were measured and evaluated. The volume of 
the Mg pins was measured with microCT to assess degradation rate of 
the pins. 

2.4. Tensile testing of the repaired patella 

The tensile strength was mechanically evaluated as the end point 
assessment of quality of the healing of the transverse patellar fracture. 
The QPPTT complex was thawed overnight at 4 ◦C. The QPPTT complex 
was mounted onto a custom-made fixator [16]. The QPPTT complex was 
mounted on a custom-made tensile testing jig (Supplementary Fig. 1), 
which consisted of an upper clamp and a lower clamp to fix the distal 
quadriceps plus the proximal patella and the proximal tibia, respec
tively. The distal quadriceps, its tendon, and the proximal patella were 
clamped directly in line with the axis of loading. A uniaxial mechanical 
testing machine (H25K–S, Hounsfield Test Equipment Ltd, Surrey, UK) 
with a 2.5 kN load cell was used, and a constant tensile load of 1 N was 
applied to the QPPTT complex. The thickness and width of the fracture 
site was measured with a fine calliper, and the cross-sectional area of the 
repaired patella was calculated. This value was used to normalize the 
tensile force (failure load) for calculating tensile strength [16]. Before 
the commencement of the tensile test, saline was applied to the QPPTT 
complex to keep the tissue moist and to prevent dehydration of the 
tissue. A load cell of 2.5 kN was used for recording tensile loading at a 
testing speed of 100 mm/min up to the failure of the QPPTT complex. 
The force-displacement curve of the tensile test was generated and 
failure load, ultimate strength, energy-to-failure, and stiffness were 
calculated. 

2.5. Histological assessments 

Histological sections of the repaired patella were stained according 
to our established protocols [16]. The tibia and distal quadriceps muscle 
were removed from the QPPTT complex to obtain the PPT complex for 
fixation in 4% paraformaldehyde solution and then cut into halves along 
its mid-sagittal plane using a thin blade saw. One half of the sample was 
used for decalcified histology while another half was used for unde
calcified histology. For decalcified histology, the PPT complex were 
decalcified with EDTA and embedded in paraffin according to our 
established protocol [22,23]. Serial 5 μm thin sections from the 
mid-sagittal plane of each specimen were cut with a microtome. The 
sections were then stained with hematoxylin and eosin (H&E) or tolui
dine blue with fast green counter stain for general histological evalua
tion and assessment of the proteoglycan content of fracture site, 
respectively. 

For undecalcified histology, the PPT complex was dehydrated in 
ethanol (70%, 95%, and 100%) and xylene. Then the sample was 
embedded in methylmethacrylate (MMA) according to an established 

protocol [23,24]. The embedded samples were sectioned sagittally (200 
μm thick) using a diamond band-cutting machine (EXAKT Advanced 
Technologies GmbH, Norderstedt, Germany). The sections were then 
grinded and polished to 100 μm thick for imaging analysis under a 
fluorescence microscopy (Leica DM5500 B, Leica Cambridge Ltd, United 
Kingdom). The dynamics of osteogenesis, mineralization of new bone 
and its remodelling were investigated. Bone that was actively under
going remodelling was labelled with the fluorochromes and was visu
alized and measured using L5 (calcein green only) and CY5 (xylenol 
orange only) filters. The mineral apposition rate was calculated by 
measuring the distance between the two fluorochrome labels and then 
divided this distance by the number of days separated between the in
jections, which was 7 days in the current experimental design. 

