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This study proposes a novel dual adhesive approach for fixing osteochondral
fractures, aiming to address the limitations of current fixation methods by
incorporating both a bone adhesive (phosphoserine modified calcium
phosphate cement PM-CPC) and a cartilage adhesive (methacrylated
phosphoserine-containing gelatin  MePGa hydrogel). The feasibility and
efficacy of this approach were investigated using an ex vivo bovine knee
model. Results indicate successful gluing of osteochondral cylinders with both
adhesives, with no significant difference in adhesion strength between the groups
(adhesion strength mean of 1211.6 kPa, SD 602.4 kPa, and mean of 1299.6 kPa, SD
850.9 kPa for groups 1 and 2 respectively). Importantly, the inclusion of the
hydrogel component in the dual adhesive system aims to enhance cartilage repair
potential, complementing the mechanical support provided by the bone
adhesive. Each adhesive offers distinctive benefits: PM-CPC for mechanical
support and bone repair, and MePGa hydrogel for cartilage repair. The study
demonstrates the potential of the dual adhesive strategy for osteochondral repair,
though further refinement and in vivo validation are needed.
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1 Introduction

Osteochondral fracture fixation is traditionally performed in the acute setting with
internal fixation procedures using pins or compression screws through the fragment.
Outcomes have generally been good, but cartilage thinning, subchondral bone remodeling,
and tissue reactions can occur after internal fixation through the fragment (Vogel et al.,
2020). Some fragments might be too brittle to fixate and break during the fixation attempt.

Thus, the fixation of articular fractures is still an unmet need where a tissue-specific
adhesive would be a useful adjunct to standard treatments. Whilst there are no such
adhesives in current clinical use, preclinical animal models have demonstrated good healing
of bone in unloaded models using an adhesive based on phosphoserine modified calcium
phosphate cement (PM-CPC adhesive) (Procter et al., 2021). An ex-vivo human bone core
model has shown that this adhesive bonds freshly harvested human bone (Bojan et al.,
2022). Since osteochondral bone fragments have both bone and cartilage components, a
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dual adhesive strategy in which tissue-specific components are used
to achieve optimal healing is a sound approach to achieve healing
and tissue restoration.

Only few tissue adhesives, e.g., Dermabond ~ and fibrin glue, are
already successfully used in clinical practice but the need for tissue-
specific adhesive properties based on polymers and hydrogels for
vessels, lungs, eyes, dura has been recognized (Mondal et al., 2022).
Fibrin-based adhesives have been utilized in both preclinical and
clinical settings with limitations and mixed outcomes (Brittberg
et al,, 1997; Kaplonyi et al., 1988). It should be noted that the use of
such biomaterials in bone fragment stabilization is considered “off
label” and is done without any safety or efficacy data to support this
indication. Phosphoserine and magnesium phosphate-based
adhesives present strong bond strengths to bone, representing a
notable advancement in mineral-organic bone adhesives (Renner
etal, 2023). PM-CPC adhesive has shown strong tissue adhesion to
animal bone under both in vivo and ex vivo laboratory conditions
(Pujari-palmer et al., 2018; Procter et al, 2021). The adhesive
formulation used in the current study consists of an amino
acid-phosphoserine, alpha-TCP (tricalcium phosphate), calcium
silicate, and water (Mondal et al, 2022). The safety and non-
toxicity of the adhesive have been demonstrated in a
subcutaneous murine model (Hulsart-billstrom et al., 2020),
along with good bonding strength demonstrated in a novel ex
vivo model based on murine femoral condyle bone core (Procter
etal, 2019). Wu et al. obtained superior screw augmentation effects
of the adhesive in osteoporotic human femoral head bones
compared to a calcium phosphate cement (Wu et al., 2020). In a
recent murine in vivo study with the bone adhesive, good bonding
strength (estimated up to 144 MPa in cancellous bone) and
uneventful fracture healing were shown over 6 weeks (Procter
et al, 2021). In addition, long-term biocompatibility was shown
in a lapine model for up to 52 weeks for a similar class of PMC
adhesive where tetra-calcium phosphate was used (Kirillova et al.,
2018). In a large animal (ovine) model, at 2 years PMC adhesive
showed no adverse local effects, signs of infection, or cytotoxicity in
tissues either at or adjacent to implantation sites (Foley et al., 2021).

