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Abstract. The recently emerged four-dimensional (4D) biofabrication technique aims to create
dynamic three-dimensional (3D) biological structures that can transform their shapes or
functionalities with time when an external stimulus is imposed or when cell postprinting self-
assembly occurs. The evolution of 3D pattern of branching geometry via self-assembly of cells
is critical for 4D biofabrication of artificial organs or tissues with branched geometry.
However, it is still unclear that how the formation and evolution of these branching pattern are
biologically encoded. We study the 4D fabrication of lung branching structures utilizing a
simulation model on the reaction-diffusion mechanism, which is established using partial
differential equations of four variables, describing the reaction and diffusion process of
morphogens with time during the development process of lung branching. The simulation
results present the forming process of 3D branching pattern, and also interpret the behaviors of
side branching and tip splitting as the stalk growing, through 3D visualization of numerical
simulation.

1. Introduction

One of the main objectives of three-dimensional (3D) printing in health science is to mimic biological
functions [1-3]; however, it is hard to control the shape and functions of the printed 3D bio-
construct/materials after being printed because of the reorganization of the printed bio-construct via
cellular self-organization. Thus, regulation the transformation or functionalities of 3D biological
structures with time is critical for achieving the 3D bio-construct with expected shape and functions
[4, 5]. To reach this goal, a four-dimensional (4D) biofabrication technique might be utilized, which
aims to create dynamic 3D biological structures that can transform their shapes or functionalities with
time when an external stimulus is imposed or when cell postprinting self-assembly occurs[6]. The
evolution of 3D pattern with branching geometry via self-assembly of cells is critical for 4D
biofabrication of artificial organs or tissues with branched geometry.

Recent research on organ morphogenesis has described an elaborate pattern of branching
phenomena [7, 8]. In the lung, two primary forms of branching have been identified: side branching
and tip splitting. The branching occur in sequence: first, side branching creates the primary stalks;
then, there is a change of mode to tip splitting. The kidney developmental program encodes the
intricate branching and organization of approximately 1 million functional units (nephrons)[9]. These
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phenomena have been hypothesized to be under genetic controls [7, 10, 11]. Since how genes could
possibly act to produce these patterns is still not clear, the coding for branch patterning is possibly
simplified by repeated use of a branching mechanism, as in Mandelbrot’s fractal model and other
elegant algorithms[12-15].

The reaction - diffusion (RD) model based on Turing-type mechanism has shown its potential
power on simulating the dynamic process of molecules and tissue morphogenesis [16-18] with time.
This is a suitable method to guide the 4D biofabrication via predicting the dynamic evolution of 3D
self-organized microstructures. The RD model commonly involves a morphogen pair [19] (an
activator- inhibitor pair) in which the inhibitor diffuse more rapidly than its activator. In recent study
of lung branching morphogenesis based on reaction-diffusion model [20, 21], a four variable partial
differential equation (PDE), due to Meinhardt[22], was utilized to describe the reaction and diffusion
of morphogens creating branched lung development. Usually, the bone morphogenetic protein-4
(BMP4) can serves as activator, the matrix gamma-carboxyglutamic acid protein (MGP) can serve as
inhibitor, and substrate S can be fibroblast growth factor 10 (FGF10). Here, we attempt to simulate the
phenomena as the stalk growing, side branching and tip splitting by using a 3D branching model based
on RD-based dynamics. The branching morphogenesis both in longitudinal (growth) direction and the
transverse direction of the stalk is simulatively demonstrated.

