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Bioprinting of autologous tissues encompasses many different steps, and accelerating the procedure can be critical
for patients with an urgent need of organs. The physical aspects of self-assembly and the dynamics of multicellular
systems used with printing technologies for tissue fabrication are therefore very important. We have developed a
microscopic model based on the dynamics of cell adhesion molecules. Here, the general model is described for
different bioink geometries. Furthermore, a mathematical framework is established, based on statistical me-
chanics, to investigate tissue fusion, which is an essential element of the self-assembly phenomenon during tissue
maturation in the post-bioprinting procedure. Using the mathematical framework and microscopic model, the
interactions at the cellular level in the maturation of bioprinted tissues have been investigated. The fusion of
tissue-like cell aggregates (cellular bioinks) is elaborated with the help of bonds among their adhesion molecules.
Statistical mechanics and the zipper model are used to describe the fusion procedure. Consequently, the partition
function for the zipper model and the system energy are calculated and compared in order to understand the effect
of bioink geometries on the acceleration of the maturation of bioprinted tissues. Based on our microscopic model
and mathematical formulation, we introduce some topological criteria for bioinks for faster maturation of bio-

printed tissues.

1. Introduction

Advanced printing technologies have been employed extensively in
many different fields, ranging from energy harvesting [1-3] and printed
electronics [4-7], to biomedical applications [8,9] and biosensing
[10-12]. Among other fields, tissue engineering has benefited the most
from scalability, precision, and reproducibility of bioprinting; as such,
bioprinting has become one of the most effective biofabrication tech-
niques [13-15]. In autologous tissue engineering patients’ cells are used
to regenerate human tissues or organs that eliminate the chance of organ
rejection [16]. Nevertheless, there is a lengthy procedure including bi-
opsy, isolation, and proliferation of the cells, as well as biofabrication,
followed by implanting mature/ready tissues. This long procedure can be
life-threatening for patients in urgent need of new organs. Therefore,
accelerating each step of the lengthy, tedious, and costly tissue printing
process would be extremely beneficial for patients with end-stage organ
failure.

There are two major approaches in tissue engineering: scaffold-based
and scaffold-free [16]. In scaffold-free tissue engineering, cellular
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materials are used, and the science and principles of self-assembly as well
as the dynamics of multicellular systems are employed [17,18]. This
method involves high cell density printing without any biomaterial,
which makes it favorable for real tissue fabrications. Scaffold-free tissue
engineering has benefited from prior investigations in embryonic
development focused on the mechanical aspects of multicellular dy-
namics, which are principles that can be applied to bioprinting [19-21].
In the scaffold-free tissue engineering approach, cells are provided with
the environment similar to their natural condition in the body, enabling
them to recapitulate their in vivo multicellular behavior and
self-assembly. However, there are still indications in the bioprinting
procedure to be understood in order to enhance the quality of the bio-
printed products associated with the lower costs and shorter times of the
procedure. It is worth noting that the difference between 3D bioprinting
and 3D printing of ordinary objects is in the post-printing process. In
general, a 3D-printed object is usually ready for use immediately. How-
ever, a bioprinted structure must be mature prior to implantation. The
fourth dimension of bioprinting, “time,” lets the bioprinted biological
structure reach the mature stage needed for an intermediate bioreactor
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step, or for actual in vivo implantation. The maturation stage may involve
self-assembly steps, such as cell sorting, and tissue fusion, that make the
biological structure durable enough for transferring to the bioreactor —
that provides an appropriate physiological condition for further matu-
ration [22]. The physical principals of self-assembly in multicellular
systems have been used to predict the time for this process in bioprinted
tissues [23,24].

