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Background: Tibial bone tunnel widening (TW) is a common postoperative phenomenon after anterior cruciate ligament recon-
struction (ACLR).

Purpose: To compare the physical, biomechanical, osteoinductive, and histological characteristics of 2 fabricated bioabsorbable
interference screws: (1) a modified poly(L-lactide-co-b, L-lactide) and hydroxyapatite (mMPLA/HA) screw and (2) a poly(L-lactide-co-
glycolide) and B-tricalcium phosphate (PLGA/B-TCP) screw; and to evaluate the effect of the PLA/HA screw on ameliorating post-
operative TW in a canine ACLR model.

Study Design: Controlled laboratory study.

Methods: In vitro, the physical and biomechanical properties of the mPLA/HA and PLGA/B-TCP screws were tested. The osteoin-
ductive activity of the screws was studied by cell experiments. In vivo, ACLR was performed on 48 beagle dogs, divided into the
mPLA/HA group and the PLGA/B-TCP group. The femoral and tibial ends of the graft were both fixed with screws. Six animals in
each group were sacrificed after live computed tomography (CT) scanning at 1, 3, 6, and 12 months postoperatively. For six knee
samples of each group, three knee samples underwent biomechanical testing, and 1 of them, along with the other 3 samples,
underwent micro-CT and histological examination to evaluate tibial TW.

Results: The mPLA/HA screw exhibited better particle dispersion, bending strength, desirable self-locking effect, and optimized
degradation behavior both in vivo and in vitro. Histologically, the mPLA/HA screw had comparative osteoinductive activity. There
was good screw-bone integration using the mPLA/HA screw, while most fibrous scar healing was in the PLGA/B-TCP
group. There were significant differences between the mPLA/HA and PLGA/B-TCP groups in tibial bone tunnel diameter at the
screw body (6 months postoperatively: 5.09 *= 0.44 vs 7.12 + 0.67; 12 months postoperatively: 4.83 = 0.27 vs 6.23 + 0.56;
P < .01 for both) and the screw tail (6 months postoperatively: 4.84 = 0.28 vs 5.97 = 0.73; 12 months postoperatively:
4.77 = 0.29 vs 5.92 + 0.56; P < .01 for both).

Conclusion: Compared with the PLGA/B-TCP screw commonly used in clinics at present, the mPLA/HA screw had comparative
biosafety and mechanical properties, satisfactory biomechanical properties, and osteoinductive activity in vivo and in vitro. It
effectively ameliorated the postoperative tibial TW in a canine ACLR model and increased the quality of screw-bone integration.
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Clinical Relevance: The good mechanical and biological properties of the mPLA/HA screws may provide an option to reduce the

incidence of complications after ACLR.
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Bioabsorbable screws in anterior cruciate ligament (ACL)
reconstruction (ACLR) have comparable fixation
strength?®® with metal screws and good screw-bone integra-
tion. Other advantages include little graft cutting during
insertion and less radiologic visualization interfer-
ence.2>2635 However, bioabsorbable screws still have
some problems that need to be addressed in clinical appli-
cations, such as less connection with the bone tunnel,'®
insufficient osteoinductive effects,®! and inappropriate
degradation rate,'® which may lead to bone tunnel widen-
ing (TW) after ACLR.

TW is a well-recognized postoperative phenomenon.
Studies have shown that the estimated incidence of TW
after ACLR using autologous tendons is 25% to 100% in
the femoral tunnel and 29% to 100% in the tibial tunnel.?
The potential clinical impact of TW is that in revision
ACLR, excessive TW may not only lead to insufficient
bone mass to create new bone tunnels but also prevent
the graft from obtaining firm compression fixation in the
femoral and tibial tunnels, leading to graft loosening and
potential knee instability and ultimately leading to revi-
sion failure.283%3* With the increasing number of ACLR
procedures performed in recent years, the percentage of
revision surgeries can also be predicted to increase
yearly.'* Therefore, how to effectively avoid the occurrence
of TW is a foreseeable and realistic problem with important
clinical significance.

The causes of TW are mainly biological and mechanical
in nature.®1%3! The insufficient biomechanical properties
of traditional bioabsorbable screws and biological activity
around grafts and screws are considered to be one of the
possible main causes of TW.2! Nowadays, the bioabsorbable
screws commonly used in the clinic are mostly made of
materials such as poly-L-lactic acid (PLLA),® poly-L-lactide/
glycolide acid (PLGA),?® tricalcium phosphate (TCP),2> and

11,21

hydroxyapatite (HA).2® These materials have different
advantages in biomechanical properties, biocompatibility,
and osteogenic activity.

