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ABSTRACT: Periosteum can improve tendon-bone healing wheheapio wrap the
tendon graft in both animal studies and clinical$t As magnesium (Mg) ions can
significantly elevate the levels of relevant cytws involving in the osteogenic
differentiation of periosteum-derived stem celtee Mg-pretreated periosteum may be
an innovative approach for enveloping the tendaftgifo test this hypothesis, we
compared the effects of Mg-pretreated periosteumPjMand the stainless steel
(SS)-pretreated periosteum (SS-P) in ACL reconstmcWe firstly found that the
released Mg ions from the Mg implants were pasgti@tcumulated in periosteum,
resulting in higher Mg/Ca ratio in the M-P compatedthe SS-P. Additionally, the
M-P showed significantly higher expression levdisalcitonin gene-related peptide
(CGRP) and periostin than the SS-P due to the dseren Cathepsin K (CTSK).
Elevation of CGRP and periostin was beneficialtfee osteogenic differentiation of
periosteum-derived stem cells. More importantly, demonstrated that the M-P
remarkably increased the formation of fibrocariagt the interface between the
periosteum and tendon. Collectively, M-P group destiated significantly prevented
peri-tunnel bone loss, more osseous ingrowth im® tendon graft and higher
maximum load to failure as compared to the SS-Rigrdn summary, our study
warrants further investigations for translating tuerent proof-of-concept findings to
optimize the delivery of CGRP, periostin, and cels novel practical therapeutic
strategy for enhancing tendon-bone interface hgailin patients undergoing ACL
reconstruction.
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1. Introduction

Patients with anterior cruciate ligament (ACL) imgs are at higher risk of
developing osteoarthritis (OA) due to deterioratiminknee stability [1, 2]. ACL
reconstruction has been established for over 3@syea reducing meniscal injuries
and avoiding knee replacement in the long runHjwever, there is still an average
failure rate of 11.9 % for ACL reconstruction [4). meta-analysis of 69 studies
showed that only 81% patients were able to retonrmaderate sport after surgery [5].
Apart from technical failures, insufficient tendagraft-bone healing has been
considered as one of the main causes for the sfebry clinical outcomes [6].
Rodeo et al. reported a positive correlation betwine tendon graft-bone interface
strength and the degree of bony ingrowth, minesibn, and tissue maturation at the
interface [7]. Currently, a variety of biologicadtors, including bone morphogenetic
proteins (BMPs) [8], transforming growth factors QF){f3 superfamily [9],
platelet-derived growth factor-BB (PDGF-BB) [10]ascular endothelial growth
factor (VEGF) [11], granulocyte colony stimulatifactor (G-CSF) [12], and platelet
rich plasma (PRP) [13], have been applied to erthdhe osteointegration of the
tendon graft into the bone tunnels in animal modeld patients. However, their
clinical applications are still limited becausetloé controversy in the outcomes [14].
More importantly, it is very difficult to maintaithese growth factors at a favorable
concentration in the target region. The use of lagtaus tissue, which possess cells
and favorable cytokines involving in repair, mayegxbeneficial effects on the
healing.

Periosteum, as a pool of stem cells and osteoblastcursors, supports both
chondrogenesis and osteogenesis during bone rd@dirsuggesting its potential in
the enhancement of tendon-bone healing. RecenthenCet al. reported the
encouraging outcomes from both preclinical and icdih studies after using
periosteum to wrap the tendon graft before insgritimo the bone tunnel during ACL
reconstruction [16-18]. However, as only 85% pdtieoould return to moderate
activity after surgery, it is still far away fronme satisfactory clinical outcomes in
terms of activity level after reconstruction usithg non-pretreated periosteum. Our
previous study demonstrated that the release dfit@ain gene-related peptide
(CGRP), a neuropeptide with great contributionsthe promotion of osteogenic
differentiation of precursor cells via activatinghet cyclic adenosine
3',5-monophosphate  (cCAMP)/cyclic  adenosine  mongpi@ate  response
element-binding protein (CREB) pathway, was sigaifitly enhanced in the
periosteum with the presence of higher concentrtabomagnesium (Mg) ions [19,
20]. Besides, higher Mg could significantly enhanbe cell adhesion strength via
activating integrin/focal adhesion kinase (FAK) reaing pathway [21]. As a
predominant extracellular protein in the periosteymeriostin can mediate cell
migration and adhesion through the integrin/FAKhpaty [22]. Thus, Mg ions may
also affect the secretion of periostin in periostederived stem cells (PDSCs). Recent
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study revealed that periostin could control bongenrerative potential via
upregulating the osteogenic differentiation of PBJ£3]. Taken together, we raised
a hypothesis here that the PDSCs from the Mg-@&tdeperiosteum might possess
promoted osteogenic differentiation capability ibtiting to the elevation of CGRP
and periostin in the periosteum, which might ultieha lead to enhanced tendon
graft-bone healing.