Tissue fusion is one of the most critical self-assembly phenomena
observed in embryonic development. It is the corollary of the differential
adhesion hypothesis established by Steinberg in 1963, which stated that
different cells show different adhesions to each other as their inherent
properties. Fusion of tissue like cell aggregates or bioinks is driven by the
apparent tissue surface tension (y) and is resisted by tissue viscosity (1)
[22-24]. Apparent tissue surface tension and tissue viscosity are some of
the biomechanical parameters that are employed to investigate tissue
behavior based on an analogy between tissues and liquids known as
“tissue liquidity” [16,25,26]. Fusion is one of the most important phe-
nomena during tissue maturation and can be investigated quantitatively
by the characteristic fusion time, using the equation z = 7Ry /y, where 7,
v, 1, and Ry are characteristic fusion time, tissue surface tension, tissue
viscosity, and initial radius of each fusing bioink, respectively [22-24,
27]. Fig. 1 depicts the geometrical parameters that identify the charac-
teristic fusion time. In experimental investigations, two bioinks (either
spherical or cylindrical) can be placed close to each other, and the
gradual fusion process can be recorded by acquiring images at
different time points. Using digital image processing, the geometrical
parameters described in Fig. 1 can be extracted, and 7z can be found
by using (r/R)*> = sin? 6 ~ 1 — exp (— t/7). By plotting the sin® 6 versus
(t —to/ 7) the characteristic fusion time can be obtained [23,24]. This
quantitative evaluation can determine how fast or slow two bioinks fuse.

In an original revolutionary work, the characteristic fusion time was
predicted using a comprehensive (theoretical, computational, and
experimental) framework called cellular particle dynamics or CPD [23,
24]. Moreover, experimental results showed a faster fusion of bioink
particles with cylindrical geometry compared to those with spherical
shape. In this case, the effective characteristic fusion time for spherical
bioinks was found 22h whereas 10 h for cylindrical bioinks. However,
the reason for this discrepancy was not clear. In other words, the lack of a
microscopic model of fusion based on associated biological phenomena
and the consequent lack of a mathematical framework prevented the
tissue engineering community in general and bioprinting scientists in
particular from calculating essential parameters such as energy and force
of self-assembly in tissue maturation. To expedite the maturation pro-
cedure through bioinks fusion after bioprinting, first, we need to
comprehend the fusion and establish mathematical relationships among
involved parameters during this self-assembly phenomenon. We recently
commenced close examination of the physics of self-assembly and
developed a microscopic model of tissue fusion. We previously described
the physics of fusion of spherical cellular bioinks and defined a tunable
biophysical parameter in cellular bioinks for faster maturation of bio-
printed tissues [27]. This model is based on the dynamics of cell adhesion
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Fig. 1. Geometrical parameters necessary to study fusion of tissues quantita-
tively are r, R, and 6. Snapshot images from spherical and cylindrical bioinks are
taken and analyzed using digital image processing to define r, R, and 6. Ulti-
mately, characteristic fusion time can be determined from the graph sin® ¢
vs. time.
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molecules. Here, we generalize the microscopic model and physics of
fusion for cylindrical bioinks. Using this generalized microscopic model,
we provide a mathematical approach to comprehend the tissue fusion
that can be used for faster maturation of bioprinted tissues. We employ
statistical mechanics to establish the mathematical relation among
associated parameters and determine the energy, force, and work in cell
migration and cellular self-assembly during fusion. To that end, several
canonical ensembles in terms of zipper models with ground- and
excited-states are considered as open-link and closed-link cells, respec-
tively. The model uses the chemistry of cell adhesion molecules and
statistical mechanics for optimizing the bioink geometry to accelerate
tissue maturation of bioprinted cellular constructs. These links are among
adhesive molecules described in our microscopic model. Consequently,
the partition function is determined and cellular self-assembly energies
and forces are calculated and compared for different geometries of bio-
inks, and essential involved geometrical parameters are obtained to
accelerate tissue maturation. This original microscopic model and series
of zippers allow us to investigate the tissue fusion mathematically for the
first time; this can be beneficial for controlling the tissue self-assembly
and post bioprinting maturation.

2. Materials and methods

2.1. Generalizing the microscopic model for fusion of bioinks with different
geometries

In order to establish a mathematical formulation and better under-
standing of the fusion procedure, we developed a microscopic model
based on the cell adhesion molecules. In previous work, we introduced
the microscopic model and extrapolated a series of events at the cellular
level during the fusion of two spherical bioinks [27]. Here, we generalize
the microscopic model for the fusion of cylindrical bioinks and discuss
the series of events occurring during their fusion. This generalization will
help to understand the fusion of any bioink geometry and can be used to
optimize the fusion procedure. In this case, we consider imaginary rib-
bons (and strips) of cells around the contact point (line) of two bioinks for
spherical (and cylindrical) fusion. The fusion involves a cascade of cell
attachments located on those imaginary ribbons (strips) around the
contact point (line).