In the present study, a modified bioabsorbable interference
screw was fabricated based on poly(i-lactide-co-p, 1-lactide)
(mPLA) and HA (mPLA/HA screw). In vitro and in vivo bio-
mechanical, imaging, and histological assessments were car-
ried out for the mPLA/HA screw in comparison with
a fabricated screw modeled on one of the most widely used
conventional interference screws, made of PLGA and B-TCP
(PLGA/B-TCP screw). We hypothesized that the mPLA/HA
screw would have comparable biomechanical properties, satis-
factory osteoinductive properties, and optimized degradation
behaviors with the PLGA/B-TCP screw and that it would
effectively ameliorate TW in a canine ACLR model.

METHODS

The protocol for this study received ethics committee
approval, and the study was performed from April 2020 fol-
lowing the Guide for the Care and Use of Laboratory Ani-
mals.'® In the canine ACLR arm of the study, we compared
the experimental group (mPLA/HA group; n = 6) and the
control group (PLGA/B-TCP group; n = 6). Observation
endpoints were set at 1, 3, 6, and 12 months
postoperatively.

Fabrication of the Interference Screws

The experimental (mPLA/HA) group interference screws
were made of 80 wt% PLA (L-lactide-co-D, L-lactide molar
ratio 4:1) and 20 wt% HA. The PLA/HA composites were
fabricated by dispersing HA into PLA in chloroform
through an ultradispersity technique, followed by
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precipitation in methanol and vacuum drying. The control
(PLGA/B-TCP) group interference screws were made of 70
wt% PLGA and 30 wt% B-TCP. The PLGA/B-TCP compo-
sites were prepared similarly to PLA/HA composites.

For the mPLA/HA screw, small granules of PLA/HA
composites were extruded at 180°C to form a thick cylindri-
cal form, or billet, 14 mm in diameter (designated as
“extruded billet”). The extruded billet was forged at 90°C
into a cylindrical thinner billet 10 mm in diameter (desig-
nated as “molded billet”) without fibrillation by compres-
sion molding. The molded billet was subsequently carved
on a lathe into an mPLA/HA screw. Next, the PLGA/B-
TCP screws were directly fabricated by extruding small
granules of PLGA/B-TCP composites at 150°C into a screw
melt-injection mold.

For both groups, the finished screws were 5 mm in
diameter and 12 mm in length.

Physical and Biomechanical Characteristics

HA Particle Size Measurement and Dispersity in Stand-
ing Solution. A small piece of material was cut off of a screw
and dissolved in a 15-mL centrifugation tube with 5 mL
dichloromethane (1 mg/mL). An intense light was placed
behind the centrifugation tube for observation purposes,
and changes in the solution were recorded at different
standing time points. Transmission electron microscopy
(TEM) (FEI Titan 80-300 scanning TEM) observation was
conducted under an acceleration voltage of 80 kV. A single
droplet of the homogeneous solution prepared for standing
observation was placed onto a TEM copper grid, where HA
particle size and dispersity in dry solid form could be
observed. Dynamic light scattering was utilized to measure
the particle size in the homogeneous solution at 25°C on
a Brookhaven BI-200SM multiangle goniometer equipped
with a Brookhaven BI-APD avalanche photodiode detector
(the light source was a 35-mW He-Ne laser emitting verti-
cally polarized light of 632.8-nm wavelength).

In Vitro Mechanical Verification of Screw Fixation
Effect and Strength. To verify the clinical usability of the
screws, we first conducted in vitro mechanical validation
tests on the screws, including testing the fatigue properties
in ligament fixation, the bending properties of the molded
billets, and the ligament pullout force during accelerated
degradation. Details of the testing methods are provided
in the Supplemental Material (available separately).

Accelerated Degradation. To understand the changes in
molecular properties of the screw from the beginning to the
completion of degradation, we performed an accelerated
degradation test. Briefly, the screw sample was weighed
and placed in a sealed centrifugation tube with the addi-
tion of phosphate-buffered saline (PBS) buffer solution
and then kept in an oven at 70°C. At the designed time
point, 3 degraded samples from each group were removed,
carefully rinsed with pure water, and dried in a vacuum
oven at 80°C for 12 hours for further use. After degrada-
tion, the sample mass was recorded on an electronic bal-
ance. After that, a small piece of material was taken
from the sample for morphology observation by a scanning
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electron microscope (SEM). The rest underwent a polymer
collection process for molecular weight and inherent vis-
cosity tests. Gold was sputtered on SEM observation sam-
ples. The polymer was collected by a dissolution-
centrifugation process. Polymer inherent viscosity was
measured on a Ubbelohde viscometer using chloroform as
the solvent. The molecular weight of the collected polymer
was measured by gel permeation chromatography in
chloroform.

Measurement of Screw Swelling Properties. To measure
the swelling properties, 3 mPLA/HA screws and 3 PLGA/B-
TCP screws were immersed in PBS solution at 37°C for 30
days. The screw head diameter and screw body diameter
were measured every other day.

