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Abstract The healing of large bone defects is a complex process that challenges both
tissue engineering and modern orthopaedics. Among all the available strategies that
address this issue, the use of bone morphogenetic protein -2 (BMP-2) is becoming more
and more popular since BMP-2 has been identified as one of the most powerful
osteoinductive proteins. In this work we aim to develop and validate a mechano-chemical
regulatory model that predicts in silico the effect of BMP-2 on large bone defect healing.

1. INTRODUCTION

Bone morphogenetic protein -2 (BMP-2) has captured the attention of many researchers.
From the discovery of its remarkable osteoinductive properties in 1965 by Urist, BMP-2
has been identified as a critical element in bone regeneration.

From an in silico perspective, large bone defect healing has mainly been addressed
considering the use of scaffold constructs. Thus, Adachi et al. [1] developed a
computational framework to study the balance between scaffold degradation and new
bone formation. Byrne et al. [2] investigated scaffold properties in order to improve bone
regeneration. Additionally, Checa and Prendergast [3] combined mechano-regulation with
a lattice approach in order to provide a better understanding on scaffold vascularisation
and tissue ingrowth.

Previous in silico studies focused, for the most part, on the mechanical side of the problem
and assessed the scaffolds influence, leaving aside the use of growth factors and drug
delivery devices.

In this work, we take a novel approach and propose a novel in silico mechano-chemical
model, combining both the mechanical stimulus and the chemical stimulus of BMP-2.
With this novel model, we aim to predict large bone defect healing, given the effect of
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exogenous BMP-2 released inside the defect.
2. METHODS

2.1. Effect of BMP-2 on cells

The development of this model considers the quantitative effect that BMP-2 has on cells.
From the literature, it is clear that BMP-2 [4] affects cells in a dose dependent way. From
a quantitative perspective, we observed that BMP-2 mostly affects cells proliferation, cell
chemotaxis, cartilage hypertrophy and bone tissue production.

The quantitative data on these effects was gathered from the available studies from the
literature as shown in Fig. 1. Given the data distribution for each cell behaviour, we
proposed adjustment curves that reflect the modulatory effect of BMP-2 on cell behaviour.
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Fig.1 — The effect of BMP-2 on MSCs proliferation (A), chemotaxis of MSCs and bone cells (B), cartilage
hypertrophy (C), and bone tissue production rate (D).

2.2. BMP-2 equilibrium
To define the BMP-2 equilibrium equation, we assume that BMP-2 concentration g can
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change with: cellular consumption, molecular half-life degradation, cellular production and
molecular diffusion. The equilibrium equation therefore stands as

ot ot ot ot ot ot

where BMP-2 consumption is divided into background consumption (bkgd) and
consumption due to cellular events (events).

Cellular background consumption (bkgd) is defined following Michaelis-Menton kinetics
considering BMP-2 as the substrate and BMP-receptors as the catalyst.

As for consumption due to events (events), cell differentiation was considered to be the
major event that would bring BMP-2 levels to their physiological minimum. Also, half-

life degradation was considered with a half-time (dgrad), with a half-time t,,, = 0.42days .

Additionally, BMP-2 was considered to diffuse in the medium (diff) according to Fick’s
Law. Finally, we assumed that BMP-2 was considered to be produced (prod) mainly by
MSCs and bone cells as described in equation.

Given the described effects of BMP-2, these were coupled with the mechanistic model
proposed by Gomez-Benito et al. [5] by considering its modulatory effect. The extended
model is a mechano-chemical model which considers both the mechanical stimulus proposed
by Gomez-Benito et al. [5] and the chemical stimulus of BMP-2 described above.

0 0] 9] 09
a_g__(agevents+ gbkgd)_ gdgrad i gprod + Q i (1)

2.3. BMP-2 in critical size defects

In a recent in vivo study by Boerckel et al. [4], a rat femur with an 8mm defect is implanted
with a hydrogel soaked with BMP-2. The author experimented with different BMP-2 doses
(Opg, 0.1ug, 0.5ug, 1ug, 2.5ug, 5ug) and after 12 weeks concluded that the amount of bone
tissue formed inside the 8mm defect is dose dependent.

In order to validate the proposed model, we reproduce in silico the experiment performed in
vivo by Boerckel et al. [4]. We considered the 2D geometrical model presented in Fig. 2
which represents a longitudinal section of the the mouse tibia. Analogously to Boerckel et al.
[4] experiments, the gap was filled with alginate hydrogel soaked with different doses of
BMP-2 (Oug, 0.1ug, 0.5ug, 1ug, 2.5ug, 5u9).

Moreover, we also tested the model leaving the bone defect as-is. This is an in silico control
experiment used to verifiy that the model did not fill the defect when no hydrogel is placed.

3. RESULTS

The results obtained are presented in Fig.3 and Fig.4 and show the bone predicted in the
defect after a 12 week period.

Qualitatively, we observe in Fig.3 the distribution of newly formed woven bone formed inside
the defect for the different cases simulated. We notice that bone tissue only appears when
both the hydrogel and BMP-2 are used. When no hydrogel nor BMP-2 are inserted in the
defect, bone is not formed.
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Fig. 2 2D geometrical model used to represent an idealized bone section. The system was mechanically
supported by a fixator with rigidity k=277N/mm as performed by Boerckel et al. [4]

Moreover, it is also clear from Fig.3 that a higher dose of BMP-2 promotes a higher defect
infill with bone. Thus, the amount of bone predicted is dose-dependent.