2.2. Mathematical formulation for cellular self-assembly

We employed different coordinate systems to investigate various
geometries of bioinks. To establish a mathematical framework and
formulation for the fusion procedure using the developed microscopic
model, a canonical ensemble comprised of closed and open links between
cell adhesion molecules was considered for cell-attachment of two-
dimensional fusion. The partition function and energy were calculated.
By integration over a line and around a disk for cylindrical and spherical
bioinks, three-dimensional fusion was mathematically investigated. Ul-
timately, the cell density was examined and compared for different ge-
ometries. The results were able to explain the discrepancy in different
fusion times for different bioink geometries observed in an experimental
report [24].

2.3. Fusion of two spherical tissue-like cell aggregates (bioinks)

In previous work, we provided a model based on imaginary ribbons of
cells for tissue fusion [27]. In brief, the model assumed that during the
fusion of two spherical bioinks, cells from each bioink start to attach to
the cells on the opposite aggregate. This procedure starts when the first
pair of cells at the contact point of two bioinks break a proportion of
bonds (up to 60% [19]) with adjacent cells on the same bioink and
develop new bonds with cells in the opposite aggregate. Attachment of
the first pair of cells bring a few cells located on an imaginary ribbon
around them that in turn break bonds with cells on the same bioink and
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develop new bonds with cells on the other bioink. The fusion process
continues by a cascade of these cell-attachments while the radius of
imaginary ribbons and the number of involved cells increases. Fig. 2
shows the fusion of two spherical bioinks and the imaginary ribbons of
cells.

2.4. Fusion of two cylindrical tissue-like cell aggregates (bioinks)

To understand the self-assembly of cylindrical bioink, here we
generalize the model of fusion for spherical bioinks. In this case, instead
of a contact point, two bioinks have a contact line as long as # which is
the length of each bioink. Cells located on the contact line from each
bioink start to break bonds from the cells on the same bioink and develop
new bonds with adjacent cells on the contact line from the opposite
bioink. After the completion of cell attachment in the initial contact line,
cells from two imaginary strips (one above and one below the initial
contact line) from each bioink will be located in the proximity of the
counterpart cells on the other bioink. This cell-attachment continues
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Fig. 2. Microscopic view of fusion procedure for two spherical and cylindrical
bioinks. a) Spheroids start to fuse by a cascade of attachments of cells located on
imaginary ribbons around the contact point of two bioinks. b) A closer look at
the red square in part a. Cells on each ribbon on each bioink start developing
bonds with cells on the opposite bioink, and after completion of cell-attachment
in one ribbon, cells on the next ribbon approach the vicinity of the cells in the
counterpart ribbon on the other bioink, and start attach. The radii of ribbons
gradually enlarge until the fusion is complete. Adapted from Reference 27. c)
Top-view of fusing cylindrical bioinks. Bioinks start to fuse by attachment of
cells located on the contact line. d) Cross-sectional view of the cylindrical fusion.
The red dot represents the cross-section of the contact line and the red arrows
represent the cell movement throughout the fusion process. By the completion
of attachment of the cells located on the contact line, cells on one imaginary
strip above and one imaginary strip below the contact line from each bioink start
to attach. e) The linear length of each ribbon is the circumference of the circle
with radius r;. In each step fusion, cells located on a pair of ribbons from both
bioinks are involved in the attachment procedure. f) By the completion of
attachment of cells in each strip, the next pair of strips will be closer to their
counterparts on the other bioink and cells start to attach. The contact line is
shown by red and each next pair of strips are displayed in different colors. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Bioprinting 14 (2019) 00047

until the fusion process is complete. Fig. 2 indicates the fusion of two
cylindrical bioinks with imaginary strips.