2. Materialsand methods
2.1 1n vivo studiesin rabbits and rats

The animal experiments were approved by the AnimBaperimentation Ethics
Committee of the Chinese University of Hong KongEZC No. 17-010-MIS).
High-purity Mg (E-ande, Dongguan, China) or commnedrestainless steel (SS)
(commercial purity, Baoji Xinnuo New Metal Materi&@aoji, China) rods with 3 mm
in diameter were inserted into the femoral cavitidsthe skeletally mature male
rabbits. The periosteum was harvested at week Bn@ 3 after surgery for
immunofluorescent staining and quantitative measarg of CGRP. In addition, the
periosteum pretreated by Mg or SS rods (referretB group and SS-P group,
respectively) for 2 weeks was used to wrap the [diggal extensor tendon autograft
for ACL reconstruction in the contralateral kndéag( S1). Forty-four rabbits were
then sacrificed by a lethal injection of concergdasodium pentobarbital after general
anesthesia at week 4 and 8 after ACL reconstructs our previous studies
indicated that the tendon graft failed in the midbstance over 6 weeks after surgery
in the tensile testing [24], 6 of the 14 rabbitsvaek 4 from both the SS-P and M-P
groups were used for biomechanical testing to coenpiaeir tensile properties of
tendon graft-bone complex. The remaining 8 rabintgach group were used for
radiographic assessment prior to histological eatadns on both decalcified and
undecalcified sections. At week 8 after reconston¢t8 rabbits in each group were
used for radiographic and histological assessmBetsides, in another set of study, to
explore the contributions of the SS-P and M-P ® tdndon graft-bone healing, the
SS-P and M-P collected from the femur was used rapvaround the long digital
extensor tendon in the contralateral knee and thightly sutured. The
periosteum-tendon complex was harvested at weeR and 4 after surgery for
histological analysis. Similarly, Mg or SS pins lwit.2 mm in diameter were inserted
into the femoral cavities in skeletally mature féeneats for immunohistochemical
staining, immunofluorescent staining, element asialyand gene/protein detection.

2.1.1.ACL reconstruction surgery in rabbits

As shown inFigure 1A(a-d), the pretreated periosteum (about 10 mmx10 mm) was
stripped from the outer layer of the right femur rabbits and then kept in the
sterilized phosphate buffer saline (PBS). A 2-3 skin incision next to the patellar
tendon on the lateral side was created to harkiedbhg digital extensor tendon graft.
Then, a medial parapatellar arthrotomy was perfdrioeexpose the knee joint prior
to patellar dislocation. The infrapatellar fat tisswas removed to expose the joint

cavity for ACL transection. After that, 2.5 mm badienels were created in the femur
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and tibia through the footprint of the original AQly using a bone drill via the
transtibial technique for the placement of the bated tendon graft. The SS-P or M-P
was then used to wrap the tendon graft for insertido the tibial tunnel prior to the
fixation of the two ends of the tendon graft byngshon-absorbable sutures. In order
to label the newly formed bone, 4 rabbits from egobup were administered with
xylenol orange (90 mg/kg) at 21 days and 49 datgs afirgery via muscular injection
for 4-week and 8-week time points, respectively][25

A
(A) a b c d
Mg or SSrods Periosteum
for2 weeks Harvest

Figure 1. Surgical design and CT scanning protocol. (A) H&P or M-P (a-b) of the femora in
rabbits were harvested to wrap the tendon grafAfok reconstruction in the contralateral knee
(c-d). (B) Radiographic analysis of the peri-tunbehe tissue in the tibia. (a) A total number of 50
slices (indicated by the red dotted line) were saged for creating 3D images of the ROIs
outlined in the starting slice and the last sligethe white dotted circle. (b) 3D reconstruction of
the peri-tunnel bone tissue.

2.1.1.1.Immunofluorescent staining and quantitative measurement of CGRP by ELISA

The periosteum harvested at week 1, 2 and 3 aftelantation in both the M-P and
SS-P groups were divided into two parts. One pad immersed into 95% ethanol for
fixation prior to dehydration in 30% sucrose saati Cryosections with 5 pm in
thickness were prepared for immunofluorescencaisiof CGRP (Abcam, USA).
Another part was lysed in RIPA lysis buffer (Thernkasher Scientific, USA)
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supplemented with protease and phosphatase intsibfithermo Fisher Scientific,
USA). The supernatant was collected for BCA protgiiantitative analysis and then
used for the quantitative detection of CGRP by ELISt (Abebio, China). The

CGRP concentration was normalized by the levetb®total protein.

2.1.1.2.Micro-CT analysis

The harvested tibiae were fixed in the samplingetuf a high-resolution
micro-computed tomography system (Viva CT 40, SoaMedical, Bruttisellen,
Switzerland) before scanning. The parameters faay<tube were set as following:
55 kV (tube voltage), 14hA (tube current), 30 um (an isotropic voxel siz23][ A
region of interest (ROI) with 4 mm in diameter vgzdected at the center of the bone
tunnel for 3D image constructiorFigure 1B(a-b)). A series of 2D tomographic
gray-images (50 slices) along the direction perpertar to the bone tunnel were
segmented for 3D reconstruction of the peri-tunbehe tissue. Prior to 3D
reconstruction of selected volume of interest indtissue, the resulting gray-images
were segmented using a fixed threshold and a |ss-fiier to minimize the noise
(Sigma = 1.2, support = 2.0, threshold = 160).ha teconstructed peri-tunnel bone
tissue, relative bone volume (BV/TV), trabecularmier (Tb. N), trabecular
thickness (Tb. Th), trabecular separation (Th. $pjhnectivity density (Conn. D),
and specific bone surface (BS/BV) were reported.[24

2.1.1.3.Histological and histomor phometric analysis

Forty-four rabbit tibiae were fixed in 4% neutralffer formalin for 48 hrs and then
divided into decalcified and undecalcified grouf$e samples were processed
according to our previously published protocol [2Ebr the decalcified group, the
samples were decalcified with 15% EDTA (pH 7.4)cetm temperature for 3 months,
and then embedded with paraffin. A 5 pm-thick garadection was obtained from
the central portion of the bone tunnel and stamwet hematoxylin & eosin (H&E).
The tibiae assigned to the undecalcified group wednectly embedded into
methylmethacrylate (MMA) after dehydration in aigerof graded ethanol and xylene.
Stevenel blue-Van Gieson-Alizarin Red S (SVA) stagnand Golder’s trichrome
staining were performed in thick (approximate 10@)pand thin (10 pm) MMA
sections, respectively [21]. The images were captwnder the microscopy (DM
55008, Leica, Germany). The newly formed bone attémdon-bone interface and the
interface width were measured using Image J (1.ANH, USA). In addition, a 5
pm-thick MMA section was observed by fluorescenderoscopy (DM 55008, Leica,
Germany). The area ratio of new bone in the pennéli tissue was calculated via
measuring the fluorescent positive area in theréiscence images and the total bone
area in the white light images, respectively.