In Vitro Cell Experiments

Cell Culture and Proliferation. Rabbit bone marrow
mesenchymal stem cells (RBMSCs) and mouse embryonic
osteoblast precursor cells (MC3T3E1l), purchased from
the Cell Bank of the Chinese Academy of Sciences, were
cultured in the complete culture mediums made of Dulbec-
co’s modified Eagle medium added with 10% fetal bovine
serum and 1% penicillin. Cells were incubated in the com-
plete medium (5% CO2; 37°C).

The composite samples of the mPLA/HA screw and
PLGA/B-TCP screw were prepared into wafers by a dissolu-
tion-casting method, which was sterilized for cell culture.
Then, the 2 groups of samples were placed in 96-well
plates, and the RBMSCs and MC3T3E1 were respectively
seeded on the surface with a proper density. Another group
of RBMSCs and MC3T3E1 without any composite samples
was also cultured as a control group. Next, cell prolifera-
tion was examined using Cell Counting Kit 8 (Dojindo
Molecular Technology) following the manufacturer’s
instructions at 1, 3, 5, and 7 days after incubation.

Real-Time Polymerase Chain Reaction Analysis and
Cytological Staining Analysis. The expression of the
osteogenesis-related mRNA (osteopontin [OPN], osteocal-
cin [OCN], collagen type 1 [Col-I], and alkaline phospha-
tase [ALP]) of MC3T3E1l osteoblasts was detected by
real-time polymerase chain reaction after incubation for
3 and 7 days for comparison among the mPLA/HA group,
PLGA/B-TCP group, and a control group (B-actin was
used as a quantitative control for RNA levels). The sequen-
ces of the primers are listed in Supplementary Tables S1
and S2 (available separately). Also, alizarin red staining
was performed on the culture medium of the 3 groups on
days 14 and 21, and the distribution of calcium and phos-
phorus in the culture medium was observed.

In Vivo Experiments

ACLR in a Canine Model. A total of 48 healthy beagle
dogs (18 months old, weight, 10.0-15.0 kg, male) were
selected to establish the unilateral ACLR model on the
left hind legs. The canine model was established according
to a previous study.® First, a skin section was made along
the posterior side of the distal tibia, and the flexor
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digitorum longus tendon was found, then transected and
woven into ligament grafts, and the incision was sutured.
Then, the articular cavity of the left knee was exposed by
medial parapatellar arthrotomy and dislocation of the
patella, followed by transection of the ACL. A 1.5 mm—
diameter bone tunnel was drilled into the femur and the tibia
according to the position of the native ACL insertion, and
a 4.8-mm hollow drill was used for TW. The autograft was
then pulled through both bone tunnels. By random assign-
ment, 2 mPLA/HA screws (mPLA/HA group; n = 24) or 2
PLGA/B-TCP screws (PLGA/B-TCP group; n = 24) were
inserted into the tibial and femoral tunnel by a screwdriver
with the graft stretched, and the incisions were sutured layer
by layer. The dogs were cared for in the same environment.

Postoperative CT Imaging. Each animal group under-
went computed tomography (CT) imaging under anesthe-
sia at 3 days and 1, 3, 6, and 12 months postoperatively.
For each group of animals, the status of the knee ligament
was observed and recorded intraoperatively, postopera-
tively, and at the time of sampling.

Biomechanical Analysis. Six dogs were sacrificed for left
hind knee samples at each postoperative time point (1, 3, 6,
and 12 months). In each group, 3 knees underwent a pull-
out test and degradation test. For the pullout test, the ends
of the femur and tibia of each sample were fixed in clamps,
and a 5-N preload was applied. Then, a tensile load was
applied at a speed of 5 mm/minute until the ligament
was broken or pulled out from the bone tunnel. The cir-
cumference of the ligament of the specimens of both groups
was recorded, together with the load-displacement curve,
failure load, and failure mode. The ligament -cross-
sectional area, displacement, tensile strength, and stiff-
ness were obtained by calculation.

To investigate the material degradation behavior in
vivo, the screw implanted in the femur of each sample
was used to measure molecular weight and inherent vis-
cosity at each endpoint.

Imaging, TW, and Bone Mass Analysis. One of the sam-
ples that underwent biomechanical testing also underwent
micro—CT scanning along with the remaining 3 knee sam-
ples. The binarized images were analyzed with Skyscan
software (Skyscan 1176; Bruker). The bone tunnel meas-
urements of both groups were evaluated by analyzing the
micro-CT imaging data. To more intuitively reflect the
impact of the screws on the bone tunnels and reduce possi-
ble bias caused by irregular bone tunnels, we first selected
a cross-sectional image perpendicular to the screw axis on
micro-CT, choosing the screw body and screw tail layers.
Then, we determined the longest diameter (d;) and the
shortest diameter (ds) of the bone tunnel on these layers,
as well as d3 and d4, which bisect the angles formed by
d; and ds. The diameter of the bone tunnel at the screw
body or tail was calculated as d = (d; + do + ds + dy)/
4 (Figure 1).