2. Mathematical model

The mathematical model based on Turing’s reaction-diffusion (RD) dynamics, due to Meinhardt[22],
involves concentrations of activator, inhibitor, substrate and cell differentiation marker four variables.
Here, the four variables are labeled as A, H, S and Y and the mathematical expressions are as follows:
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The model postulates four spatially continuous variables, each of which is a spatio-temporal
function. A, H, S, and Y are four concentration variables indicating concentrations of activator,
inhibitor, substrate and cell differentiation marker. In the model, u, v, y and e represent the first-order
degradation rate of A, H, S and Y respectively; D,, Dy and Dg are the diffusion coefficient of
activator, inhibitor and substrate; Differentiated Y cells secrete activator A and inhibitor H at the rates
of ps and py respectively; c is the positive rate of activator A in the autocatalytic reaction; c0 and ¢ are
the production and consumption rates of Substrate S. cA*S/H describes the autocatalytic generation of
activator A under the interaction of substrate S and inhibitor H; cA”S describes the generation of
inhibitor H under the interaction of activator A and substrate S; dA describes cell differentiation
marker generated by activator A; DAV?A, Dy V?H and DsV'?S describe the diffusion of activator,
inhibitor and substrate respectively. High concentrations of activator A produces cell commitment Y
(the dA term in the equation (4)). When the concentration of activator A exceeds a certain critical
value, cell differentiation (Y = 1 indicates that cells have been differentiated) is irreversibly activated
(the sigmoidal term Y?*/(1+fY?) in the equation (4)). Here, all physical quantities are dimensionless.
The mathematical model was solved by the finite difference method in the MATLAB platform and the
parameters were traversed in a certain range, which was also implemented for solving other RD
models[23, 24]. Three-dimensional data were displayed by 3D visual software (Voxler, trail version).
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The simulation run on a computer with an 8-core CPU and at least 16G of memory. Usually one set of
parameters needs about several hours to twenty hours.
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Figure 1. Simulation results for side-branching behaviors in 3D. The presented structure is the spatial
distribution of the cellular differentiation marker Y. The number under image denotes the step number
in simulation. Parameters: ¢ = 0.04, u = 0.3, v=0.03, p,= 0.03, py= 0.0001, ¢,=0.02, y=0.02, ¢ =
0.042,d=0.008,e=0.1, =10, D,= 0.1, Dy=0.26, Ds= 0.06.

3. The evolution of side branching

Lung development begins with side branches emerging in rows around the circumference of the
parent/primary branch. The parent branch elongates and new side branches bud off in the typical
domain branching. In this model, the primary branch (Y-stalk) grows through the positive feedback of
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the peaks of activator. Also, inhibitor H is produced is proportional to the activator distribution and H
diffuses from high-concentration region to low-concentration region. The stalk elongates because the
H that diffuses to the side of the primary branch serves as lateral inhibition which results in vimineous
elongation of the Y stalk rather than isotropic expansion as shown in Figure 1. The elongation of
activator peak continues to generate the differentiated cells Y in the local region. Thus, the elongated
primary branch has been formed as shown in Figure 1a-d. However, Y cells consume S (the - ¢¥S term
in the equation (3)), and S concentration becomes lower at the location of Y-stalk, but relatively higher
away from the Y-stalk. Therefore, the gradient of S forms, which is the main driver of activator
migration because the activator A is always seeking the substrate S according to the term +cA’S/H in

equation (1). Consequently, the newly formed activator peak will migrate in the direction from low S
concentration to high S concentration as indicated by the arrows in Figurelg and h (the arrow
directions are away from the present stalk). Along the direction perpendicular to the primary stalk,
side branches emerge when the attraction of the substrate overcomes the inhibition (Figure 1 f-r). Each
activator peak in 3D on the Y-stalk leads to a side branch as that activator peak migrates into regions
of high-concentration S far away from the main Y-stalk, where Y cells have depleted S.

4. Tip bifurcation

In this simulation, the dynamic process leading to tip bifurcation begins with the lateral extending of
activator A concentration profile. Since substrate S in the current position is exhausted, the activator
no longer moves in the former direction and has to look for new substrate S perpendicularly to the
former stalk extension direction. The specific dynamic process is shown in Figure 2.

I high

concentration of S

low

Figure 2. Schematic illustration of the profile of activator concentration along the direction transverse
to stalk elongation.

