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The in vitro reconstructions of human salivary glands in service of their eventual medical use represent a chal-
lenge for tissue engineering. Here, we present a theoretical approach to the dynamical formation of acinar
structures from human salivary cells, focusing on observed stick-slip radial expansion as well as possible growth
instabilities. Our findings demonstrate the critical importance of basement membrane remodeling in controlling

1. Introduction

There has been much interest of late in both the biology and
biophysics communities in the problem of epithelial tissue growth.
Growth and possible patterning of epithelial tissues are critical both for
in vivo developmental processes governing organ morphogenesis as well
as in vitro tissue engineering protocols (Lemke and Nelson, 2021; Torras
et al., 2018). From the scientific perspective, the interplay of tissue scale
mechanical effects with cellular aspects of division and active motility is
still an area of significant challenge (Gompper et al., 2020; Lenne et al.,
2021).

Epithelial tissues in vivo come in a variety of types, either single
layered or stratified. The tissue is surrounded by a basement membrane
(BM) composed of biopolymers such as collagen IV and laminin, all of
which lies in a surrounding mesenchyme (Pozzi et al., 2017; Sekiguchi
and Yamada, 2018). In many cases, cell division events are localized in a
thin layer adherent to the basement membrane (BM), within reach of
various secreted growth factors. Buckling morphogenesis can arise from
the fast expansion of a surface epithelial sheet constrained by adjacent
tissues and matrix (Nelson, 2016). An in vitro analog of this process can
be studied by embedding epithelial cells inside a relatively rigid
hydrogel casing (Trushko et al., 2020). The formation of branches via
this instability has been the focus of much experimental and theoretical
effort (Hannezo et al., 2014).

Unlike the development of natural organs or the reconstituted
stratified epithelial tissues constructed using rudimentary gland buds
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(Wang et al., 2021), stem/progenitor cells-derived microstructures
originate from single microclusters and have a relatively large propor-
tion of proliferative cells. This rapid cellular proliferation causes the
structure to expand rapidly, to push against its surroundings, and to
induce active remodeling of the BM (Wu et al., 2019). Understanding the
formation, growth and maintenance of these distinct microstructures is
important for precise size and shape control in epithelial tissue engi-
neering (Torras et al., 2018). A theoretical description of the tissue
expansion process in this biological system as well as the relationship
between unperturbed growth and possible interface instabilities are still
lacking.

Here, we propose a hydrodynamic model to analyze the growth of a
human salivary stem/progenitor microstructure and the stability of its
expanding interface. We focus particularly on the effects of BM me-
chanical properties and dynamics in those processes. Our model re-
produces the non-linear expansion and cyclic popping of the
microstructure observed in recent experiments (Wu et al., 2019). It also
demonstrates the stabilizing and destabilizing factors of the interface,
providing a potential explanation to the stable interface maintained by
the tissue-engineered salivary gland. These results can also give insights
to the dynamics of epithelial tumors since these have similar structural
properties (Taubenberger et al., 2019; Laurent et al., 2013; Fiore et al.,
2020).
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2. Hydrodynamic theory

Our modeling effort is motivated by recent studies of the growth of a
salivary gland microstructure as a step towards the engineering of
replacement organs for patients (Wu et al., 2019). An example of this
type of structure is shown in Fig. 1. Experiments show that this epithelial
tissue is elastic and solid-like at short time scales due to the contractile
cytoskeleton networks and adhesion junctions between cells. At long
time scales, however, tissue effectively behaves as a viscous fluid, since
the residual stresses can be relaxed by cell rearrangements induced by
cell division and cell apoptosis (Ranft et al., 2010; Marchetti et al., 2013;
David et al., 2012). We therefore use a hydrodynamic formulation, as
now will be discussed in detail.