Based on the 3-dimensional reconstructed images,
a cylindrical region of interest parallel to the tibial bone
tunnel was selected to measure the bone volume/total vol-
ume (BV/TV) of both groups.

Histological Analysis. After micro-CT imaging, the tib-
ial part of each sample was prepared into paraffin sections
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Figure 1. Schematic diagram for measuring the diameter of
the tibial bone tunnel, calculated as (d1 + d> + ds + d4)/4.

and stained with the hematoxylin and eosin and Masson-
Goldner staining. Slide observation and photographs
were performed under a light microscope (Eclipse Ni-U;
Nikon). The Lane-Sandhu scoring system®’ was applied
to evaluate the screw-bone integration under Masson-
Goldner staining.

Statistical Analysis

Data were recorded as mean *+ standard deviation. The dif-
ferences between the mPLA/HA and PLGA/B-TCP groups
were determined by ¢ test or 1-way analysis of variance.
Statistical significance was set at P < .05. All analyses
were conducted with SPSS software for Windows (Version
20.0; IBM).

RESULTS
Particle Dispersity of the Polymer Composites

The standing solutions of both screw groups exhibited
homogeneity right after preparation (0 minutes), and no
impurities or big particles were visible. After 10 minutes
of standing, obvious precipitation was found at the tube
bottom in the PLGA/B-TCP group. After 35 minutes of
standing, more precipitation was found at the tube bottom
of the PLGA/B-TCP group, and the supernatant turned
transparent. However, no precipitation was observed in
the mPLA/HA group, and the solution remained milky
and uniform (Figure 2A). The solution observation indi-
cated that the particle dispersion was more stable in the
mPLA/HA group.

Inorganic particles were well dispersed in the compo-
sites of both groups (Figure 2B). The HA particles in the
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Figure 2. Results of standing solution observation for the mPLA/HA and PLGA/B-TCP groups. (A) The dispersion and precipita-
tion of particles at different standing time points in dichloromethane solution. (B) Transmission electron microscopy observation of
the HA particles in the mPLA/HA group and the B-TCP particles in the PLGA/B-TCP group (scale bar: 1 um). (C) Particle size mea-
surement according to dynamic light scattering in the dichloromethane solution.

mPLA/HA group were of small aggregates around 200 nm,
while the B-TCP particles in PLGA/B-TCP group were of
spherical shape, mostly around 400 nm. The particle size
of the mPLA/HA screw composites and PLGA/B-TCP screw
composites distributed as a single peak at about 390 and
750 nm in dichloromethane solution, respectively (Figure
2C), indicating ideal uniformity of particle dispersion in
both groups and finer particle dispersity in the mPLA/
HA group.

Ligament Pullout Fixation Properties

Under a 50- to 80-N load, no failure was found between the
nylon rope and the mPLA/HA screws after 10,000 cyclic
loads, and the mean displacement was 0.5 * 0.4 mm.
The PLGA/B-TCP screws had a more significant displace-
ment of 2.8 = 1.2 mm (P < .05) (see Supplementary Figure
S1D, available separately). The subsequent static tensile
strength tests showed that the mPLA/HA screws had an
ultimate load of 141 = 8 N, with an ultimate displacement
of 20.2 * 3.6 mm, compared with an ultimate load of 139 =
9 N and ultimate displacement of 19.7 + 2.0 mm for the
PLGA/B-TCP screws, with no significant difference
between the 2 groups (Supplementary Figure S1D).

Accelerated Degradation In Vitro

For both the mPLA/HA and PLGA/B-TCP groups, no mate-
rial corrosion on the surface was visible until 1 day of accel-
erated degradation. At 3 days, both groups started to
exhibit surface material corrosion (Figure 3A); this coin-
cided with the time point of mass loss (Figure 3D). At 7
days of accelerated degradation, inorganic particles were
exposed due to material corrosion arising from degradation.
When samples were collected and dried after 14 days of
accelerated degradation, screws in the mPLA/HA group
were able to maintain their shape but needed to be handled
carefully to avoid collapse, while the PLGA/B-TCP screws
were completely crushed (Supplemental Figure S2). SEM
observation of the mPLA/HA screws showed obvious expo-
sure of inorganic particles on the material surface (Figure
3, B and C). Screws in the PLGA/B-TCP group were crushed
into a powder that could not go through SEM observation.