In order to detect the histological responses atirtkerface between the periosteum
and the tendon in the periosteum-tendon compléxuan-thick paraffin section was
prepared for H&E and Safranin O & Fast green (S&&)ning.

2.1.1.4.Tensile testing



The femur-tendon graft-tibia complexes (FTGTC) weagvested and then stored at
-80 °C. Before biomechanical testing, the samplegsevihawed in 4 °C cold room
overnight. Excluding the ACL graft, excess sofstiss in FTGTC were carefully
removed. Afterwards, the specimens were mounteth@rtustom-designed jigs in a
uniaxial mechanical testing machine (H25K-S, Hoiahdf Test Equipment LTD,
Surrey, UK). The tensile tests were then conductedhe samples with the knee
flexed to 90° according to previously publishedtpools with a preload of 1 N and a
rate of 50 mm/min until failure [24]. The maximakbld to failure and the failure mode
were recorded for all the samples, with a sample sf n=6 for each group.

2.1.2. Invivostudiesinrats

Mg or SS pins (Imm in diameter) were inserted itlte femoral cavities of
3-month-old male rats for the following assessments

2.1.2.1.uX-ray fluorescence (uXRF) measurements

UXRF measurements were conducted using scanniray Xaicroscope (Grenoble,
France). The step width was set as 5 um for gangréte XRF maps (25 adjacent
lines with 5 pm spacing). The use of the dual-epeXgay beam configuration

allowed for high excitation of Mg and Ca with thd XeV and 6.3 keV energy part of
the X-ray beam, respectively. To analyze the spatanges in Mg concentrations
along the bone tissue, the Mg/Ca ratio was caledldtased on the line scans
performed from the bone-marrow cavity to the peeos.

2.1.2.2.Extraction of RNA from periosteum for qRT-PCR

At week 2 post implantation, three rats from eacbug were sacrificed using
overdose of phenobarbital. The periosteal tissuethe regions with Mg or SS
implantation were freshly harvested and cut int@ tequal parts. One part was
homogenized in RNAiso Plus (TaKaRa) for further RE¥raction. The expression
levels of osteoclastic gen€ték) and osteogenic genefppl, Bglap) were measured
using qRT-PCR. The sequences of used primers veted in Table 1.

Table 1. Primer sequences

Gene Forward primer (5’-3’) Reverse primer (5’-3")
Ctsk TTCCTCAACAGTGCAAGCGA | TCCAGCGTCTATCAGCACAG
Sopl AGGCGCATTACAGCAAACAC | CTCGCTCTCTGCATGGTCTC

Bolap CTAGCGGACCACATTGGCTT | CAGCTGTGCCGTCCATACTT

Gapdh GGCTCATGACCACAGTCCAT | ACATTGGGGGTAGGAACACG

2.1.2.3.Extraction of protein from periosteum for western blotting

Another part of periosteal tissues mentioned alvese homogenized in RIPA buffer
for extracting total protein. The periostin express between M-P and SS-P groups
were quantified using western blotting. In additiove also measured the periostin
expression in tissue lysis after incubating witltorabinant human cathepsin K
protein (active form, ab157067, Abcam, USA) for ¥.hWe further measured the
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remaining of recombinant human periostin protel?(522, Abcam, USA) with set
initial concentration (0.ug/ul) after mixed with active form of cathepsin K peot
(0.5 pg/ul) for two time points at 4 hrs and 8 hrs. Anti-iBstin antibody (ab14041,
Abcam, reacts with both rat and human, USA) wasl ase dilution of 1: 100.

2.1.2.4.Fpecific staining of periostin and CD206 at the periosteal layer

The harvested rat femora in both M-P and SS-P growgre fixed and decalcified for
preparing paraffin sections cut at 5 um in thiclengs either immunohistochemical
or immunofluorescent staining of periostin and CBZ0both from Abcam, USA),
respectively.

2.2. Invitro studies
2.2.1. Isolation of PDSCs and osteogenic differentiation assay

To investigate if PDSCs were involved in the enleahdchealing during the
tendon-bone integration, we isolated primary PD86Gs the SS- or Mg-pretreated
femoral periosteum of the rats at 2 weeks aftegesyr according to a published
protocol [23]. Briefly, the epiphyses were cut &f complete removal of the bone
marrow by repeatedly washing with PBS. Then, theebgraft was cultured in the cell
culture medium for the migration of PDSCs. Aftewgeks, the bones were removed
and PDSCs were trypsinized for timevitro studies. For osteogenic differentiation, the
cells were seeded in a 6-well plate at a densitg>dfd cells/well and cultured in
basal complete culture medium until the cells redcB0% confluence. Cells were
then incubated in osteogenic medium, which conthingsal complete medium, 10
mM B-glycerophosphate, 50 UM ascorbic acid and 10 nkaehethasone (all from
Thermo Fisher Scientific, USA). ALP staining (BOMBT, Sigma) and quantitative
real-time polymerase chain reaction (QRT-PCR) far measurement d@glap and
Sopl MRNA were performed on day 7.