To proceed, we focus on the cell proliferation-induced expansion and
long-time behavior of the expanding set of cells. Note that a salivary
microstructure, such as the one shown in the figure above, typically
takes several days to grow before reaches its maximum size, well within
the time scale where the fluid-like behavior should be dominant (Wu
et al., 2019). For simplicity, we will treat the system in two-dimensions,
instead of dealing exactly with the flattened hemispherical geometry.
We therefore model the reorganized epithelium as a circular cylindrical
viscous fluid with radius R, surrounded by an elastic BM shell with
Young's modulus E and thickness h. With these assumptions, the cell
density p and the cell velocity field V' obey the equation.

op —
E+V<pv> = Kpyp, (l)

where k;, is the net division rates of cells. For simplicity, we assume the
cell density is essentially constant and the epithelium is incompressible.
In this case, the density conservation equation then becomes

V-V =k, 2)

We start by assuming that the structure will be rotationally sym-
metric, ie. all the physical quantities are only functions of the radial

> 5
hS/PCs

Fig. 1. A typical microstructure formed from human salivary progenitor cells.
Blue regions are nuclei and collagen IV is shown in green; this collagen is part of
a basement membrane structure formed during the expansion process. The scale
bar = 20 pm; taken from (Wu et al., 2019). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)
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position. The inertia of the tissue is also considered negligible. There-
fore, the equations of conservation and force balance in the radial and
circumferential directions are (see Materials and methods)

1o(rv,)

roor ks @)
dp ok,

—5 25, =0 4

9 F 6(rv9)} =0, (5)
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where p is the hydrostatic pressure and 7 is the viscosity of the cellular
fluid.

The boundary conditions are determined as follows. In multicellular
spheroid structures, epithelial cells polarize and surround a hollow
central lumen of finite size (Wu et al., 2019; Tanner et al., 2012; Wang
et al., 2013). We assume the size of the lumen remains constant after its
formation and the radial velocity vanishes at the inner surface, therefore
obtaining the kinematic boundary condition

v,.|,_:,0 =0, 6)
where ry is the radius of the lumen. At the epithelium-BM interface, the
elastic stress due to BM deformation is balanced by the normal stress
from the fluid. For simplicity, we only consider the small deformations
of BM and neglect the compressive stress from the surrounding hydrogel
since BM is orders of magnitude stiffer than most hydrogel systems (Wu
et al., 2019; Ghosh et al., 2005; Chaudhuri et al., 2020). The normal
stress balance at interface then becomes

o,
r=R — <*P+2”E>

where ¢ is the strain of BM.

The model so far assumes that the motion is purely radial. In fact,
however, spontaneous collective revolution of cells within spherical
structures is another distinct feature observed in multiple epithelial
morphogenesis systems (Wu et al., 2019; Tanner et al., 2012; Wang
et al., 2013; L and David, 2011; Horne-Badovinac, 2014). As expected,
integrin-mediated traction force applied to the BM by the basal side of
the cells is essential for this effective tissue rotation (Wu et al., 2019;
Wang et al., 2013). The shear stress at the epithelium-BM interface is just
due to this traction exerted by the cells on the BM, and we take to equal
the difference between the friction and the active propulsion (Banerjee
and Marchetti, 2019; Notbohm et al., 2016).

_ (e _ve
=R =1 o r

Here ¢ is the friction coefficient with the BM that depends on the rate
of integrin turnover and fy is the propulsion force per unit arc length that
in 2D determines the direction and magnitude of rotation. For
simplicity, these two parameters are taken as constants in our model. We
discuss how they may change with tissue growth and how this change
may affect the rotational speed in the SI. Based again on the experi-
mental data, we assume the core of the microstructure is jammed (Han
et al., 2019) and therefore the rotation vanishes at a finite distance Ry
from the BM

V”‘r:R—R, =0 )

Eeh
R

)

Oyr

r=R

= —&vot+ o, €))

Org

r=R

This then completes our specification of the hydrodynamic model.
Note that the jamming assumption is only valid for relatively organized
microstructures with radius larger than ry + Ry (20 pm in our model) and
we neglected the initial stages of epithelial morphogenesis (day 1 and
day 2 in Fig. 2(c)) in the main text. Additional analysis and a modified
boundary condition for the case R < rg + Ry is provided in the Supple-
mentary Discussion.
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Fig. 2. (a) Tangential velocity profile along radial direction in microstructures with different radiuses. (b) The tangential velocity of surface cell layer in micro-
structures with different radiuses, which agrees with the rotational speeds measured in (Wu et al., 2019; Wang et al., 2013). (c) Coordinated rotational motion occurs
during early stages of MCF-10A 3D morphogenesis. Upper panel: analysis of cell movement in MCF-10A acini. Lower panel: MCF-10A speed analysis. Image in (c)

adapted from (Wang et al., 2013).