The fusion of bioinks is one critical step in a long series of sequences
in the maturation of a bioprinted tissue; faster fusion can shorten the time
needed for tissue/organ fabrication. Based on the experimental data for
fusion of spherical and cylindrical bioinks [24], we compared the
different geometries of bioinks and their impact on fusion. Considering
the microscopic model of fusion described in Fig. 2, we define the forces
that are applied to each cell during fusion in spherical and cylindrical
coordinates for spherical and cylindrical bioinks respectively. It is worth
noting that, based on our microscopic model, these forces exerted on cells
originate in cell adhesion molecules and the extracellular matrix and
correlate with the apparent tissue surface tension [27]. In a former work,
we showed how higher surface tension could cause faster fusion resulting
from more numerous and stronger bonds [27]. Here, the bioink geometry
is examined mathematically, and we undertake constant surface tension
for all bioinks. We consider the cellular motion powered by metabolic
energy identical for different geometries of bioinks (as long as they are
made from same cell type(s)) and associate the observed fusion time
discrepancy in spheres and cylinders to the bioink geometries and
consequent cellular attachments.

2.5. Cell adhesion molecules - building blocks of fusion

Usually, two cells cannot adhere per se because the surfaces of most
cells are negatively charged, which would lead to repulsion, although the
electrostatic repulsion is effective for no more than around 1 nm from the
cell surface [28]. However, cell adhesion molecules are also presented
and produce more long-lived bonds that, from the point of view of en-
ergy, are more favorable over nonspecific bonds. Specific bonds form
only when the two cells are close enough (r). Just in this situation,
highly cooperative multimolecular binding would happen that are
caused by diffusion-dependent clustering of cell adhesion molecules
[19]. Therefore, cells can adhere to each other.

Adhesive bond formation is associated with a reduction in the energy
of the system. Therefore, one can determine the minimum energy of the
system for the completion of the fusion procedure. Three different states
can be considered for a cell adhesion molecule from one bioink called A
and cell adhesion molecule from the opposite bioink called B [28]. In this
case, A and B can be 1- free (ground state), 2- in an encounter complex of
AB (transition state), or 3- bonded together and become C (excited state).
This can be shown as:

A+ BSABSC.

When a chemical bond forms, the energy is released. In our micro-
scopic model, the produced energy is consumed to bring subsequent cell
adhesion molecules to transition and excited states in a cascade of re-
actions during cell-attachments. As such, once cells are in close vicinity to
each other, as described in Fig. 2, their adhesion molecules are in a
transition state, and consequently an excited state and develop new
bonds. These reactions provide enough energy for the movement of cells
located on upcoming imaginary ribbons or strips (for spheres and cyl-
inders, respectively). To mathematically investigate these chemical re-
actions of cell adhesion molecules and their different states, we use the
zipper model and statistical mechanics.

2.6. Zipper model to establish a mathematical formulation of fusion

To investigate bioink fusion, we consider the cascade of cell-
attachments as a closing zipper model. The zipper model was first
solved by Charles Kittel [29] and is now well established among physi-
cists. Here, we use the zipper model to find energy and force involved in
self-assembly of multicellular systems. Using the zipper model helps to
simplify the complex procedure of multicellular self-assembly in the
maturation procedure and helps to examine the self-assembly process
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mathematically. Therefore, we can determine the partition function
describing the statistical properties of the system by considering the
ensemble of closing links between cells from each bioink. In this case,
each link can be either open with energy zero (ground state) or closed
with energy ¢ (excited state). The transition state is considered as zero
energy. This closing should be in one direction only, that is the fusing
direction— the N™ link can be closed only when the (N—1)th is closed. To
that end, we can write the partition function as:

n n
7 = E e EilksT — E e PEi
i=0 =0

where i is the index for the microstate of the system which is the
attachment of each pair of cells, kg is the Boltzmann constant, T is the
temperature in Kelvin, § is the thermodynamic beta, and E; is the total
energy of the system in the respective microsystem (that is ¢ for all closed
links) [29]. Therefore:

Z=eP0p e Plep P2 4o (VoDPe oo

One can use the relation 1+ r+r2+ ...+ V1 4N =10 - by

1-rN
considering r = e we can represent the partition function as:

1 — g—PWN+De
=

1—ere
By finding the partition function of our ensemble, we are now able to
determine many macroscopic thermodynamic variables. Here we iden-
tify the average energy for a complete zipping process through the partial
derivative of the partition function with respect to the thermodynamic
beta.
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As depicted in Fig. 3, the fusion of cylinders and spheres can be shown
as a set of zippers.