PDSCs from SS-P group were used to investigatepplementation of recombinant
periostin (ab203522, Abcam) could affect their oga@nic differentiation. The
dosages of periostin were set at 0 ng/ml (as chnts® ng/ml and 100 ng/ml in
osteogenic medium, according to a previous stu@y. [Zhe medium was changed
every other day. On day 21, the cells were procedseprotein extraction by
following the protocol as mentioned in section 2.3. Then the expression levels of
osteogenic markers (Runx2, Osterix, and Osteoqalaene analyzed by western blot,
according to our established protocols [19, 27, 28]

2.2.2. Culture of RAW 264.7 cells and isolation of bone marrow derived
macrophages (BMM) for osteoclastic differentiation

RAW264.7 cells (5000 cells/dnwere cultured in DMEM/F12 (D8900-10L, Life

Science, Sigma-Aldrich, USA) containing 10% FBS, B8N antibiotic mixture

(Gibco™, Thermo Fisher Scientific, USA) and recepactivator of nuclear factor

kappaB ligand (RANKL) (20 ng/mL) for 4 days to induce estlastic differentiation.

In addition, the bone marrow from bilateral femahrats was washed out and

cultured at 377 containing 5% C@for 2 hrs. Un-adherent cells were then transferred
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and cultured in the cell culture medium supplemeénteth 20 ng/ml macrophage
colony-stimulating factor (M-CSF) (SRP3247, Sigmiah#kch, USA) for 48 hours.
Then Cells was passaged to 12-well-plate (300,080/with 20 ng/ml M-CSF and
20 ng/ml RANKL (PHP0034, Thermo Fisher ScientifldSA) for 48 hours for
osteoclastic differentiation. For both BMMs and RAR64.7 cells, cell culture
medium with different Mg ion levels (0.8 mM and &M) was used. Then qRT-PCR
analysis and tartrate-resistant acid phosphatadRAR) staining (387A-1KT,
Sigma-Aldrich, USA) were conducted in both BMMs aR&AW 264.7 cells after
osteoclastic differentiation.

2.2.3. Macrophages polarization assays

RAW264.7 cells (5000 cells/cihwere cultured in 10-cm dish containing DMEM/F12
(D8900-10L, Life Science, Sigma-Aldrich, USA) supplented with 10% FBS, 1%
PSN antibiotic Mixture (Gibco™, Thermo Fisher S¢igo, USA). After 48 hrs, 20
ng/ml IL-4 with and without 10 mM Mg ions [29] wassed to generate M2-type
macrophages. After 12 hrs, the cells were washadetwith PBS prior to cell
suspension. Then the cells were incubated withatheCD206 antibody and the
FITC conjugated secondary antibody (both from Abc&l8A) for flow cytometry
analysis. Cells which were not incubated with amyiteody were used as blank
controls.

To validate the finding from macrophage cell lipgmary bone marrow macrophages
isolated in section 2.2.2 were used. For M1 stitma the culture medium was
supplemented with 100 ng/ml LPS; for M2 stimulatisapplemented with 20 ng/ml
IL-4. For the experimental group, 10 mM Mg ions wesupplemented. After
stimulating for 24 hrs, the expressions of INOS &id206 were measured by
immunofluorescent staining with corresponding ardibs (anti-iINOS antibody,
ab3523, abcam; anti-CD206 antibody, ab64693, ahcam)

2.3. Statistical Analysis

All data were expressed as mean * standard dewvié®D), with the significant level
set asP < 0.05. The unpaired two-tailed Studeritiest was used for comparing the
data between two groups. One-way analysis of veeidANOVA) with Bonferroni
post-hoc tests were conducted for comparing the data frastiphe groups.

3. Results

In the whole project, there was no complicationahbits in both the M-P and SS-P

groups after surgery. No cartilage degeneration @l@served in the operated knee

joint.

3.1. The accumulation of Mg ions in the periosteum upregulated CGRP and
Periostin expression

According to the line scans of Mg and Ca elemesisguu XRF, a higher Mg/Ca ratio
was detected in the cortical bone of the Mg-ingefeenora when compared to those

without Mg insertion and or SS-insertion. More impatly, a dramatic increase of
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Mg/Ca ratio was recorded at the interface betweenogteum and bone in the
Mg-inserted group, indicating the diffusion and seduent storage of the released Mg
ions within the periosteur(Figure 2A). As compared to the SS-P, the M-P showed
enhanced expression of CGRP according to immun@&ffeent stainingHigure 2B).

In addition, the CGRP labelling intensity in the®/group increased within the first 2
weeks while decreased at week 3, indicating a tiefgendent release of CGRP under
the stimulation of Mg ions. ELISA results were csbtent with the
immunofluorescence staining findings. The CGRP llewas kept stable in the
periosteum of the SS-P group while it reached #mkmt week 2 in the M-P group,
with about 2-fold higher CGRP level than the SSdug Figure 2B). At week 3, the
expression of CGRP in the M-P group was lower tiha of week 2, suggesting that
week 2 is the optimal time point for harvestingipsteum for ACL reconstruction.
The periostin expression level calculated as theogn positive area ratio in
periosteum of rats, was significantly higher in tieP group than that of the SS-P
group at week 2 after implantatiokRigure 2C). However, there was no significant
difference found in periostin positive area ratetvieen the two groups at week 3
after surgery.
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Figure 2 Effects of Mg ions on the expressions of CGRP Bedostin in the periosteum. (A)
uXRF line scanning for recording the ratios of MgQa from bone marrow to periosteum in the
femora with or without pretreatment of SS or Mg spifor 2 weeks. (B) Representative
immunofluorescent labeling and ELISA analysis f@RP in the periosteum of rabbits pretreated
with SS or Mg rods in femora for 1, 2, and 3 weeakspectively. n=3, *#<0.01, ***P<0.001.
Scale bars, 50 um. (C) Immunohistochemical staiaimgj quantitative analysis of periostin in the
periosteum of the SS-P and M-P groups at week 23aaffer implantation. n=3. *#®<0.001.
Scale bar, 100 um