We first derive the expression of tangential velocity vy by solving Eq.
(5) with the boundary conditions given in Egs. (8) and (9). The
tangential velocity profile of growing microstructures with different size
is shown in Fig. 2(a). vy increases nonlinearly along the radial direction
and reaches a maximum at the surface cell layer. Furthermore, rotation
drastically decreases as the microstructure expands. The exact solution
of vy at the epithelium-BM interface is

JoR(2R — R))R,

2R3 + 2R (1 + Ry€) — RR; (41 + Ry€)’ 1o

Vol,_g =

as illustrated in Fig. 2(b). In the limit R—co, v9|,:R—>£—§j€. This result is
consistent with the experimental data that coordinated rotational mo-
tion are only observed during early stages of microstructure morpho-
genesis (Wu et al., 2019; Wang et al., 2013) (Fig. 2(c)). In sufficiently
large structures, the active propulsion force f; exerted by the actomyosin
cytoskeleton at a surface cell's leading edge fails to generate enough
traction force to overcome the mechanical load of the cells located
further inward and hence cannot drive directed collective migration.
Hence, the rotations slow down as the structures continue to grow and
eventually stops or perhaps decays to random movement.

Next, we discuss the radial velocity and numerically decipher the
dynamics of microstructure expansion. The net production rate of cells,
kp, depends on the local concentration of available nutrients and also on
the mechanical stress. Nutrients and oxygen diffuse into the epithelium
from the BM. The gradients of substances necessary for cell division give
rise to gradients of proliferation (Basan et al., 2011; Risler and Basan,
2013). Aside from the supply of nutrients, mechanical stress also has
strong impact on multicellular aggregate growth. Numerous experi-
ments have demonstrated that the cell division rate is substantially
reduced by external mechanical compression (Taubenberger et al.,
2019; Delarue et al., 2013; Dolega et al., 2021; Montel et al., 2012).
Hence, we take the net production rate of cells to be given by the

following expression:

. ko N r—R\ ] r—R
kp(r)_1+[a(_o_n|r=R)]m°xp< l )*ke-xp( l )7 (11)

where 6y|,—r = — Ech/R is the compressive normal stress exerted by BM
to the fluid surface. The net cell production is taken to decrease expo-
nentially over a length scale [ with increasing distance from the
epithelium-BM interface and also depends negatively on the compres-
sive stress with cooperative exponent m.

One additional important relationship between the ability of mi-
crostructures to rotate and their ability to assemble BM has to be taken
into account. Previous experiments have demonstrated that coordinated
rotational motion during microstructure growth is directly associated
with secretion and organization of de novo BM, especially the assembly
of laminin (Wu et al., 2019; Wang et al., 2013; L and David, 2011;
Horne-Badovinac, 2014). Microstructures that fail to rotate are defective
in production of BM, probably due to insufficient mechanotransduction
through cell-matrix adhesions, while artificial dissolution of BM around
mature, non-rotating microstructures restores rotational movement and
the ability to assemble new BM (Wu et al., 2019; Wang et al., 2013). We
therefore need to have a phenomenological approach to BM dynamics.
Based on this evidence, we assume that there is BM secretion rate per
unit arc length proportional to the tangential velocity at surface when
Vol|r=r lies above a certain threshold

g(t) = {go-[l + B(Vol,—x — Votweshola ) |

80 Vol,—r < Votreshold

Vol,_g > Vothreshold 12)

where g is the basal net production rate of BM, f controls the strength of
rotation-induced secretion rate enhancement and Vggyeshord is the mini-
mum threshold where cells can respond to the mechanical signaling.