2.6. Material properties of the new formed bone 

Micro-indentation was performed on the sections of 
paraformaldehyde-fixed tissues at regenerated bone tissue according to 
the procedure outlined by the International Organization for Standard
ization (ISO 6507). The standard procedure, which was developed 
previously for testing the Vickers hardness (HV) of metal, was adopted 
for testing on anisotropic bone sections embedded in MMA in our early 
study [23,25]. Briefly, the surface of each section was polished before 
the indentation testing so the indentation marks were identifiable and 
measurable under the micro-indentation system. Individual section was 
placed under the microscope of the micro-indentation testing system 
(Dynamic Ultra Micro Hardness Tester, DUH-211 S, Shimadzu Corpo
ration, Tokyo Japan) and region of interest (ROI) was identified. The 
Vickers diamond pyramidal indenter compressed at 25 g compression 
load onto the ROI for a dwell time of 10s. An indentation mark was 
formed on the ROI. The diagonal length of the indentation mark was 
measured and HV is calculated by the built-in software of the micro
indentor. The elastic modulus of the bone matrix was calculated from 
the unloading section of the force-displacement curve. Average HV and 
elastic modulus of regenerated bone matrix were calculated for statis
tical analysis. 

2.7. Statistical analysis 

All measurements were expressed as mean ± standard deviation 
(SD). All analysis was performed using SPSS 22.0 for Windows. Two-way 
Analysis of Variance (Two-way ANOVA) with Bonferroni post hoc test 
was used to detect differences between Mg pin group and the control 
group at the two time points. Statistical significance was set at p < 0.05. 

3. Results 

3.1. Radiological analysis 

Length of the repaired patella measured on lateral radiological im
ages at different time points. The length of the patella is used to estimate 
the stability of the repair construct with different metallic pins (Stainless 
steel, as the control, and Mg pin). Mg group showed comparable patella 
length to the control group at week 8 and 12 (Fig. 2, p > 0.05, n = 8). 

3.2. Microarchitectural analysis 

At week 8 and 12, the Control group and Mg group showed enlarged 
patella when compared to the normal patella. The new bone was formed 
at the lateral side of the patella for both the Control group and Mg group 
(Fig. 3). At week 8, the fracture gap was still visible for the control group 
and the Mg group. Mg group showed 12% higher in the ratio of bone 
volume to tissue volume (BV/TV) than the control group (Mg: 0.780 ±
0.09, Control: 0.694 ± 0.044; p < 0.05, Fig. 3). At week 12, the two bone 
fragments had been bridged and the fracture gap was not visible for both 
group (Fig. 3). Bone volume (BV) and Tissue volume (TV) of the patella 
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in Mg group at week 12 was 38.4% (p < 0.05) and 22.7% (p > 0.05) 
higher than that of Control group, respectively. However, no significant 
difference was detected (p > 0.05) with respect to ratio of bone volume 
to tissue volume (BV/TV), TV density, and BV density between the 
Control group and Mg group at week 12. 

3.3. Mechanical testing 

Tensile testing was performed to measure the mechanical properties 
of the repaired patella, including failure load, stiffness, ultimate 
strength, and energy-to-failure. At week 8, the failure load and stiffness 
of the Mg group was 66.9% and 104% higher than that of the control 
group (p < 0.05), respectively (Fig. 4). At week 12, the ultimate strength 
of the Mg group was 60.8% higher than that of the control group (p <
0.05). The failure load and stiffness of the Mg group were also higher 
than that of the Control group (14.4% and 25.1% respectively) but no 
statistical significance was detected. 

Hardness and modulus of elasticity of the newly formed bone at the 
fracture was measured using the undecalcified sections (Fig. 5). Mg 
group showed 49.9% (p < 0.05) higher Vickers hardness than the con
trol group at week 8. At week 12, Mg group showed 31% (p < 0.05) 
higher modulus of elasticity than the Control group (Fig. 5). 

3.4. Histological analysis 

Histological analysis showed that patellar fracture repair was char
acterized with endochondro-ossification and progressive remodelling at 
the healing interface overtime (Figs. 6 and 7). There was significant 
more new bone formation at the fracture site in the Mg group than the 
Control group at week 8 and 12. At week 8, the histological images show 
that there were new bone formation and cartilaginous tissue at the 
fracture for both the control group and the Mg group (Figs. 6 and 7). The 
new bone formed in both groups at week 8 was woven bone. At week 12, 
the new bone remodelled to laminar bone for the Mg group but the new 
bone of the control group still kept the morphology of woven bone 
(Fig. 6). 