No apparent mass loss occurred at 6 hours and 1 day of
accelerated degradation in the 2 groups, and both started
to lose mass at around day 3 and experienced fast mass
loss from day 7 to day 14. In addition, a noticeable drop
in inherent viscosity and molecular weight were observed
in both groups at day 1. After 3 days, the inherent viscosity
retention rate reached around 10%, and the molecular
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Figure 3. (A) Scanning electron microscope (SEM) observation of both screws groups after 0 hours, 6 hours, 1 day, 3 days, and 7
days of degradation (scale bar: 10 wm). The yellow arrows show the surface material corrosion. The red arrows show the inor-
ganic particles exposed due to material corrosion. (B) SEM observation of a mPLA/HA screw after 14 days of accelerated deg-
radation, showing obvious exposure of inorganic particles (red arrows) on the material surface. (C) After 14 days of accelerated
degradation, the mPLA/HA screw was able to maintain its shape but needed to be handled carefully to avoid being crushed, while
the PLGA/B-TCP screw had been crushed into powder. (D-G) The mass, inherent viscosity, and molecular weight (Mn and Mw)
retention rate of both screws at each endpoint. Error bars represent SDs.. Mn, number-mean molecular weight; Mw, weight-mean

molecular weight.

weight retention rate reached below 3% at day 7 for both
groups. In terms of accelerated degradation behaviors,
the mPLA/HA screw was basically equivalent to the
PLGA/B-TCP screw (Figure 3, D-G).

Bending Properties of the Molded Billets

SEM observation indicated that the molded billets of the
mPLA/HA screw had a highly oriented alignment of molecular
chains compared with the PLGA/B-TCP screw, which was also
shown by the small-angle X-ray scattering diffraction patterns
(Figure 4, A and B). The molecular chain alignment of the
mPLA/HA screws indicated a large improvement in the

strength of the materials compared with conventional materi-
als, providing a guarantee for sufficient mechanical strength
in the clinical application of the screws.

Under degradation at 37°C in PBS solution, the mPLA/
HA screw billets showed higher bending strength, yield
strength, and flexural modulus, while the PLGA/B-TCP
screw billets showed lower bending properties comparable
with the cortical bone (Figure 4, C-E).

The bending strength of the mPLA/HA screw billets
remained above that of young cortical bone within 5
months of real-time degradation (Figure 4C). Even though
the bending strength decreased at 6 months of degrada-
tion, it was still equivalent to that of osteoporosis. At the
same time, its yield strength was always greater than
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Figure 4. The bending properties of the molded billets. (A) Small-angle X-ray scattering diffraction patterns and (B) scanning elec-
tron microscope observation (length of the scale is 10 pum) of mPLA/HA screw molded billets and PLGA/B-TCP screw injection
billets. (C-E) Bending property changes with degradation duration, where the blue and yellow dashed lines represent reference
values of bending properties of cortical bone in young adults and osteoporosis patients, respectively. Xs indicate areas where
data could not be presented on the graph because degradation made it difficult to complete the test or that the test results could

not be calculated. Error bars represent standard deviations.

cortical bone in young people within 5 months and much
greater than that in patients with osteoporosis (Figure
4D). In addition, the flexural modulus of the mPLA/HA
screw had a good retention rate within 6 months of degra-
dation. Although the flexural modulus absolute value was
less than that of human cortical bone (about 6 GPa), the 2
values were in the same order of magnitude, which means
that the mPLA/HA screw can stably play a role in internal
fixation during bone healing and will not lead to a stress-
shielding effect (Figure 4E).

Ligament Pullout Force During Accelerated
Degradation

During in vitro accelerated degradation, the ligament pull-
out force of the 2 groups decreased continuously, almost
disappearing at 7 days (Supplementary Figure S3). How-
ever, the ligament pullout force of the mPLA/HA group
was significantly higher than that of the PLGA/B-TCP
group on day 4 of degradation (P = .002). There were no sig-
nificant group differences at the other degradation time
points.

Screw Swelling Properties

As time passed, the head diameter and body diameter of
the mPLA/HA screw placed in the PBS buffer increased
continuously and reached a plateau value at about 30
days. In contrast, the head diameter and body diameter
of the PLGA/B-TCP screw did not change significantly
(Supplemental Figure S4).

Cell Proliferation Promotion and Osteogenesis

Compared with the PLGA/B-TCP group, the mPLA/HA
group exhibited more cell proliferation and a faster prolifer-
ation rate, but the level was lower than that of the control
group (Figure 5, A and B). For gene expression related to
osteogenic differentiation of RBMSCs, the expression of
OCN, ALP, and Col-I was higher in the PLGA/B-TCP
group. But for the osteoblast MC3T3E1, the expression of
OPN, OCN, and ALP in the mPLA/HA group was signifi-
cantly higher than that in the PLGA/B-TCP group, while
the expression of Col-I in the PLGA/B-TCP group was higher.
In addition, the expression of OPN in the mPLA/HA group
was higher than that in the blank control group (Figure 5,
D-E). Results demonstrated that mPLA/HA screw material
can effectively promote the process of osteogenic metabolism
of osteoblasts and is more conducive to osteogenesis.