The total energy of the self-assembly, (E),,,, is determined by the
summation of (E) from 0 to 2z for spherical aggregates, and from —¢/2 to
¢ /2 for cylindrical bioinks (Fig. 3). Therefore, (E),,,, will be equal to (E)
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multiplied by the number of zippers present in cylinders or spheres. The
number of zippers is defined as the length divided by the distance be-
tween subsequent adhesive molecules (x). Thus, the x depends on the
tissue as well as the size of cells on the surface of the bioink. The total
energy produced by adhesive bonds and consumed by cell migration
(self-assembly) will be determined as:

(E) s = number of zippers x ( E) 2)

By substituting (E) from Eq. [1] in Eq. [2] for both spheres and cyl-
inders we can determine the total energy for self-assembly.

The fusion of spheroids encompasses numerous zippers, all with the
starting point at the center of the fusion cross-section disk, the contact
point. Therefore, the number of zippers is determined by the circum-
ference of the disk divided by the «. Therefore,

(ED orat for soh = ——(E) = [ — o 3

2mr —2zr (e(N +1)eWHDBe gppe )
K K

Nevertheless, it is worth noting that for cylindrical (E),,,, determined
from the summation is just for fusing parts above the contact line and a
multiplication factor of two can give the final average energy for cylin-
ders. Therefore,

<E>mm1ﬁn- ol — <E> = 1 — e-(W+1pe 1o @

20 =20 (e(N'+ 1)e” Wt gete
K K

3. Results and discussions

Previous experimental results showed different characteristic fusion
time for two different bioink geometries (spherical and cylindrical bio-
inks) [24]. In this paper, we have developed a microscopic model based
on cell adhesion molecules to describe the fusion procedure. Using sta-
tistical mechanics, we have considered a series of zippers to determine
the energy of cellular self-assembly. The first law of thermodynamics
states that the change in internal energy of a system is equal to the dif-
ference in the heat added to that system and the work done by the system
(W). In the case of fusing bioinks, the internal energy of the system is zero
due to the constant temperature (37 °C in tissue culture incubators).
Therefore, the energy produced in chemical reactions ((E).) is
consumed for the work of moving cells to the vicinity of counterpart cells
in the opposite bioink

Fig. 3. Zipper model for fusion of tissue like
cell aggregates (bioinks). a) A zipper model
consists of two sequences of adhesion mole-
cules from two bioinks. Each adhesion
molecule can develop a bond with its coun-
terpart on the other bioink and release en-
ergy. In this case, if adhesion molecule A is

Ty Separation far from adhesion molecule B they are open

I" = =R ’| _ (ground state energy is zero). If they become
- " closer, they make an intermediate state

Distance called AB (still the energy is zero). If A and B

become close enough (around rp) they can
become a closed link and make a bond, C
(excited state and the energy is ¢). b) As the
fusion continues, more A and B molecules
develop bonds and release energy. The
dashed lines depict the initial location of
adhesion molecules and cells. The solid ver-
tical line demonstrates the final closed zipper
when the bioinks complete the fusion pro-
cess. ¢) Shows the energy versus distance. d)
A series of zippers on a line (contact line) for
two cylindrical bioinks. The same configu-
ration can be considered for below the line.
e) A series of zippers around the contact
point for fusion of spherical bioinks.
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W =Fd= <E>mzal (5)

where F represents the force and d is the displacement done by the work
(W). The time for rupturing/developing a bond can be determined using
the Bell equation [19,28]:

7 = toexp(—af /KsT) (6)

On the other hand, this time would be taken by two sequential cells
from different bioinks to migrate to the proximity of each other for new
cell attachment. Here we assume the distance that each cell should be
relocated to get to the vicinity of counterpart cell is d = 2 52, where D is
the initial distance between two cells on different bioinks, then we will
have t = d/v and by substituting t = 7z in Eq. [6], we would have:

KT
Lnd/vty = —af |KgT — f = %Ln vi/d

where 7( is the average lifetime of the adhesion bond and a is a
parameter with units of length, and its value must be obtained empiri-
cally.