For the dynamic histomorphometric analysis, the Mg group showed a 
higher mineral apposition rate than the control at week 12 while there 
was no significant difference between the two groups at week 8 (Fig. 8). 

3.5. Degradation of Mg pins in vivo 

The degradation rate of the Mg pins at baseline, week 8, and week 12 

were measured with μCT. The volumes of the Mg pin were 6.184 ± 0.76 
mm3 and 3.606 ± 0.65 mm3 at week 8 and 12, respectively (Fig. 9A). 
The percentage degraded in volume of Mg pins equaled to 22.44% and 
54.8% at week 8 and 12 respectively (Fig. 9B). 

4. Discussion 

The current study investigated the effect of using a biodegradable Mg 
pin and figure-of-eight tension band for fixation of patellar fracture 
using an osteotomy model of patella in rabbits. Mechanical testing, 
microarchitectural analysis, and histological assessments confirmed our 
hypothesis that Mg pins and its degradation with implantation over time 
would enhance healing of patellar fracture radiologically, mechanically, 
and histologically. Our results demonstrated that fixation of patellar 
fracture using biodegradable Mg pin enhanced new bone formation, 
microarchitectural parameters, and mechanical properties of the 
repaired patella compared to the Control using stainless steel pin. 

Reduction of the patellar fracture with Mg pin and stainless steel 
tension band wire enhanced healing of the fracture with respect to 
mechanical properties, new bone formed, and histological analysis. 
Patellar fracture repair was characterized with endochondro- 
ossification and progressive remodelling at the healing interface over
time. In the control group, there was more cartilaginous tissue at the 
healing interface at week 8 than week 12 post-operation. This suggested 
that these cartilaginous tissues were remodelled to bone tissue through 
endochondral ossification, a well-known mechanism in bone fracture 
healing. Our histological finding was comparable to the observation by 
Leung et al. [18]. Furthermore, at week 12, the Mg group showed 
minimal cartilaginous tissue at the fracture gap (Figs. 6 and 7), higher 
ultimate strength (Fig. 4), and higher modulus of elasticity (Fig. 7) as 
compared to the control group. These suggested that the newly formed 
bone at the fracture site of the patellae in the Mg group had higher 
material properties than that of the control at week 12. This suggested 
that Mg pin accelerated the healing of patellar fracture by enhancing or 
accelerating the remodelling of the tissues at the healing interface. 

Mg ions that were released during the degradation of the Mg pin 
might contribute to the enhanced fracture repair. In our published study, 
Mg ions, released from an innovative intramedullary nail, enhanced 
fracture healing by improving osteogenesis via stimulation of local 
release of calcitonin-gene related peptide (CGRP) from periosteum [14]. 
Periosteum contains many sensory nerve endings which release CGRP 
and demonstrates the beneficial effect of Mg ions. CGRP is a neuro
peptide and involves in the healing and remodelling of bone [26–29] 

Fig. 2. Length of the repaired patella measured on lateral radiological images at week 0, 4, 8, and 12. The length of the patella was used to estimate the stability of 
the repair construct with different metallic pins (Stainless steel as the control, and Mg pin). A: The length of the patella was measured at the proximal pole of the 
patella to the distal pole. B: Mg group showed comparable patella length to the Control at week 0, 4, 8, and 12, without statistical significance at all time points (p >
0.05, n = 8). 
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and tendon [30,31]. However, the patella does not have periosteum and 
the repair of the patellar fracture did not proceed with a formation of a 
periosteum callus (Figs. 6 and 7) [18]. One of the explanations for this 
enhancement is that there are intraosseous innervation in the patella 
[32] and sensory nerves in the patellar tendon [33]. These nerves may 
be stimulated by the Mg ions and release the CGRP neuropeptide to 
enhancing the healing of patellar fracture. Mg ions were also shown to 
enhance the osteogenic activity of bone marrow stromal cells via upre
gulation of collagen type X and vascular endothelial growth factor 
(VEGF) [34]. VEGF is an essential factor that is important for the for
mation of type H vessels, which may regulate bone homeostasis [35]. 