In alizarin red staining of the medium on days 14 and
21, the calcium and phosphorus concentration in the
medium of RBMSCs in the mPLA/HA group was higher
and more evenly distributed than in the PLGA/B-TCP
group (Figure 5C). In the MC3T3 medium, the calcium con-
tent in the non—-material covered area of the medium in the
mPLA/HA group was higher (deep red stained region). The
findings indicated that the mPLA/HA screw material pro-
moted osteoblast osteogenesis metabolism and produced
more calcium than the PLGA/B-TCP screw material, which
was more conducive to osteogenic mineralization.

Screw Performance in the Canine ACLR Model

The ligament reconstruction was intact and the range of
joint motion was normal in the canine ACLR model



8 Jiang et al

RMBSCs CCK-8

The Orthopaedic Journal of Sports Medicine

207 -+ Control C
z + PLoA-TCP RBMSCs MC3T3-E1
% 57 = mPLA/HA
H 14 days 21 days 14 days
2 1.0
: o ' = :
8‘ 0.5 (&) , 7 \\ g

5 /[ . W 4
0.0 r . r . Q. ot i
1 3 5 7 < 4 . / i
Days 2 u\\ /
B MC3T3E1 CCK-8 o =
15 —4 Control &
-e- PLGA/B-TCP e

% 1.04 -= mPLA/HA <L \
§ ’ I . ﬁ -, \
] 2 ‘l‘f e
£ 05 d //
° E v & 87

0.0 : - : . _ Tl

1 3 5 7

Days

MC3T3-E1 ALP

it l

3 Days 7 Days

MC3T3-E1 OCN

@
1
@

F'S
1
FS

@
1
w

N
1
N

i
1

Relative expression level
Y

Relative expression level
Relative expression level

o
I
o

3 Days 7 Days

m

RBMSCs ALP

- |
i,

3 Days 7 Days

RBMSCs OCN

Relative expression level
Relative expression level
s
o
1
Relative expression level

3 Days 7 Days

]

3 Days

MC3T3-E1 OPN

MC3T3-E1 Col-I

g
] T
S 2.0 *
2 45k
-
g
% 1.0
™ ©
2
H g 057 = Control
©
© (o mm PLGA/B-TCP
7 Days 3 Days 7 Days = mPLAHA
RBMSCs OPN RBMSCs Col-I
5 207 *
>
2
§ 1.5+
I ?
£ 1.0
x
)
2 0.5+
s
i
©
% 0.0-
3 Days 7 Days 3 Days 7 Days

Figure 5. The properties of promoting cell proliferation and osteogenesis of the screws. (A and B) Optical density of (A) rabbit
bone marrow mesenchymal stem cells (RBMSCs) and (B) mouse embryonic osteoblast precursor cells (MC3T3E1) seeded on
the different groups after 1, 3, 5, and 7 days using Cell Counting Kit 8 (CCK-8). (C) Alizarin red staining of the culture medium
of RBMSCs and MC3T3ET1, in which the calcium was stained orange or red. (D-E) The mRNA level of the osteogenic-related
genes expressed by the RBMSCs and MC3T3E1 seeded on samples of different groups at 3 and 7 days. Error bars in all of
the graphs represent standard deviations. ALP, alkaline phosphatase; Col-l, collagen type 1; OCN, osteocalcin.

(Supplemental Figure S5). At 1, 3, 6, and 12 months post-
operatively, in the biomechanical pullout test, the ultimate
failure mode of both groups was that of graft rupture
under increasing tensile load as opposed to the graft’s dis-
lodging the bone tunnel together with the screw. There
were no significant differences in failure load, tensile
strength, or stiffness between the 2 groups (Figure 6, A-
D). In addition, the inherent viscosity retention rate and
molecular weight retention rate of both screws continued
to drop within 6 months and reached a plateau after 6
months. During degradation, the inherent viscosity reten-
tion rate and molecular weight retention rate of mPLA/
HA screws were always higher than those of PLGA/B-
TCP screws (Figure 6, E-G).

TW and Bone Mass on CT Imaging
and Micro-CT of the Tibial Samples

The CT scans showed that for both screw groups, the con-
nection between the screw and bone tunnel was mostly tight
within 3 days postoperatively. All screws showed some
enlargement at 1 month postoperatively. However, the
bone tunnel around the screw interface of the PLGA/B-
TCP group showed further widening at 3, 6, and 12 months,
with some local arcs of osteolysis on both sides of the screw.
In contrast, the bone tunnels in the mPLA/HA group tended
to decrease enlargement by 6 and 12 months postopera-
tively, and the bone tunnel had more connection with the
screw at the interface (Supplementary Figure S6).
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Figure 6. The biomechanical results at each time point after anterior cruciate ligament reconstruction (ACLR) in a canine model.
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Figure 7. (A-B) Postoperative changes in the mean width of the tibial bone tunnel at the (A) screw body and (B) screw tail in the
mPLA/HA and PLGA/B-TCP groups. (C) The Lane-Sandhu scores of tibial bone tunnel healing in Masson-Goldner staining in both
groups. Error bars represent SDs. Significant group differences: **P < .01.