Simultaneously, a hydrogel with adhesive properties in cartilage
has been recently proposed (Karami et al., 2021; Karami et al., 2024).
The development of effective treatments for cartilage lesions hinges
on establishing intimate contact to surrounding tissue, a crucial
parameter in repair processes (Karami et al., 2023; Karami et al.,
2018). A biocompatible and adhesive hydrogel system is utilized
here (Karami et al., 2021). The adhesive performance of the hydrogel
was successfully demonstrated in the early follow-up phase in a goat
model. The photopolymerizable bioadhesive, designed for direct
injection into damaged areas, cures in situ while displaying inherent
adhesiveness to cartilage. The polymeric backbone of the hydrogel,
methacrylated phosphoserine-containing gelatin (MePGa), enables
the formation of a hybrid network, facilitating rapid adhesion
formation via a photo-initiation process utilizing visible light
exposure. Drawing inspiration from biological systems, the design
paradigm involves a two-step modification process to integrate
cross-linkable and adhesive components within various polymeric
backbones. With meticulous control over both interface and bulk
properties, the hydrogels exhibit a robust adhesion mechanism,
demonstrating the synergistic interplay between interfacial bonds
and mechanical strength.
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In response to the unmet need of stabilizing osteochondral
fragments, a dual adhesive strategy can be a promising solution,
wherein tissue-specific adhesives are utilized to address the unique
requirements of both bone and cartilage. This strategy circumvents
the limitations of universal adhesives, which are unlikely to provide
optimal performance across the diverse properties of tissues (Shah
and Meislin, 2013). As an obvious example a tissue glue for repair
of tendon may need a low calcium content to avoid the risk of tissue
calcification, whilst in bone a higher calcium content could be
advantageous. In this context, the application of an adhesive
hydrogel, specifically designed for soft tissues, in combination
with the bone adhesive, could represent a significant advancement.

Recent research on osteochondral repair has explored bilayer
systems that combine bone- and cartilage-specific biomaterials to
enhance regeneration. For example, biphasic hydrogels have been
designed to promote site-specific differentiation of stem cells into
both cartilage and bone, using phase-specific drug release
mechanisms (Liu et al, 2020). Additionally, bilayer scaffolds
incorporating photocurable silk hydrogels have shown promise in
improving lateral integration, a key challenge in cartilage
regeneration (Wu et al, 2021). While these systems focus on
scaffolds for tissue regeneration, our approach is distinct in its
use of a dual adhesive strategy specifically designed to bond
osteochondral fragments. By employing our hybrid adhesives for
both bone and cartilage, our method addresses the need of
osteochondral fragment stabilization.

The present study is an ex vivo bovine model development to
assess the feasibility of using dual component adhesive at the
osteochondral level on the path to an in vivo study. In this
model, bone/cartilage cores harvested from the articular knee
surface are glued in place with the adhesives. At the subchondral
bone level, the phosphoserine modified calcium phosphate cement
(PM-CPC) is used. At the cartilage level, a methacrylated
phosphoserine containing gelatine (MePGa) hydrogel designed
specifically for soft tissues is applied (Karami et al., 2021).

Standardized laboratory tests for musculoskeletal adhesives
typically assess either cartilage or bone adhesives individually, but
they do not account for the dual-tissue environment in osteochondral
defects. As there are no tissue adhesives currently approved for
musculoskeletal applications, the development of qualifying tests
recognised by regulatory bodies is an essential next step for
adhesive developers. In the absence of a universal standard test
protocol for this context, we developed a custom protocol to
This
approach adapts elements of existing methods to meet the specific

evaluate adhesive stability and mechanical properties.
challenges of simultaneous bone and cartilage adhesion, enabling a
more accurate assessment of the dual adhesive system’s performance.

2 Methods

The bovine osteochondral bone core model was adjusted
according to the method used in human femoral heads [3].
Bovine femoral and tibial condyles were harvested from two
fresh frozen specimens. The cores were prepared and glued back
with bone adhesive (group 1, n=7), and in group 2 (n=7), the cores
were glued back with bone and cartilage adhesives, respectively. The
push-out strength was evaluated at 1 h after gluing.
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The mechanical setup for the push-out test. (A) The prepared samples, (B) dual adhesive model, (C) mechanical push-out setting.

TABLE 1 Core dimensions of the osteochondral cores in the test groups. B represents the samples in group 1 (bone adhesive only) and BC represents group 2

(bone and cartilage adhesives).