Degradation of our pure Mg pin in the patella was faster than the 
degradation rates of pure Mg implants published by others. In the 

current study, the degradation rate of our Mg pin was a decrease in 
volume of the pin by 22.4% at week 8 and 54.8% at week 12. Huang 
et al. implanted high purity Mg screw for fixation of femoral neck 
fracture in goats and they reported that the degradation rate was 
decrease in volume of the pin by 10% at week 4 and 38.8% at week 12 
[36]. Zhao et al. implanted pure Mg (99.99%) screw for fixation of a 
vascularized bone graft to treat osteonecrosis of femoral head in humans 
[36]. They reported that the average reduction percentage of Mg screw 
diameter was 3.7%, 9.3%, 13.7% and 25.2% at 1, 3, 6, and 12 months, 
postoperatively [36]. Wang et al. implanted high purity Mg interference 
screw for anterior cruciate ligament reconstruction in rabbits and re
ported that the degradation rate of the interference screw was decrease 
in volume of the screw by 10% after 16 weeks post-operation [36]. One 

Fig. 3. Representative 3-dimensional and cross-sectional microCT images, and microarchitectural analysis of the healing patella of the Control group and Mg group 
at week 8 and week 12. A: Mg group showed more new bone formation than the Control group at week 8 and 12. B: At week 8, Mg group showed a significantly 
higher ratio of bone volume to tissue volume (BV/TV). At week 12, Mg group showed significantly greater bone volume (BV). There was no significant difference in 
TV density and BV density between the Control group and the Mg group at all time points. *: p < 0.05, n = 8, Scale bar: 1 mm. 
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of the reasons that the current study demonstrated faster degradation of 
the Mg implant was the presence of implants that are made of another 
metal, which is the stainless steel wire for the tension band. The pres
ence of other metals can cause electrolytic corrosion of Mg [37]. This 
suggested that a higher quantity of Mg than needed for the expected 
time period should be used for better and safer fixation. One of the 
approaches that prevent rapid degradation of the Mg implant would be 
by applying coatings [38,39], surface treatments [40,41], and alloying 
[42,43] to decrease the degradation rate of the Mg implants. Therefore, 
these methods are necessary for Mg implants when other metallic im
plants are in close proximity to the Mg implant to prevent early unex
pected failure of the Mg implant. 

Mechanical strength of Mg pin developed in the current study was 
sufficient for reduction of patellar fracture with the figure-of-eight ten
sion band in rabbits. However, there are a few limitations in application 
of Mg metals in orthopaedics such as the rapid degradation of the metal 
which may further weaken the mechanical properties of the Mg implant. 
We have recognized this challenge and designed innovative hybrid fix
ation systems recently [38,44] for avoiding such problem. In the current 
study we used pure Mg K-wire with stainless steel wire for figure-of eight 

protection band wire. This allowed sufficient fixation during the early 
phase of the fracture healing to bridge the two patellar fragments. 
Furthermore, the Mg pin that we used in the current study has a high 
purity of 99.99% that showed slower degradation than those of less pure 
Mg pin (purity less than 99.99%, such as 99.9% [12]. By applying the 
high purity Mg pin and developing hybrid fixation method, we 
demonstrated in the current study that it was feasible to use degradable 
Mg pin for effective patellar fracture fixation and healing enhancement. 
One of the early complications for the surgical repair of patellar frac
tures is the loss of reduction or fixation of the bone fragments. Smith 
et al. reported that there was a 22% of fracture treated with tension band 
wiring and early motion displaced greater than or equal to 2 mm during 
the early postoperative period [10]. From our current study, although a 
cast was placed on the operated knee to reduce the motion of the knee 
joint, the rabbit could still move around the cage and some movement of 
the operated knee was also observed. Since there was no fracture gap at 
week 12, and no significant difference of the patella length between Mg 
group and the control group at week 8 and 12 (Fig. 2B), the Mg pin with 
the stainless steel cerclage wire were sufficient for reducing the patellar 
fracture while allowing some early movement of the operated knee. 