Therefore, the Bell equation gives this comparison:

KT (0 gy L veyto/d
fzfg Lnvry/d —>f'/ = 2o 7’“}‘[%/ .
a fsph (2] Ln vahT()/d

One can argue that 7, and d can be considered equal in both cases for
simplification and the ratio of both a s can be considered as a constant B.
Therefore,

fcyl ~ Ln pr[
Sopp  Lnvgy

)

This shows that the greater magnitude of force will provide faster
fusion. To compare the force, based on Eq. [5], we can compare the (E), .,
for both spherical and cylindrical fusions in Eq. [3] and [4]. It is evident
that the N, which is the number of closed links, would determine the
higher energy and force.

There are two ways to compare the N (number of closed links) for
fusion of spherical and cylindrical bioinks: 1) comparing the microscopic
models and 2) comparing surface cell density in different coordinates.

3.1. Comparing microscopic models

By comparing the microscopic model in spherical and cylindrical
cases (Fig. 2), it is notable that the numbers of engaged cells are different
in different geometries in each time-point. Except for the beginning of
fusion that occurs by the attachment of cells in a line, the rest of the
procedure includes two lines of cells from each bioink in the cylindrical
case. In the spherical case, however, the circumference of each ribbon
increases throughout the fusion and the number of engaged cells in each
time-point is higher than the previous time-point (Table 1).

Based on the zipper model and the calculated energy (Eq. [3] and [4])
in addition to data in Fig. 2e and Table 1, which show that the number of
links are initially much less in spherical models and gradually increases
the force for spherical fusion is much less than that of cylindrical fusion
specifically during early hours. Consequently, fusion of spherical bioinks
is slower than that in cylindrical bioinks; confirming the experimental
data [24] in first 10 h the fusion of cylindrical bioinks reach ~70% of its
maximum whereas spherical bioinks reach 20% of complete fusion.

3.2. Comparing surface cell density

The fusion process encompasses the attachment of cells; therefore, the
number of cells (in fact the consequent number of adhesion molecules) is
an essential factor in its completion. Each cell has adhesive molecules
that are the building units of cell bonding and attachment during fusion.
Therefore, surface cell density should be investigated and compared for
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Table 1

The contact area for two cylindrical bioinks, while fusing, is a line with length 7
at the beginning and two lines with length # in following time-points. However,
for spherical bioinks the contact area is a point at the beginning, and in following
time points, it is a ribbon with a linear length of 2zr, where r, increases over time.
Therefore, the contact area for cells involved in the process of cell-attachment is
much more significant for cylindrical bioinks. This is specifically notable for the
beginning of the fusion process when the number of involved cells in spherical
bioinks are much less.

Time Spherical Cylindrical

0 2cells Cells on a strip with length ¢
1 Cells on ribbon with length 27zr; Cells on 2 strips with length 7
2 Cells on ribbon with length 277, Cells on 2 strips with length 7
3 Cells on ribbon with length 2773 Cells on 2 strips with length 7
4 Cells on ribbon with length 277, Cells on 2 strips with length 7
5 Cells on ribbon with length 2775 Cells on 2 strips with length #
6 Cells on ribbon with length 27re Cells on 2 strips with length 7
7 Cells on ribbon with length 2777 Cells on 2 strips with length #
8 Cells on ribbon with length 2zrg Cells on 2 strips with length #

different geometries. Considering the cell density “C” as the integration
of several infinitesimal units of cell density represented by dc, the surface
cell density becomes 6 = dc/da, where o is the surface cell distribution
and da is the area element.

In the spherical coordinate, (p, 6, ¢) are radial distance, polar angle,
and azimuthal angle, respectively where 0 < 0 < 7, and 0 < ¢ < 2z. In
the cylindrical coordinate system, we can show each point with (p, v, 2)
that represent radial distance, azimuthal angle, and vertical distance
where 0 < y < 27. Consequently, in the spherical coordinate system, the
surface element can be written as

dagy, = p* sin d0dgp + p sin qu)dpg + pdOdpp

This long expression of area element in the spherical coordinate can
be simplified by considering the fact that the radius of the sphere is
constant (dp = 0); therefore, in the directions of & and ¢ the magnitude
would become zero. Consequently, cell density can be written as:

degn = op? sin 9d0dg in p direction.