3.2. Mg-pretreated periosteum (M-P) promoted the osteointegration of the
tendon graft into the bone tunnel and prevented peri-tunnel boneloss

Fibrocartilage zone was observed at the tendon-biedace in the M-P group while
only fibrous tissue was formed at the interfaceha SS-P group at week 4 after
surgery Figure 3A(a-b)). At week 8 after surgery, more osseous ingrowtb the
interface was found in the M-P groupigure 3A(a-b)), exhibiting significantly
greater area of newly formed bone at the tendore literface when compared to the
SS-P groupKigure 3A(c)). The fibrous interface width at the tendon-bomierizone
structure, which has been recognized as a negtiter affecting the tendon-bone
healing quality [30], was also evaluated in thisdgt As shown irFigure 3A(d), the
fibrous interface was observed in both the SS-P MAd groups at week 4 after
surgery, which was then followed by a reductiorthe width of the fibrous interface
in both groups at week 8 after operation. Compéwdatie SS-P group, the M-P group
showed significantly narrower fibrous interface thidt week 4 after surgerfFigure
3(e)). However, no significant difference was obserirethe fibrous interface width
between the two groups at week 8 after surgery.

(

4wk =

8 wk

5 =

Area (mmzj
B

New Bone Formation

E
=
=
=
=
@
Z
&
T
g
=

s
g7
© 2
S8-P M-P ; 0
‘-9: 0.5
8 WSS-P "

0.3 |—_|]_ "MoP

0.

The Area Ratio of
New Bone

Conn.D (1/mm?*)

Figure 3. Effects of periosteum on tendon-bone healing #rel peri-tunnel bone loss. (A)
Histological analysis of the tendon-bone interfatehe tibial tunnel in both the SS-P and M-P
groups at week 4 and 8 after surgery. a. Goldrieihrome staining of tendon-bone interzone
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structure. b. Stevenel blue-Van Gieson-Alizarin F&dtaining of tendon-bone interface. c. The
new bone formation area at the tendon-bone interfadoth the SS-P and M-P groups at week 8
after surgery. n=4.P<0.05. d. H&E staining of tendon-bone interfaceTlee width of the fibrous
tissue formed at the tendon-bone interface in HwhSS-P and M-P groups at week 4 and 8 after
surgery. n=4, *P<0.01. T: tendon graft; I: interface; B: bone; Ribrocartilage; NB: new bone.
Scale bar: 100 um. (B) The 3D reconstruction andacgiral parameters of the peri-tunnel bone
tissue in the tibiae as measured by micro-CT akwle@ wk) and week 8 (8 wk) after surgery. a:
Bone volume fraction (BV/TV); b: Trabecular thiclese(Tb. Th); c: Trabecular number (Tb. N); d:
Trabecular separation (Th. Sp); e: Connectivity sitgn(Conn. D); f: Specific bone surface
(BS/BV). n=6. P<0.05, *P<0.01, **P<0.001. (C) Representative images showing the new
bone formation in the peri-tunnel region via flusrent labelling and quantitative analysis of the
newly formed bone area in both the SS-P and M-Bpgat week 4 and week 8 after surgery. T:
tendon graft; B: bone. White scale bar: 500 um. @rea ratio of new bone was defined as the
ratio of the fluorescent signal positive area dmllione area in the fluorescence and bright field
images. n=4.P<0.05.

As shown inFigure 3B, the 3D reconstructions of the peri-tunnel tisshewed that
the M-P group exerted significantly higher BV/TVaththe SS-P group at week 4
(0.36+£0.03 vs. 0.21+0.067<0.001) and week 8 (0.29+0.03 vs. 0.24+0.20.01)
after surgery. In addition, there were significdifterences in the trabecular thickness
(Tb. Th), trabecular number (Tb. N), trabecularasapon (Tb. Sp) and connectivity
density (Conn. D) between the SS-P group and tHedvibup (Th. Th: 0.28+0.02 mm
vs. 0.23+0.04P<0.05; Tb. N: 2.10+0.13 vs. 1.80+0.17<0.05; Th. Sp: 0.47+0.01
mm vs. 0.59+0.07 mmP<0.01; Conn. D: 3.69+0.52 nifvs. 4.65x0.35 mf,
P<0.01) at week 4 after operation. However, no s$icgmt difference was detected in
these parameters between the two groups at wedtel8aperation. There was no
significant difference in the specific bone surféB&/BV) between the two groups at
week 4 and 8 post-surgery.

Besides, the fluorescent labeling examinationlierimmature bone in the peri-tunnel
tissue showed the area ratio of new bone in thetyenel was significantly higher
(0.10£0.02 vs. 0.20£0.0&R<0.05) in the M-P group when compared to the SS-P
group at week 4 after surgerlyigure 3C). Even at week 8 after operation, the area
ratio of new bone was still higher in the M-P thbuget with marginal statistical
difference (0.06+0.02 vs. 0.08+0.(350.051).
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2 wk 3 wk 4 wk

SS-P

Figure 4. Representative histological sections from SSQvigfpretreated periosteum-tendon graft
complex harvested at week 2, 3 and 4 after sulg® and S&F staining; Magnification: 100

& 200X. Massive fibrocartilage (FC) was present at themlex interface in the M-P group at
week 4, which was highlighted by the pink dottedtaagular frame. T: tendon graft; P:
periosteum; FC: fibrocartilage. n=2.