As the BM matures, the stiffness of BM positively relates to the total
amount of BM per unit arc length
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E(1) :EO-(/OIg(t)dty, 13)

where exponent c represents the influence of the coordination of cross-
links between BM components (Chang and Chaudhuri, 2019; Khalil-
gharibi and Mao, 2021). The new materials are assumed to increase the
thickness of BM without changing its density (Khalilgharibi and Mao,
2021), so the thickness of BM h can be expressed by the total volume
divided by the surface area

_ 2aRoho + [y 27R(1)g(t) /pdt

() 22R(1) as

Substituting Eqs. (11)-(14) into Eq. (3) and imposing the boundary
condition Eq. (6), we obtain the solution for the radial velocity v,.
Therefore, the surface growth as a function of time can be obtained by
numerically integrating

dR

. (15)

v, .
r=R

The only piece left before this can be carried out is a specification of
the tensile strain in the BM.

Since the growth rate prefactor k = ]m is directly related to the

ko
1+|aEeh/R]
time-dependent properties of BM, we begin with two extreme scenarios.
If the existing cross-links between different BM components do not
remodel when new materials incorporate into the network, the BM will
constantly accumulate internal tensile stress as the current length of the
tissue boundary increased beyond the constant equilibrium length of the
BM. Due to the stress continuity at epithelium-BM interface, k will
decrease in response to the compressive stress at surface and the
microstructure growth will be drastically inhibited at a small size
(Fig. S2(a)-(b)). This scenario is inconsistent with the observed contin-
uous expansion during early stages of microstructure organization (Wu
et al., 2019; Wang et al., 2013). One the other hand, if the BM contin-
uously remodels with the tissue expansion and the equilibrium length is
always adapted to the size of the microstructure, no tensile stress will
accumulate in BM. In that case, the net division rate of the cells will not
be suppressed and the radial velocity at tissue boundary will continue to
monotonically increase as the microstructure expands (Fig. S2(a)-(b)).
This is also in contradiction to the experimental results that all micro-
structures with tightly organized BM rarely exceed diameters larger than
200 pm, similar to dimensions of acinar structures in normal human
tissue (Wu et al., 2019).

To recapitulate the essence of the nonlinear growth curve in exper-
iments, an intrinsic dynamical property of BM has to be incorporated.
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Specifically, BM has a maximum tensile strain it can bear before
breaking (Wu et al., 2019; Chang and Chaudhuri, 2019; Khalilgharibi
and Mao, 2021). Upon reaching the threshold, the weak crosslinking
points connecting the laminin and collagen IV network can break
through exposure to mechanical stress and thereby dissipate stress.
Subsequent rebinding of these bonds will result in BM remodeling

(Khalilgharibi and Mao, 2021). Therefore, we define a constant ultimate
2R () —Leg
Teg  °

where L is the equilibrium length of the BM and R(t) is the current
radius of the microstructure. When & < &gyeshold, BM is pushed by the
cells inside and stretched without remodeling. When & = é&gyesholds BM
breaks and remodels simultaneously, reaching a new equilibrium shape
configuration. The equilibrium length of BM after remodeling then reads
Leq, = Leq(1 + &threshold)-

Substituting the expression for ¢ into Eq. (11) and solving the above
equations for radial expansion, we can numerically obtain the radius of
microstructure as a function of time. As demonstrated in Fig. 3(a), the
expansion process can be divided into two phases. In phase 1, coordi-
nated rotation exists and BM stiffness increases rapidly due to the
rotation-induced BM secretion (Fig. S2(c)). Since the BM still retains its
initial assembly and the stiffness is still relatively small, the growth in-
hibition effect due to compression is insignificant when the tensile strain
of BM approaches the threshold (Fig. S2(d)). Thus, the microstructure
expands quickly and smoothly during early stages of growth. In phase 2,
the tangential velocity reaches the minimum threshold Vgmyesholq and the
global rotation decays to random motion even as the microstructure
continues to grow. The BM secretion rate of cells returns to the basal
level. As the BM has now acquired a relatively large stiffness, a signifi-
cant popping behavior of BM appears. The compressive stress drastically
suppresses the net division rate of cells as BM accumulates tensile strain.
The expansion slows down to a plateau and spends a long time before
reaching the ultimate tensile strain. Upon reaching &gmyresnold, the weak
bonds in BM break and the stretching tension is immediately relaxed.
The growth inhibition is thereby relieved and this leads to a rapid
expansion pulse, following by a new round of BM organization and
tension accumulation. During the short period of rapid expansion, the
rate of tissue expansion exceeds the rate of BM production, resulting in a
transient BM thinning (Fig. S2(e)). These are consistent with the cyclic
thinning and popping of BM detected in the experiments (See Fig. 3(b)).
However, there is an apparent difference in time length of the popping
events between the experiments and the simulation. This difference in
timescales can be rectified by choosing a different basal net cell pro-
duction rate kg, as shown in Fig. S3. This parameter choice issue is
addressed in Supplementary Discussion. When the stiffness of the BM