The cell density can be obtained by integration of all dc. Therefore:

2
Copn = / degy, = [[op® sin 0d0de = op* [ sin 0dOdep = 20p / do
0
= 4zmp2

It is clear that we considered the cell density as a vector instead of a
scalar. This cell density vector with the direction of p is based on the
adhesion molecules of the cells described in the microscopic model in
Fig. 2 that confirms the connection of the one-to-one pair of cell adhesion
molecules from both bioinks. This means each molecule would develop
only one bond with only one other molecule from the other bioink only
when they are in the vicinity of each other (both in p direction). In other
words, cells located on each imaginary ribbon or strip (in case of a sphere
or cylinder) can start developing bonds with their counterpart on the
opposite bioink using their adhesion molecules in the direction of p
which is a particular point to fulfill the condition for both molecules.

The area element for the Cylindrical coordinate is:

dacy = pdydzp + dpdzy + pdpdyz

Using the same assumption of the constant radius will change it to:
da.y; = pdydz only in p direction.
Hence, the cell density for the cylindrical coordinate system becomes:

¢/2

2
Coy = / dec = / o'pdydz = 6'p [[dydz = cp / / dzdy = o'p2n / dz
. 0

—t)2
=o'p2nl
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where o, p, 7 are the surface cell distribution, radius, and length of cyl-
inders, respectively. By comparing the surface cell density in the spher-
ical and cylindrical coordinate systems, we can determine
26[)82ph =0'p? and considering the identical radii for cylinders and
spheroids (pg,, = po) We arrive at p = ¢6 /26 . This equation can be
further simplified by considering the surface tensions to be identical for
both bioinks, which means they are prepared using the same method. We
previously showed, experimentally, that it is the preparation method that
controls the surface tension [27]. In addition, it has been shown that the
y ~ aJn where a is a dimensionless constant, J is the effective binding
energy among cell adhesion molecules, and n is the number of these
contacts per unit area [21]. Assuming equal n for the same type of cells,
we can conclude that surface tension is related to the surface cell density
y =~ bo, where b is a constant. Therefore, by considering the same surface
tension for both geometries of bioinks (y =y — ¢ = ¢'), we can simplify
the surface cell density equations to

Cxph:CCy,ﬁp:f/Z

This calculation provides very useful information regarding the size
of the bioink with different geometries. In order to get the same surface
cell density for spherical and cylindrical bioinks, the radius of the cyl-
inder should be as long as half of the length of the cylinder. However, in
reality, the length of a cylinder is always much larger than its radius.
Therefore, the C.,; is always much more significant than Cgy. This in-
dicates that the fusion of cylinders is more favorable as far as cell density
is concerned, which in turn relates to the number of cell adhesive mol-
ecules, energy, and force involved in self-assembly. In this calculation, we
considered the same surface tension (and consequently ¢ = ¢'). However,
this mathematical framework can be used to compare bioinks with
different surface tensions as well, provided that the surface tension of the
bioinks are known. The experimental evaluation of tissue tensiometry is
described in Ref. 27.

4. Conclusion

Understanding the principles of self-assembly and dynamics of
multicellular systems based on the biological physics of embryonic
development is key to the accelerated maturation of bioprinted biological
constructs. We previously introduced a tunable physical parameter called
the apparent tissue surface tension for faster maturation and elaborated
on the fusion of spherical bioinks. Here, we generalized the microscopic
model for fusion of cylindrical bioinks. Furthermore, a mathematical
framework was developed to investigate tissue fusion and cellular self-
assembly that helps to evaluate the effect of bioink geometry on matu-
ration time in the post-bioprinting procedure. By comparing exerted
forces on cells as well as surface cell density in spherical and cylindrical
coordinate systems, we showed the reasons for discrepancies in the
maturation procedure. These microscopic models of fusion (both cylin-
drical and spherical bioinks) in addition to mathematical investigations
of fusion can assist in designing different bioink novel geometries to
optimize tissue biofabrication using bioprinters.
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