In addition, we also wrapped the long digital estamtendon with periosteum but did

not insert the periosteum-tendon construct intoebdannel, to investigate the

interaction of periosteum and tendon, without theerference from bone marrow.

H&E and S&F staining results demonstrated that ditdgous tissue was formed at

the interface between periosteum and tendon irS8¥° group at all the tested time
points (week 2, 3, and 4). There was no differdmeteveen SS-P and M-P at week 2
and week 3 after surgery, but a massive fibroeailzone was only observed in the
M-P group at week 4Hjgure 4).

3.3. Mg-pretreated periosteum enhanced the mechanical properties of the
tendon-bone interface

As the FTGTC failed in the mid-substance over 6 kseafter surgery during the
tensile testing [24], the osteointegration qualythe tendon graft into the bone
tunnels should be evaluated within an earlier staffer ACL reconstruction.
Therefore, the samples harvested at week 4 afterabpn were used for tensile
testing in this studyHigure 5A). Regarding to failure modes, all specimens in the
SS-P group failed at the tibial tunnel while thenpées in the M-P group failed at the
femoral tunnel Eigure 5B). As the SS- or Mg-pretreated periosteum was used
wrap the tendon graft only at the tibial site, thessults suggested improved healing
quality at the tendon graft-bone interface in thé®Mroup that was supported by the
significantly higher maximal load to failure in tiM-P group as compared with the
SS-P group (78.9+5.5 N vs. 56.8+7.0M0.05) Figure 5C).
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Figure 5. Biomechanical testing results. (A) Tensile tegtrerformed in custom-designed jigs for
data collection of the maximal load to failure daifure mode in FTGTC. The arrow indicated the
failure site. (B) The failure mode in the SS-P &P groups at week 4 after surgery. A failure of
the tibial fixation in the SS-P group while theldaé mode at the femoral side in the M-P was
observed. (C) The ultimate failure load in both #& P and M-P groups. n=6<0.05.

3.4. Reduced Ctsk expression by Mg degradation led to upregulation of
periostin

When analyzing the RNA extracted from periosteasues harvested at week 2
post-implantation, gRT-PCR data showed Gk mRNA was significantly reduced
in M-P than SS-P Higure 6A). Spl (encoding OPN) andBglap (encoding
osteocalcin, OCN) exhibited opposite trerfedglre 6A). Addition of rhPeriostin
elevated the expressions of Runx2, osterix, and OdiMing the osteogenic
differentiation of PDSCs in a dose-dependent marfRegure 6B), suggesting the
direct effect of periostin on osteogenesis. In puetein lysis, the expression of
periostin was significantly increased in M-P tha8-B as measured by western
blotting (Figure 6C), in agreement with the IHC resuRiQure 2C). Interestingly, the
addition of recombinant human CTSK (rhCTSK) forrd Hramatically decreased the
periostin expression in M-P groupi@ure 6C). Furthermore, when the rhPeriostin
was mixed with rhCTSKn vitro, it degraded in a time dependent manriegyre
6D). When rhCTSK was added to PDSCs culture for 23 kme expression of
endogenous periostin was significantly redudedyre 6E). These resultsuggested
that the reduced Ctsk expression by Mg might leagptregulation of periostin.
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Figure 6. The relationship between Ctsk and periostin. (A)NARexpression ofCtsk, Sopl, and
Bglap in rat periosteal tissues isolated at week 2 poptantation. n=3, P<0.05, **P<0.01. (B)
expression of Runx2, osterix, and OCN on day 21t-psteogenic induction of PDSCs with
rhPeriostin at different doses. The right bar chasis the colorimetric data. n=3P<0.05,
** P<0.01, **P<0.001. (C) Representative western blot of perioptotein expression and the
colorimetric data. n=3. **P<0.001. (D) Representative western blot of the inimg periostin
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protein expression in the solutions mixed with ri8KT at different time points and the
colorimetric data. n=3. ®<0.01, **P<0.001. (E) Representative western blot showing the
expression of endogenous periostin affected by 8KCand the colorimetric data. n=3.P%0.01.

3.5. Mg treatment enhanced osteogenic differentiation of PDSCs from the
periosteum and reduced osteoclast fusion and Ctsk expression levels

As shown inFigure 7A, after 7 days of osteogenic differentiation foe tisolated

PDSCs, the M-P group showed higher expression i Alhan the SS-P group.
Besides, the mRNA expression levelsBglap and Spl in the PDSCs of the M-P
group were significantly higher than those in ttf&FSgroup Figure 7B). These data
suggested that PDSC was at least one of the agite® mediating the effect of Mg
ions. Importantly, the addition of Mg ions into tm®rmal cell culture medium
dramatically inhibited the number of osteoclastsrfrooth BMMs and RAW 264.7

cells Figure 7C). Meanwhile, Mg treatment significantly reducéitsk mRNA
expressionKigure 7C).