BM tensile strain &gpyreshoig in our model. The current strainis e =

(b)

€150-
ERNES P
i (1) (8 (1)
© 1004 (5)
E
o
(@]

_ 504

growth time (d) T T T 1

o
N
S
(]
(o]

Time (hrs)

Fig. 3. (a) The increasing radius of the microstructure as a function of time. Blue curve and red curve represent the dynamics of microstructure expansion in phase 1
and phase 2 correspondingly. Inset: detailed view of the microstructure growth curve in phase 2. (b) The popping behavior of human salivary microstructure
observed in experiments. Region 1: BM accumulates tensile stress while microstructure expands slowly due to the compression-induced growth inhibition. Region 2
and 3: BM breaks and remodels to relax stress while microstructure expands rapidly. Image adapted from (Wu et al., 2019). Parameters are given in the SI Parameter
table. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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becomes even larger, the proliferation rate is not enough for the cells to
push the BM outward to reach the next breaking point. The micro-
structure then maintains its current diameter and stops further expan-
sion, providing an accurate mechanical feedback control of tissue size.

3. Microstructure stability calculation

After analyzing the tissue expansion in a radially symmetric state, we
now address the question of the interfacial stability of the system. We
therefore derive the linearized form of equations governing small per-
turbations around the previously determined base state. The compli-
cated form of these equations is presented in the SI.

We will carry out the stability calculations with a variety of simpli-
fications. First, we will use quasi-static approximation in which the
microstructure radius is assumed to be a constant. This is reasonable
once the radius becomes large and the expansion slows (Wu et al.,
2019); it is probably not reasonable during the early stages. Now recall
that the tangential velocity becomes rather small and effectively stops
(Wu et al., 2019; Wang et al., 2013). We therefore have also ignored the
role of this velocity component and focus exclusively on a base state
with radial motion. In general, we expect that the vy terms will tend to
stabilize the interface by advecting away any growing shape perturba-
tion, but this needs to be directly established in future work.

One can imagine possible causes of morphological instabilities at the
interface of microstructures such as ours, with multilayered prolifer-
ating cells. A possible hydrodynamic instability originates from the
viscous shear stress arising due to the cell production gradient (Eq. (11))
in expanding cell spheres. This mechanism is similar to the mechanisms
underlying undulating or fingering structures in flat stratified epithe-
lium (Basan et al., 2011; Risler and Basan, 2013; Yeh and Chen, 2016),
but different from the buckling instability in confined single-layered
epithelium induced by the accumulation of in-place compression

(a)
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(Trushko et al., 2020; Hannezo et al., 2012; Hannezo et al., 2011), or the
active fingering at the advancing monolayer front driven by collective
cell migration (Alert et al., 2019; Williamson and Salbreux, 2018; Yang
and Levine, 2020; Pham et al., 2011; Bogdan and Savin, 2018; Mark
et al., 2010; Biischer et al., 2020).

In more detail, at the outer boundary we setr =R + éw, where éw is a
small deformation, and neglect the angular velocity in perturbed state
for now. Note that the net production rate k, reaches the same maximum
at outer boundary and has no dependence on direction since we consider
the nutrient as sufficient and homogeneous outside the BM. The radial
velocity in the microstructure then reads

10(rv,) 1 a(r- (v +dv,))
oo r or

=k,
r—ow

The distribution of v, along the radius in perturbed state is showed in
Fig. 4(a)-(b). At each radial position, the v, in the direction where sw<0
is larger than the v, in the direction where $w>0. Therefore, % is nonzero
in the presence of an interface perturbation, which gives rise to the
radial shear stress within the microstructure. This shear stress enhances
the already existing protrusions outwards and promotes the growth of
the perturbation. Therefore, the maximal net proliferation rate k and the
viscosity of the tissue # have similar destabilizing effects that hinders the
relaxation of the interface towards the steady state.