From a quantitative perspective, Fig.4 compares the amount of normalized bone tissue
measured in vivo with the amount predicted in silico. As we can observe the bone amount
predicted is very close to the amount of bone measured.
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Fig. 3 Normalized amount of bone tissue after 12 weeks for different conditions: no-hydrogel case and

hydrogel soaked with different BMP-2 doses (Oug, 0.1ug, 0.5ug, 1ug, 2.5ug, 5u0)

geometry 0.1pg 0.5ug 1pg 2.5ug 5ug

In Fig.4 the worst prediction occurs for the 1jug dose which underpredicts by 10% the in vivo
measurements. Nevertheless, non-bridging of the defect is still predicted for this dose. For
higher doses, when bridging occurs (2.5ug and 5ug cases) the in silico predictions are very
close to the in vivo measurements (0.8% and 5.5% errors respectively).
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Fig.4 Normalized amount of bone tissue in the defect after 12 weeks for different BMP-2 doses

4. DISCUSSION

The proposed mechano-chemical model incorporates the effect of BMP-2 on cell beahavior.
Specifically, we incorporated in the model proposed by Gémez-Benito et al. [5] the BMP-2
influcence on cell proliferation, chemotaxis, cartilage hypertrophy and bone tissue production.
From the results obtained, the model recovered the dose dependent behavior observed in vivo
[5] as well as the bone amount measured in vivo.

Comparing the no-hydrogel case, the case with hydrogel but not BMP-2, and the remaining
cases where BMP-2 and the hydrogel are both used, it seems evident that a combination of
both the hydrogel and BMP-2 is necessary for bone infill to occur. This happens because the
hydrogel is required to provide a physical support for cells to migrate while BMP-2 provides
a strong stimulus that attracts cells into the defects. Without such a combination, cells do not
invade the defect.

Moreover, from a quantitative prespective, the in silico predictions are somewhat accurate:
the worst prediction diverges from the in vivo results by only 10%. Moreover, given that for
lower doses underpredictions can occur, (1jug dose) and that for higher doses where bridging
occurs the model predictions were more accurate (2.5ug and 5ug doses), we can say that the
model seems to provide a conservative prediction.

From the proposed model it is clear that high doses of BMP-2 are required for bone bridging
to take place.

Yet, the proposed model presents some limitations. Firstly the model does not consider the
surrounding soft tissues which does not allow ectopic bone to be predicted in silico.

Secondly, we use a 2D geometry which, although simple to use, allow for a limited validation
only. Contrarily to a 3D model, a 2D model does no allow certain metrics, such as torsion to
failure, to be computed in order to provide further validation.

Conversely to previous qualitative models, in the proposed mechano-chemical model we use a
quantitative approach. However we are always depedent on the data available in the literature
which is not as abundant as one would wish for. In fact, except for the proliferation curves,



Frederico O. Ribeiro'?*, Maria-José G6mez-Benito?, Jodo Folgado', Paulo R. Fernandes® and José-Manuel
Garcia-Aznar?

we had to assume assymptotic modulatory behavior for higher doses when data was not
available (Fig.1). This happened in particular for cartilage hypertrophy and bone productions
curves where an assymptotic behavior was considered for higher concentrations. However,
whenever more quantitative data come available, it is relatively easy to update the model by
updating the modulatory curves (Fig.1).

Finally, BMP-2 is just one in a myriad of factors that take part in bone healing. Our work
focused on this factor since it is on of the most important in bone tissue engineering field.
Despite that, other factors can also be incorporated in the model, using the same quantitative
approach.

5. CONCLUSION

In this work, we proposed a novel in silico mechano-chemical approach that puts that
emphasizes on the chemical stimulus provided by BMP-2. With this model we successfully
predicted defect healing when BMP-2 is delivered by an alginate hydrogel. The qualitative
and quantitative agreement obtained suggests that this novel in silico tool can provide further
insight for bone tissue regeneration strategies such as optimizing the doses of BMP-2, thus
enhancing healing outcome.

7. AKNOWLEDGEMENTS

This work was funded by Fundacgdo para a Ciéncia e Tecnologia through the PhD grant
SFRH/BD/80458/2011. This research was supported by the Spanish Ministry of Economy and
Competitiveness (Grant DP12012-32888, project partially funded by the European Union,
European Regional Development Fund) and the European Research Council (ERC) through
project ERC-2012-StG306751.

REFERENCES

[1] Adachi T., Osako Y., Tanaka M., Hojo M., Hollister S. (2006), Framework for optimal
design of porous scaffold microstructure by computational simulation of bone
regeneration, Biomaterials, 27, 3964-3972

[2] Byrne D.P., Lacroix D., Planell J.A., Kelly D.J., Prendergast P.J. (2007), Simulation of
tissue differentiation in a scaffold as a function of porosity, Young’s modulus and
dissolution rate: Application of mechanobiological models in tissue engineering,
Biomaterials, 28, 5544-5554

[3] ChecaS. and Prendergast P.J. (2010), Effect of cell seeding and mechanical loading on
vascularization and tissue formation inside a scaffold: A mechano-biological model
using a lattice approach to simulate cell activity, Journal of Biomechanics, 43, 961-968

[4] Boerckel J., Kolambkar Y., Dupont K., Uhrig B., Phelps E.,Stevens H., Garcia A.,
Guldberg R., (2011), Effects of protein dose and delivery system on BMP-mediated
bone regeneration, Biomaterials, 32, 5241-5251

[5] GOmez-Benito M., Garcia-Aznar, J., Kuiper, J., & Doblaré, M. (2005). Influence of
fracture gap size on the pattern of long bone healing: a computational study. Journal of
Theoretical Biology, 235, 105-11



	Frederico O. Ribeiro1,2*, Maria-José Gómez-Benito2, João Folgado1, Paulo R. Fernandes1 and José-Manuel García-Aznar2
	2. Methods
	2.1. Effect of BMP-2 on cells
	2.2. BMP-2 equilibrium
	2.3. BMP-2 in critical size defects
	3. Results
	4. Discussion
	5. Conclusion
	references

