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Introduction

Living tissue–engineered heart valves (TEHV) may circumvent
ongoing problems in pediatric valve replacements, offering optimum
hemodynamic performance and the potential for growth, remodeling,
and self-repair [1]. Although a myriad of external stimuli are avail-
able in current bioreactors (e.g., oscillatory flows and mechanical
conditioning), there remain significant bioengineering challenges in
determining and quantifying parameters that lead to optimal extracel-
lular matrix (ECM) development for the long-term goal of engineer-
ing TEHVs exhibiting tissue architecture and functionality
equivalent to native tissue. It has become axiomatic that in vitro me-
chanical conditioning promotes engineered tissue formation, either in
organ-level bioreactors or in tissue-level bioreactors with idealized-
geometry tissue engineering (TE) constructs [2–5]. However, the
underlying mechanisms remain largely unknown. Efforts to date
have been largely empirical, but a two-pronged approach involving
novel theoretical developments and close-looped designed experi-
ments is necessary to reach a better mechanistic understanding of the
cause-effect interplay during incubation.

Materials and Methods

Dynamically conditioned TEHVs involve two disparate char-
acteristic time scales: cellular proliferation and ECM synthesis
occur at rates on the order of days to weeks, whereas effective
conditioning protocols for growth and development are highly
dynamic, with frequencies around 1 Hz. We employ multiscale
methods to couple the dissimilar time scales. We describe cellu-
lar growth and ECM proliferation with a triphasic system of
reaction-advection-diffusion equations governing the biochemi-
cal transport and interplay of cells, ECM, and available

nutrients. Local transport properties are determined with finite
element solutions of the evolving poroelastic TE constructs, with
the dynamic flow field of the surrounding fluid resolved by com-
putational fluid dynamics. Two-way coupling in between time
scales occurs by up-scaling current transport properties from
the poroelastic model into the growth model, and time- and
spatially-dependent ECM and cell distributions characterize the
evolution of the poroelastic model.

Results and Discussion

Cellular consumption and transport constraints prevent
nutrients from being fully replenished inside static constructs, and
cells near the boundaries are able to proliferate faster and synthe-
size more ECM. Cyclic flexure enhances nutrient transport and
leads to homogeneously distributed ECM synthesis and better
ECM quality. Cyclic flexure introduces a large degree of oscilla-
tory flows (Fig. 1) and spatial nonhomogeneity in cellular prolifer-
ation and ECM production (Fig. 2).

Conclusions

The ability to quantify and predict cell proliferation and ECM
production (outputs) in response to diverse controllable stimuli
(inputs) is of the utmost importance for successful clinical devel-
opment of all TE applications. Starting from this preliminary
modeling step, our future objective is to improve our modeling
capabilities towards a useful and robust TE design tool, supported
by carefully designed experiments, accounting for multiple inputs
available to the tissue engineer and predicting their effect and
impact on the evolving TE construct.
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Fig. 2 Spatial distribution of ECM (nondimensional) in a cross-
section of the nondeformed and flexed TEHV leaflet constructs.
Highly oscillatory flows enhance oxygen transport, cell growth,
and matrix production in the bottom surface of the flexed
scaffold.

Fig. 1 Velocity flow field and distribution of oscillatory shear
index on construct surfaces (Re 5 1376)
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