To verify this picture, we carry out a complete analysis of the linear
stability problem; details are presented in the SI. The stability spectrum
can be seen in Fig. 4(c)-(d) showing the maximum growth rate and the
range of unstable wave numbers. As discussed above, the instability is
more pronounced at higher viscosity (c) and higher growth rate (d). The
increase of these two parameters suggests the tissue has more active cell
division and rearrangement, resulting in higher shear stress and sup-
porting a more favorable interfacial configuration that has more access
to the nutrients in some directions. Furthermore, the change is more
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Fig. 4. (a) Schematic representation of the radial velocity field in the presence of an interface perturbation. (b) Radial velocity distributions for different normal
deformations at the tissue boundary. The dotted line indicates a specific radial position inside the microstructure. (c) Relaxation modes w as a function of the
azimuthal wavenumber n for different tissue viscosities. (d) Relaxation modes @ as a function of the azimuthal wavenumber n for different net proliferation rates.



Y. Chen et al.

prominent at large wave numbers. The most unstable wave number g,
decreases as 5 or k decreases and the interface is more likely to evolve
into wider fingers with wavelength 4 = 228, This result is consistent with
the interpretation that thinner fingers have higher local curvatures and
stretch the elastic BM more than wider fingers of the same amplitude. As
a result, BM disproportionately resists deformations of thinner fingers
with larger strain energy and amplifies the perturbations with longer
wavelength (Li and Manikantan, 2021).

Another key observation is that the increasing radius of the micro-
structure has a destabilizing effect. As shown in Fig. 5(a)-(e), the
maximum growth rate of the perturbation increases with increasing size
of the microstructure. On the contrary, the increasing Young's modulus
of the BM as well as its tensile strain act to retard the instability, due to
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the decreasing k and to the larger strain energy stored in elastic defor-
mation; these tend to stabilize an interface with higher curvature. This
pair of opposite factors provides a potential mechanism that helps to
suppress the undesirable interfacial instabilities during microstructure
assembly, which is crucial to the precise size and shape control when
reestablishing functional tissue in vitro.

To understand how this suppression would work, we depict the
maximum growth rate of perturbations in Fig. 5(f). The dark blue region
representing a smaller wpq, localizes in the upper left corner of the
stability diagram, where the stiffness of BM is high and the radius of the
tissue is small. As shown in Fig. 5(a)-(e), as BM stiffness increases, the
fastest-growing wave number np, decreases until finally nyq,=2, which
corresponds to an elliptical boundary. The decrease of @y is fast when
Nmayx is large, but gradually slows down when np, becomes close to 2
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Fig. 5. (a-e) Relaxation modes w as a function of the azimuthal wavenumber n for different radii of the tissue. (a) E=1%10°Pa; (b) E=2*10°Pa; (c) E=3*10%Pa; (d)
E=5*10°Pa; (e) E=1*10*Pa. (f) Maximal growth rate wng, of a perturbation in different given E and R, demonstrated by the color scale. For all figures: ¢=0.1,
h=1pm, other parameters are same as in Figs. 2, 3. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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and ®mg, becomes close to 0. In the bottom right corner where the
interface is most unstable, and @,y is actually out of the color range, the
maximum ®pqy is approximately 1.0. The shortest characteristic time-
scale for perturbation to grow is then given by the 1/wmg=1d. During
steady state microstructure expansion, the stiffness of the BM and the
radius of the tissue increase simultaneously while other parameters
remain approximately constant. For the case we considered in the pre-
vious section, the expansion trajectory falls mostly into the blue region
(the region occupies the largest area in the diagram) where wmqy is
positive but close to 0. In this region, the characteristic timescale for
perturbation amplification is in fact much longer than the timescale for
tissue growth, so the interface largely maintains its unperturbed shape
as the microstructure expands. After reaching its maximum size, the
radius of tissue is fixed while BM continues to assemble. The parameters
of the tissue will then transition into the dark blue region where gy is
negative and any nascent fingers will decay with time.