Regarding the measurement of the tibial bone tunnel
diameter using micro-CT, the tunnel diameter of the
PLGA/B-TCP group became wider after 3 months postoper-
atively, and it mostly did not show healing but still showed
enlargement of the bone tunnel at 12 months. On the con-
trary, the diameter of the mPLA/HA group expanded little
and showed good healing tendency over time. There were
significant differences between the mPLA/HA and PLGA/
B-TCP groups in tibial bone tunnel diameter at both the
screw body (6 months postoperatively: 5.09 * 0.44 vs
7.12 *= 0.67, respectively; 12 months postoperatively: 4.83
+ 0.27 vs 6.23 = 0.56, respectively; P < .01 for both) and
the screw tail (6 months postoperatively: 4.84 = 0.28 vs
5.97 = 0.73, respectively; 12 months postoperatively: 4.77
+ 0.29 vs 5.92 + 0.56, respectively; P < .01 for both) (Fig-
ure 7). Moreover, there was high-density new bone forma-
tion around the mPLA/HA screw, and the cortical bone
healed well, demonstrating that it had the capability of
promoting bone healing. Both screws had gradually frag-
mented at different degrees, but after 12 months of

degradation in vivo, the mPLA/HA screw still maintained
its cylindrical shape (Figure 8). Overall, the bone tunnel
of the mPLA/HA group showed a tendency of converging
or decreasing expansion over time.

Based on the 3-dimensional reconstructed images, there
were no significant group differences in BV/TV around the
tunnel within 6 months after ACLR, and the BV/TV had
decreased significantly by 12 months postoperatively in
both groups (Supplemental Figure S7). This is because the
composition of the screw material was similar to the bone,
which interfered with the bone mass analysis of micro-CT.

Histological Section Analysis of Tibial Samples. Hema-
toxylin and eosin staining also showed a gap between the
screw and the tibial bone tunnel in both groups at 1 month
postoperatively, but the gap seemed to become wider in the
PLGA/B-TCP group as time passed, while the mPLA/HA
group was still small (Figure 9). As shown in the
Masson-Goldner staining slices (Figure 10), osteoid tissue
and new bone appeared around the screws in the mPLA/
HA group at 3, 6, and 12 months, with the bone tunnel
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Figure 8. Micro-computed tomographic images of tibial samples from axial, coronal, and sagittal slices and 3-dimensional
reconstruction of the screws at each endpoint after anterior cruciate ligament reconstruction. The tibial bone tunnel in the
PLGA/B-TCP group mostly widened as time passed after the operation. The tibial bone tunnel width of the mPLA/HA group

was maintained and even narrowed in some cases.

finally healed and the cortical bone also recovering well.
On the other hand, PLGA/B-TCP screws were gradually
fragmented. After fragmentation, little bone tissue grew
around the screws.

There was healing filled with fibrous tissue between the
screw and the bone tunnel, and there was no sign of recov-
ery of cortical bone (Figures 9 and 10). In addition, with the
osteogenic effect, the interface between the screw and ten-
don or between the graft and bone of the mPLA/HA group
were firmly fixed and tightly connected, which provided
a good condition for bone-tendon healing. We did not see
an obvious inflammatory reaction around the tendon, and
there was no significant difference between the 2 groups
in the bone-tendon interface.

The Lane-Sandhu histological score (Figure 7C) showed
that the effect of promoting bone healing in the mPLA/HA
group was equivalent to that in the PLGA/B-TCP group at
1 and 3 months postoperatively. Additionally, at 6 and 12
months postoperatively, the effects of screw-bone integra-
tion, cancellous bone healing, and cortical bone healing
in the mPLA/HA group were significantly better than
those in the PLGA/B-TCP group (P < .05).

DISCUSSION

The results of this study showed that the mPLA/HA screw
had comparable mechanical properties and equivalent

graft fixation strength compared with the PLGA/B-TCP
screw. In addition, the mPLA/HA screw was shown to
have improved bending strength, optimized degradation
behavior, desired swelling properties, and satisfactory
osteogenesis-promoting capability. The mPLA/HA screw
was also found to promote screw-bone integration and
effectively ameliorate TW in a canine ACLR model.