ALP staining D) IL- 4 treated group IL-4 & Mg treated group
SS-P - M-P : :

A)

72.6% .
; E A
i 25 st N\ )
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&) gw 5] =R E :':4
2% 25 gf
T os =< _f 22
EF 2E 2=
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Figure 7. Comparisons on the osteogenic differentiation efghmary PDSCs from SS-P or M-P
group, osteoclastic differentiation of RAW 264, Tlsand BMM, and macrophage polarization
vitro andin vivo. (A) Representative images showing ALP stainingP8fSCs after 7 days of
osteogenic differentiation. (B) RT-qPCR testing utes showing significantly higher mRNA
expression levels irgppl and Bglap in the Mg-induced PDSCs (M-P) when compared to the

SS-induced PDSCs (SS-P) after 7-days of osteogkffecentiation. n=4. P<0.05, **P<0.01. (C)
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Effects of Mg ions on osteoclast formation and G&sgression levels. n=3P%0.05, ***P<0.001.
Black scale bar: 100m. (D) Effects of Mg treatment on macrophage po&tion in RAW 264.7
cells by flow cytometry analysis. (E) Representtimmunofluorescent detection of CD206
positive M2 macrophage at the periosteal layetheffemora in rats with pretreatment of SS or
Mg pins for 2 weeks. More M2 macrophages were ofeskat the periosteum from the M-P group.
M: Muscle; P: Periosteum; C: Cortical bone. n=32¢6.01. Scale bar: 250 4 m.

3.6. Mg treatment modulated macrophage towards M2 phenotype

As evidenced by the induction of the M2 macrophageker, CD206, flow cytometry
analysis revealed that Mg ions enhanced M2 macgmplpalarization Kigure 7D).
Similarly, the immunofluorescence analysis of CD3@isitive macrophage in the
periosteum of rats with SS or Mg pretreatment foweeks also showed that Mg
significantly favored macrophages towards M2 phgometfigure 7E). Consistently,
in the primary BMMs, supplementation of Mg ions (@) significantly inhibited
M1 polarization (decreased iINOS), while promoted pRarization (more CD206
positive cells), as compared to the control with Mdhe physiological concentration
(0.8 mM) group Figure 8A and 8B).

A Control Mg (10 mM) B
120, Il Control [l Mg
M 100+ e
induction
=
M2
induction

Figure 8. Effects of Mg ions on primary BMMs polation. (A) Immunofluorescent staining of
iINOS and CD206. Scale bar: 1Q0n. (B) Significant inhibition of M1 polarization vilk
promotion of M2 polarization by higher Mg ions sopied by statistical analysis on the
percentage of cells positive for the indicated raeskn=5. *P<0.01 as compared to the control.

4. Discussion

To the best of our knowledge, this is the firstdgtunvestigating the effects of
Mg-pretreated periosteum on the osteointegratiotheftendon graft into the bone
tunnels via radiographical, histological, and medta measurements in a rabbit
ACL reconstruction model. In this study, we foundhatt the PDSCs from the
Mg-pretreated periosteum enhanced the tendon lgoak- healing owing to the
elevated expressions of CGRP and periostin in én@gteum. As shown iRigure 9,
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there were three major findings in our current wdfkstly, Mg ions significantly
reduced CTSK expression levels, which is beneffoiathe upregulation of periostin.
Secondly, as compared to the SS-induced periostthenylg-pretreated periosteum
showed significantly higher expression levels of RFGand periostin, which might
lead to an improved osteogenic differentiation poé of PDSCs. Thirdly, more new
bone formation in the peri-tunnel tissue and enbdrasteointegration of the tendon
graft into the bone tunnels were found in the Mr®ug when compared to the SS-P
group. Thus, the Mg-pretreated periosteum is sapéoi the control periosteum for
ACL reconstruction, which in turn is expected tgnove clinical outcomes.

Immediately
after surgery

8 weeks after surgery

Periosteal Periosteal Osseous i
fibrous layer  inner layer ingrowth Peri-tunnel bone loss l

M-P Bony ingrowth at the interface I

Promoted osteogenic differentiation of PDSC:

Reduced CTSK " -

; Fibrous interface width l
Enriched

A Periosteal fibroblast @ PDSCs
|

Periostin CGRP @ Osteocyte

Figure 9. Schematic diagram of mechanisms behind the pigeeffects of the Mg-pretreated
periosteum in the tendon-bone healing. The expedsivels of CGRP and periostin as well as
macrophage towards M2 polarization were upregulatetker the stimuli of Mg ions, ultimately
leading to less fibrous interface and peri-tunr@idloss, and more fibrocartilage formation as
an important template for the replacement by nenelia the M-P group when compared to the
SS-P group.

Since the strength of the tendon-bone interfacebleas shown to correlate with the
amount of the osseous ingrowth [7], current attenmatve been made to enhance the
osteointegration of the tendon graft into the béawmenel [8, 9, 16]. Periosteum is
composed of two layers, that is outer fibrous lagentaining fibroblasts) and inner

cambium layer (extremely rich in mesenchymal pragencells). Fibrous layer
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contributes to formation of collagen fibers whilentbium layer forms fibrocartilage
and bone[23]. As a pool of multipotent mesenchystain cells [31], periosteum
regulates the outer shape of the cortical boneatswremarkably affects the fracture
repair via endochondral and intramembranous oasibic [32], suggesting its
potential in the tendon-bone healing. As early rasl930, Burman and Umansky
found that bone formation was observed at the pimn-tendon interface at 2 weeks
after surgery when the periosteum was wrapped drthenextensor longus digitorum
tendon, indicating the contributions of the pemosh to initiation of bone
regeneration [33]. Later on, Chen et al. triedutuee the periosteum onto the surface
of the tendon portion for ACL reconstruction in bbb and found better healed
strength [16], which was partially ascribed to theneficial effects of PDSCs in
periosteum on new bone formation at the interf&H. [Encouraged by the findings
in the animal studies, Chen et al. continued taycaut clinical studies by using
periosteum-enveloping tendon graft in patients gatlimproved clinical outcomes
via observation of reduced bone tunnels [17, 18]addition, periosteum is rich in
sensory nerves, which regulate bone formation &i@ase of neuropeptides such as
CGRP [35]. We previously found that Mg could sigrahtly stimulate CGRP
expression during the early stage of fracture hgdll9]. In that study, we found that
the Mg ions released from the Mg rod shortly afteplantation and speculated that
these Mg ions transported into the neurons throaglchannels/transporters such as
Mg transporter 1 (MagT1) [19]. The influx of Mg ismapidly stimulated the release
of CGRP from the nerve endings through elevatind®?A@lated pathways [19], thus
serving as the molecular basis for explaining thartsterm reaction of Mg on CGRP.
Therefore, the CGRP enriched periosteum througlpMgreatment was used to wrap
the tendon graft, aiming to improve the bony inglowowards the tendon-bone
interface in this study. As expected, our curremmiopof-concept study showed that
the periosteum pretreated by Mg implants for 2 weadssessed the peak expression
of CGRP , so we prepared the CGRP enriched peuiostg week 2 after surgery for
our in vivo validation. In addition, as the predominant extladtar matrix in the
periosteum, we found that periostin also directlyonpoted the osteogenic
differentiation of PDSCs, consistent with findindgom another study using a
different cell model [26]. As a direct molecularget for degradation by CTSK [36],
periostin was well protected by Mg ions throughatage modulation of CTSK.