There are two lateral extending behaviors of activator A concentration profiles in the horizontal and
vertical planes respectively (figure 2). The white border represents the boundary of simulation domain;
the red rectangle represents substrate S and substrate S distributes throughout the simulation domain
space. Here only about 1/4 is taken for description and the deeper the color, the higher the substrate S
concentration. The green part represents the differentiated cells (Y = 1). The orange ellipsoid indicates
the isosurface of activator A. It can be seen from Fig. 1, concentration of substrate S is low around the
differentiated cells (the term -¢YS in equation (3) leads to the local concentration decrease of substrate
S), whereas activator A extends to high concentration of substrate S direction (the term c4>S/H in eq.
(1) leads to large value of A in the region of high S). High concentration of substrate S exists in the
domain perpendicular to original direction, which results in transversal expanding of activator A. And
then concentration of activator A shows a flat long profile.

In order to study the distribution and relative time-dependent changes of activator A and inhibitor
H in the transverse direction perpendicular to the stalk extension, the typical bifurcation (tip splitting)
was simulated. Here, we select the simulation results of 2800, 3150 and 3600 steps and draw the
corresponding 3D graphics of multicellular morphology for numerical analysis. Specific numerical
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values and variation tendency of activator A and inhibitor H along a certain spatial coordinate axis k
are vividly shown in figure 3.

t = 2800 étep, no split t = 3150 steps, start to split t = 3600 steps, completely split

Figure 3. Simulation results for branching behaviors in the typical tip bifurcation. (a-c) Spatial
distribution of the cellular differentiation marker Y; The tip bifurcation could be examined along the
spatial axis £ on the plane defined by the blue closed contours. Parameters: ¢=0.04, 4=0.8, v=0.08,
p4=0.03, p;~=0.0001, ¢,=0.02, y=0.02, £=0.042, d=0.008, e=0.1, /<10, D,=0.1, D;=0.26, Ds=0.06.

Figure 3 shows the dynamic process of tip bifurcation and concentration distribution relationships
between activator A and inhibitor H. Figure 3a, b, ¢ show 3D graphics of cell differentiation marker Y
isosurface. Stalk I extends longitudinally along the original direction (figure 3a, steps 2800); Tip of
stalk I becomes large and flat indicating the tip expands, perpendicularly, transverse to original
direction (figure 3b, steps 3150); Tip of stalk I completely splits and stalk I is divided into two
daughter branches, namely branch II and branch III (figure 3c, steps 3600). The symmetrical center
plane of stalk I serves as tangent plane (the plane defined by blue and green contours, figure 3a, b, ¢).
A line with the largest width through the tip of stalk I is made on the tangent plane (denoted by the
blue closed contour) , which is denoted by k (the white dotted line, figure 3a, b, ¢). The concentration
distribution change of inhibitor H lags behind that of activator A. The delayed inhibitor peak
resembles a knife forcing the activator peak with lateral expansion into two (the inhibitor peak
significantly reduces the concentration of activator at the corresponding region). After the tip splits
completely, the inhibitor peak also divides into two peaks, and its distribution along the spatial axis k&
is almost the same as that of activator A (steps 3600). Further research work for the 4D biofabrication
may rely on the 3D culture techniques [3, 24, 25] that are essentially constructing and regulating the
dynamic structures composed of numeral cells.

5. Conclusion

Based on the Turing reaction-diffusion mechanism, the 3D simulation of the mathematical model
describing bifurcation phenomena in biology, including concentrations of activator, inhibitor, substrate
and cell differentiation marker were studied. This 3D simulation model can predict following patterns
of 3D tissue morphology: side branches and tip bifurcation, and is able to demonstrate the evolution of
side branching and tip bifurcation of the 3D multicellular structure. It lays a foundation for guiding 4D
biofabrication of lung airway grafts via 3D cellular self-organization, which is expected to greatly
reduce the complexity of future experimental research and number of trials.
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