Cartilage Adhesive Adhesion Sample Cartilage Adhesive Adhesion
thickness Stiffness strength # thickness Stiffness strength
(mm) (N/mm) (kPa) (mm) (N/mm) (kPa)

Bl 1 6.3 310 2,538.7 BCl 2 8 590 1778.1

B2 11 8 290 809.4 BC2 L5 7.5 280 2,387.3

B3 15 8.9 585 1125.1 BC3 1.6 7.3 510 499.2

B4 11 6.3 330 438.1 BC4 13 6.9 205 589.7

B5 1.7 8.6 135 1069.8 BCS 1.8 7.4 390 812.9

B6 1.8 8.2 165 1303.2 BC6 1.1 72 475 2,560.5

B7 2 6.8 610 1196.8 BC7 15 5.8 469.7

2.1 Specimen preparation

One to two cores per condyle were obtained. Osteochondral cores
were drilled (from the cartilage surface towards the subchondral bone)
using a dental trepan drill (outside diameter of 8 mm and max. drilling
depth 10 mm, Dentra Instruments Limited United Kingdom). The
cores did not have the base in order to enable the push out tests,
Figure 1A. Table 1 describes the core dimensions.

2.2 Adhesion measurement

The samples were kept at room temperature throughout the
experiment. In the group 1 (n=7), the bone cores were glued back in
place using the PM-CPC bone adhesive as used in the previous study
[3]. The powder components, alpha tricalcium phosphate and
O-phospho-L-serine (Flamma AB), were mixed at a 30% molar
ratio. The powders were then combined with the liquid, a 20% (w/v
%) solution of trisodium citrate (Fluka), at a liquid-to-powder ratio
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of 0.25 mL/g. The adhesive was mixed for 20 s at room temperature
by hand, and the whole volume (ca. 1 mL) was applied by spatula
into the core cavity. The core was glued back in place whilst the
condyle was placed on the smooth surface to ensure the original
position of the core regarding the height. The overflow of the bone
adhesive at the cartilage level was carefully removed with the help of
the trephine drill, rotating the adhesive gently away by hand.

The adhesive procedure for the cores in group 2 (n=7) was identical
with the addition of the hydrogel glue at the cartilage level after the bone
glue had set (after 1 min), Figure 1B. The synthesis of MePGa-Gel, as
outlined in our previous study (Karami et al., 2021), involves a two-step
process. Gelatin methacryloyl is initially synthesized through the
methacrylation process (methacrylation degree of 48%). Then,
methacrylated gelatin is further modified by adding phosphoserine
under EDC/NHS activation (3.5 mg mL™). After filtration and dialysis,
the resulting product is lyophilized to obtain MePGa polymer. The
hydrogel precursor is fabricated by dissolving the lyophilized polymer
and the LAP photo-initiator (6146, Tocris Bioscience) in PBS, with a
final LAP photo-initiator concentration of 0.02% w/v in the resulting
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Adhesion strength performance of the dual adhesive system for
gluing osteochondral cylinders (n=7 in each group). Data represent
means and standard deviation of the mean for two compared groups,
demonstrating no significant statistical difference.

solution. After injection of the hydrogel into the gap at the cartilage
level, the precursor mixture was exposed to light with a wavelength of
405 nm and intensity of 5 mW cm’ to polymerize and cross-link the
polymeric network for 1 min.

2.3 Mechanical testing

The adhesive samples in both groups were tested for push-out
strength after 1 h of gluing using an Instron E3000 linear mechanical
testing machine (Norwood, MA, USA) equipped with a 3 kN load
cell. The samples were placed on the base with a circle in the middle
allowing for the push-out of the cylinder, the screw attached to the
load-cell pressed on the cartilage side of the cylinder, Figure 1C. The
bone core cylinders were pushed-out at a constant speed of 1 mm/
min. The peak load obtained is defined as the push-out force (N).
The adhesion strength was calculated by dividing the maximum
obtained push-out force by the nominal contact area.

2.4 Statistical analysis

Statistical analysis was performed using a two-tailed t-test to
assess the significance of differences between the two compared
groups in the adhesion strength performance. Results were
considered statistically significant at a threshold of p < 0.05. Data
are presented as means + standard deviation of the mean (SD).

3 Results
3.1 Feasibility of the dual adhesive procedure

In both groups, gluing the osteochondral cylinders in the bovine
knee was possible and uneventful. Removing the excess of PM-CPC
adhesive from the cartilage level did not pose any difficulties. The
hydrogel adhesive was applied, cured, and adhered to the surface of
the cartilage up until the mechanical testing.