The SS and Mg treatment outcomes were then systaifatinvestigated in ACL
reconstruction animal models. Generally, the pamael bone loss after ACL
reconstruction is commonly observed in both précdihand clinical studies, which is
considered to adversely affect the tendon graflitfgeaue to the impaired stability in
the bone tunnel healing surface during tendon-lotegration [37]. Compared to the
SS-pretreated periosteum, the Mg-pretreated petiosin vivo or in situ significantly
attenuated the peri-tunnel bone loss in the M-Rig@fter surgery, indicating a more
stable bone tunnel surface to facilitate the tengi@ft healing and integration. More
importantly, massive fibrocartilage was formed la tendon-bone interface in the
M-P group while only fibrous interface was obsenmedhe SS-P group at week 4
after surgery. Further, we tried to investigate hibvw treated periosteum exert its
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biological effects in the tendon-bone healing pss¢eso we isolated the Mg- or
SS-pretreated periosteum and then prepared thespsrm-tendon graft compler
vivo to observe their interactions. Interestingly, veairfd fibrocartilage-like tissue
only formed at the complex interface in the M-PugroThis may be partially ascribed
to the enhanced osteogenic differentiation of PDiaGke Mg-pretreated periosteum,
which provided the cell source involved in the matgion with the local tendon
derived fibroblasts [38]. However, we can still reotclude the potential interaction
between the periosteum and the surrounding bo#eCin reconstruction model. We
may consider use transgenic animal models sucliPrasCreER-EGFP mice to
conduct lineage tracing to get more informationtlom fate of stem cells during the
tendon-bone healing in the future. The fibrocaglaat the tendon-bone interzone
structure served as the template for the replacetmgmew bone gradually in the
presence of bone marrow derived stem cells [39,a4@] ultimately contributed to
increased osseous ingrowth into the tendon-bonerfate in the M-P group as
compared to the SS-P group at week 8 after operatd note, there was only
marginal significant difference in the fibrous irfeece width and the peri-tunnel bone
loss (P = 0.051) at 8 weeks after the surgery,yimglthe possibility that CGRP and
periostin in the harvested periosteum might bedig@xhausted instead of released in
a controlled manner over time, warranting furthgtiraization for future application.
Dagher et al. reported that the increased polasizabf M2 macrophage at the
tendon-bone interface contributed to the diministhwdth of the fibrous tissue [41].
After Mg treatment, the polarization of macrophageward M2 was remarkably
favored, leading to a reduction of excessive inffaation during the graft healing.
Consequently, compared to the SS-pretreated peuiwst the Mg-pretreated
periosteum significantly reduced the fibrous iraed width while promoted the bony
ingrowth and peri-tunnel bone formation at the tamione interface in rabbits with
ACL reconstruction, which ultimately leading to igrsficant increase in the bonding
strength between the tendon graft and the bonestwotording to the tensile testing
results.

Last but not the least, there are also a few ltmoms in our proof-of-concept study.
Firstly, an additional surgery is required for hesting the Mg-pretreated periosteum
prior to ACL reconstruction, causing injury at tkdenor site. However, it is an
indispensable step to conduct this test as proebotept. Our data promisingly
confirmed the beneficial effects of CGRP and p¢imoslelivered in Mg-treated
periosteum, which has opened a new avenue fordumanslational research and
application by developing relevant delivery systeeng. using injectable hydrogel for
encapsulating the CGRP, periostin and cells for A€donstruction [27]. Secondly, as
there is lack of commercial primary antibody togtdr periostin in rabbits, we
alternatively used rat model to measure the effedlig on periostin expression. Our
previous study showed that Mg ions significantlgraased the concentration of
CGRP in the periosteal layer in rats after surdé8j, similar to the current result
from rabbit model, suggesting its biological respes and Mg ion release pattern
between rats and rabbits would be comparable. @ensg thatuXRF requires flat
polished surface of specimens for testing, it waaide huge difficulty in preparation
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of larger specimens, so we only selected the etisgen to measure the proportion of
Mg/Ca in this study.

5. Conclusions

In the current study, Mg-pretreated periosteum (MsRjnificantly enhanced the
osteointegration of the tendon graft into the btummels in rabbits as compared to the
SS-P group. The enhanced osteogenic differentiatiddDSCs may be attributed to
the upregulated expression of CGRP and periostar Mg treatment. Our findings
suggest that local delivery of CGRP, periostin, atein cells may be a promising
strategy for improving the tendon-bone healing iatignts undergoing ACL
reconstruction.
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