The micromotion of the graft in the tunnel is one of the
mechanical factors of TW.”2"3% The unstable match, espe-
cially among grafts, screws, and tunnel bones, leads to con-
tinuous friction at early postoperation.®1%!317 Micromotion
can also exacerbate the infiltration of inflammatory joint
fluid. It has been demonstrated that high levels of inflam-
matory cells and inflammatory factors in joint synovial fluid
exist long after ACLR.?>* The inflammation directly or indi-
rectly stimulates osteoclastogenesis and inhibits osteoblas-
tic activity, causing bone resorption or postoperative
osteolysis.?%% Thus, the factors mentioned above not only
affect tendon-bone healing but also increase the occurrence
of osteolysis and bone resorption around screws, which may
eventually lead to TW. In this study, the mPLA/HA screw
had a self-locking effect between the screw and the bone
tunnel because of its particular self-swelling property.
Thus, compared with PLGA/B-TCP screws, the diameter of
the mPLA/HA screws expanded by about 10%, and the 1-
month postoperative CT scans showed a closer connection
and better matching in the screw-bone interface. Good
matching not only reduces the fretting of the graft in the
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Figure 9. Hematoxylin and eosin-stained slices of the sagittal section of the tibial bone tunnels at 1, 3, 6, and 12 months after
anterior cruciate ligament reconstruction in a canine model. (A, C, E, G, I, K, M, O)For each screw group, the images on the right
are enlargements of the boxes in the images on the left. (F, J, N) There was a gap between the screw and the bone tunnel at 3, 6,
and 12 months postoperatively in the PLGA/B-TCP group. The fibrous tissue was filled in the interface. (D, H, L, P) The interface
between the screw and the bone tunnel was still small as time progressed in the mPLA/HA group (arrows). B, bone; G, graft; IF,

interface; S, screw.

bone tunnel but also prevents the infiltration of inflamma-
tory joint fluid into the bone tunnel.

The properties of HA materials in promoting osteogene-
sis, cell adhesion, and proliferation have been widely recog-
nized.2® Furthermore, it is believed that smaller particle
sizes and better dispersion contribute to the endocytosis
of HA particles by osteoblasts, which promotes the gene
expression of osteoblasts through intracellular reaction

and facilitates the induction of osteogenesis.®® This study
demonstrated that HA particles with smaller particle
sizes compared with TCP particles showed better promot-
ing osteogenesis in the in situ microenvironment. Like-
wise, new bone formation between the screw and the
bone tunnel was observed in vitro. Thus, mPLA/HA
screws may ameliorate the TW by facilitating screw-
bone integration.
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Figure 10. Masson Goldner-stained slices of the sagittal section of the tibial bone tunnels at 1, 3, 6, and 12 months after anterior
cruciate ligament reconstruction. For each screw group, the images on the right are enlargements of the boxes in the images on
the left. (J, N) There was healing filled with fibrous tissue in the interface between the screw and the bone tunnel at 6 and 12
months postoperatively in the PLGA/B-TCP group. (D, H, L, P) At 1, 3, 6, and 12 months, as time went on, osteoid tissue and
new bone appeared around the screws in the mPLA/HA group (arrows). B, bone; G, graft; S, screw; FT, fibrous tissue.

To obtain stable fixation strength to ensure enough time
for tendon-bone healing,®® clinically, the screws should
keep effective fixation for >6 months or even >1 year.l’18
Otherwise, it is easy to cause graft micromotion in the
bone tunnel and potential TW. In this study, by choosing
different ratios of L- and Dp-isomers ratio in PLA, we were
going to realize the controllable degeneration rate of
screws to meet practical clinical needs. The combination
of I- and p-isomers in different ratios leads to different

crystallinities of the polymer, effectively influencing water
molecules to penetrate the polymer and attack the ester
bonds, causing degradation.?4?° After proportion optimiza-
tion, the degradation behavior of the mPLA/HA screw is
proper for the actual clinical bone healing process. More-
over, mPLA/HA screws possess ultra-high strength
because of the microstructure of highly oriented alignment
of polymer chains compared with PLGA/B-TCP screws.
Therefore, it can be observed that the bending strength
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of mPLA/HA screws during real-time degradation is
always greater than that of cortical bone in young adults
within 5 months (Figure 4C).

Limitations

There are some limitations to this study. First, the control
screw using PLGA/B-TCP materials is only 1 of the fre-
quently used screws for clinical application. We still need
more experiments to compare the clinical effects of differ-
ent screws, which may be composed of different material
components. Second, due to the limitations of animal
size, we could use only screws with the size of 5 X 12
mm in the experiment. Its actual biomechanical perfor-
mance in vivo might be different from that in humans.
But the anatomic structure of the knee joint of the beagle
dog is similar to that of human beings. Nevertheless, this
study systematically proves that mPLA/HA screw can
ameliorate TW under the same clinical conditions.

CONCLUSION

In this study, the modified PLA/HA screw showed a special
self-locking effect, satisfactory osteoinductive activity, and
comparable mechanical properties compared with the
PLGA/B-TCP screw. Additionally, it showed potential clin-
ical translation possibility in terms of biomechanical prop-
erties and optimized degradation behavior. Furthermore,
in the ACLR animal model, it was able to effectively ame-
liorate screw-bone integration and postoperative TW. The
mPLA/HA screw provides a feasible option for graft fixa-
tion in ACLR.

Supplemental material for this article is available at https://journals.
sagepub.com/doi/full/10.1177/23259671241271710#supplementary-
materials.
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