Frontiers in Medical Engineering

Adhesive stiffness performance of the dual adhesive system for
gluing osteochondral cylinders (n=7 for group 1, n=6 for group 2, one
data point was excluded as an outlier using the z-score method (z
score 2.1). Data represent means and standard deviation of the
mean for two compared groups, no significant statistical difference
was observed.

3.2 Mechanical properties

All the specimens failed through the adhesive interface. The
with  this
observation as the bone adhesive is a strong, rigid, and

force-displacement characteristic was consistent
brittle material.

The peak push-out force ranged from 77 N to 452 N (with an
adhesion strength mean of 1211.6 kPa, SD 602.4 kPa) for group
1 and 83 N-521 N (with an adhesion strength mean of 1299.6 kPa,
SD 850.9 kPa) for group 2. The difference was not statistically
significant between the groups, as shown in Figure 2.

The stiffness for group 1, PM-CPC adhesive-only, was 346.4 N/
mm (SD 172.7 n=7) whilst that estimated from the force displacement
curves shown in Bojan et al. (2022) at 2 h was 175 N/mm (please see
Figure 3). Taking into account that the former is bovine and the latter
human bone, the ratio of these magnitudes are consistent with the
ratio of reported Young’s modulus (1329 + 523 versus
80.0 + 37.3 MPa) (Poumarat and Squire, 1993).

4 Discussion

We presented the bovine model that demonstrated the feasibility
of combining the two tissue-specific adhesive methods for the
fixation of osteochondral fragments. This is thought to be the
first model to explore such a concept.

The model showed that once the subchondral component is glued,
the PM-CPC adhesive intruding into the cartilage gap can be removed
before applying the cartilage adhesive. This enabled the MePGa
adhesive to be injected between the cut cartilage edges and
subsequently light-cured. The 1 MPa strength of the PM-CPC
adhesive bonded core is sufficient for immediate stabilization of a
bone fragment, and may be sufficient for load bearing but this has to be
verified in an in vivo study. The addition of the MePGa adhesive did not
add to the strength of the core. This two-stage gluing method is
demanding, and an in vivo pilot will be necessary to perfect and
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prove the operative technique for applying both adhesives
simultaneously in a wet field.

Whilst the concept of using the same adhesive throughout all
tissue types is attractive it is inevitable that different tissue would
have different property requirements. For example, the need for
transparency for an adhesive designed for eye lens attachment may
preclude adhesives that have significant calcium content. The PM-
CPC adhesive and the MePGa adhesive used in the present study
have both shown some effects in tissue healing, the former in bone
and the latter in cartilage. Looking forward to the planned in vivo
evaluation of the dual adhesive model it will be important show that
there is no initial displacement of the glued bone core under loading,
and that the core load bearing capacity is sustained without
displacement until completely healed. This will enable further
evaluation of the effects of the MePGa in a stable cartilage gap.

Many musculoskeletal bone adhesive candidates have been
proposed however no bone adhesive candidate has been approved
for clinical use. These candidates include numerous similar calcium-
based bone void fillers, but these are designated as non-load-bearing
and are contraindicated in fractures that extend into joints. This
regulatory ~ designation precludes
osteochondral bone fragments. The current regulatory environments

their use in bonding of
in both US and Europe, are very significant barriers to new biomaterials
that have no predicate device. That said the FDA has granted (2023) the
bone adhesive used so called “breakthrough technology” designation
which refers to a medical device that may provide a more effective
treatment than the current standard of care. It is anticipated that a dual
adhesive strategy will have an even more burdensome regulatory path
in which the interactions between adjacent adhesives and their targeted
tissues will have to prove both safety and efficacy.

5 Conclusion

In this study, we developed and evaluated a novel dual adhesive
approach for fixing osteochondral fractures. By utilizing a bone
adhesive (PM-CPC) at the subchondral bone level and a cartilage
adhesive (MePGa hydrogel) at the cartilage level, we aimed to address
the challenges associated with current fixation methods. Our results
demonstrate the feasibility of this approach in an ex vivo bovine knee
model, with successful gluing of osteochondral cylinders and
strength  between  groups.
challenges such as the demanding nature of the two-stage gluing

comparable adhesion However,

method and the need for in vivo validation remain. Further

refinement and testing are necessary to optimize and validate this
promising dual adhesive strategy for osteochondral repair.
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