Fig. 4. Tensile testing for mechanical properties of the repair construct. *: p < 0.05. Mg group had higher failure load than the control at week 8. At week 12, both 
the ultimate strength and the stiffness of the Mg group were higher than the control group. 

Fig. 5. Hardness and elastic modulus of the newly formed bone at the fracture or osteotomy site. Mg group showed higher Vickers hardness (HV) than the control 
group at week 8. At week 12, Mg group showed higher modulus of elasticity than the Control group. *: p < 0.05. 
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The high purity Mg pins that were used in the current study have a 
purity of 99.99% (4 N), which is higher than those available ones which 
have a purity of 99.9% (3 N). These high purity pins were developed to 
avoid concerns and potential health risks of alloying elements in patients 
[12] and accelerated degradation due to impurities of Mg [45]. High 
purity 99.99% Mg pins showed a slower degradation rate than those 
with less purity, e.g. purity of 99.9% Mg pin [12,45]. In addition to pins, 
these high purity Mg metal has been fabricated into screws and have 
been used to fix autologous vascularized bony flaps to treat avascular 
necrosis of the femoral head in patients in our previous clinical study 
[46]. However, Mg implants alone are not suitable at weight-bearing site 
due to rather fast degradation of Mg implants and limited mechanical 
properties (e.g. durability and strength). We have developed hybrid 
fixation systems for avoiding such potential clinical risks [38,44]. In the 
current study, the mechanical support of the whole construct is also 
contributed by the high purity Mg pin and stainless-steel tension band 
wire. This allowed sufficient fixation during the early phase of the 
fracture healing to bridge the two patellar fragments. The combined 
usage of Mg implant and permeant implant made the application of 
Mg-based implant feasible at weight-bearing site. Tian et al. proposed a 
hybrid compression plate-screw design which one of the screws near the 
fracture site is made of pure Mg while the other screws and the 
compression plate were made of titanium [44]. 

The absolute values of the tissue density measurements of the present 
study may not be comparable to other published data as our samples 
were scanned in air [47]. The density measurements that were gener
ated from our samples may not be accurately reflect their absolute 
density value due to the automatic calibration and scanning assumptions 

of the scanner, which the scanning of the samples is assumed to be 
performed in a liquid medium. In the current experiment, we compared 
the measurements of different samples within the same experiment that 
were scanned under the same conditions. This suggests that although the 
absolute tissue mineral density may be different from the actual values, 
their relative values would still be comparable among samples for sta
tistical analysis. 

For our future studies, the next logical improvement to the current 
proof-of-concept approach is to replace the stainless-steel cerclage wire 
by a biodegradable Mg-based wire. In the current study, a non- 
biodegradable stainless-steel cerclage wire was used to prevent the 
displacement of the bone fragments during movement of the rabbits. 
This cerclage wire will still need to be surgically removed when the 
fracture has healed completely. By using a Mg-based cerclage wire, this 
wire will be slowly degraded without performing implant removal sur
gery. The Mg alloy cerclage wire would need to have sufficient strength 
to withstand the tensile forces generated in the figure-of-eight loop [2]. 
The feasibility of using Mg alloy cerclage wire shall be further explored 
in our clinical settings. 

5. Conclusion 

In the fixation of transverse patellar fracture with tension band wire, 
Mg pins enhanced new bone formation and mechanical properties of the 
repaired patella, with respect to radiological, histological, and me
chanical assessments, compared to the Control group, which used 
stainless steel wire. The results formed the foundation for designing 
clinical trials on the application of biodegradable Mg implants and 

Fig. 6. Representative hematoxylin and eosin-stained sections of the healing patella at the fracture site of the Control group and Mg group at week 8 and week 12. 
Mg group showed more new bone formation than the control group at week 8. At week 12, the Mg group showed more new bone formation that bridged the bone 
fragments than that of the Control group. The dotted line outlined the area of the newly formed bone. Magnification: 50 × . Scale bar: 1 mm. 
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provide a suggestion on the joint application of other metallic implants 
with Mg implants. The results might also be applicable to other prob
lematic fractures which K-wire and tension band wire fixation method is 
commonly used. 
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