4. Discussion

In this study, we provide theoretical interpretations of two distinct
features observed during the non-linear expansion of human salivary
stem cell derived microstructures. First, the observed coordinated tissue
rotation is driven by the traction force at epithelium-BM interface. We
show that rotation gradually decays as active propulsion force fails to
overcome viscous friction and random noise. Next, the unexpected
“popping” of the BM, in conjunction with the nontrivial cycling between
rapid and slow expansion phases, originates from the different cell
production rates under different compressive stresses. Compressive
stress suppresses the division rate of cells as BM accumulates tensile
strain. When reaching a strain threshold, the weak bonds in the BM
break and the stretching tension immediately relaxes; this leads to a
rapid expansion pulse, followed by a new round of BM organization and
tension accumulation.

In the second part of our work, we analyzed system behavior under
small perturbations of the interface. Here, we predict that a hydrody-
namic instability may exist in our system. This instability is driven by the
radial viscous shear stress due to the cell proliferation gradient.
Increasing the maximum net cell production rate k and the viscosity of
the tissue 7 can both destabilize the interface. Perturbations with smaller
wavelengths are preferentially suppressed and the interface is more
likely to evolve into wide fingers with long wavelength. The increasing
radius of the microstructure is also a destabilizing factor as opposed to
the Young's modulus of the BM. Since the stiffness of the BM and the size
of the tissue increase simultaneously, this pair of opposite factors pro-
vides a guideline as to how to suppress undesirable interfacial in-
stabilities during tissue growth. We note that in the experimental data of
(Wu et al., 2019), no instability was seen. To test our theory and pre-
dictions, future experiments can artificially degrade the BM during
different stages of microstructure expansion and genetically manipulate
the cell cycle to decrease the thickness of proliferative cell layers.

In a recent study (Wang et al., 2021), Wang et al. performed live-
organ imaging of mouse embryonic salivary glands at single-cell reso-
lution. This study revealed that budding morphogenesis of stratified
salivary gland epithelium is driven by the comparatively faster expan-
sion and buckling of the surface epithelial sheet, constrained by the
surrounding mesenchyme and the interior epithelium. There is a distinct
difference in interfacial morphology between the salivary gland
epithelium mentioned above and the tissue microstructure discussed in
this paper. This difference may originate from the different cell types
and culture systems, leading to different tissue growth modes and
different mechanisms driving budding morphogenesis. In the paper of
Wang et al., intact E13 mouse salivary gland, isolated single epithelial
buds or dissociated single epithelial cells were used. Surface-originating
cells would reinsert into the surface layer after dividing in the subsurface
region. Therefore, compressive stress only accumulates in a single sheet
conformally adherent to a non-expanding inner cell core. The in-plane
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stress can only be relieved by lateral deflection, resulting in buckling
morphogenesis. In the paper of Wu et al. analyzed in this work (Wu
et al., 2019), salivary stem/progenitor cells enriched from adult human
salivary tissues were used. These cells are less differentiated and more
proliferative than mature salivary epithelial cells. The tissue micro-
structure embedded in hydrogel expands outwards due to the global cell
divisions. As a result, repeated cycles of cell division and cell-cell
junction rearrangement can lead to the relaxation of static stresses and
effective cell flows on long timescales, preventing in-plane elastic
compression. Potential interface undulations can only be driven by the
hydrodynamic instability related to proliferation differential in different
directions. It remains unknown whether there might be a transition from
hydrodynamic instability to buckling after the microstructure reaches
the maximum size and progenitor cells are fully differentiated. Investi-
gating this issue may necessitate longer-term imaging of the micro-
structure as well as cell lineage tracing.

In our approach, we have treated the epithelial microstructure as a
2D incompressible fluid; this is an obvious simplification for a flattened
droplet morphology. The microstructure rotates in a clockwise or a
counterclockwise fashion as determined by the direction of the active
propulsion force. The assembly rate of the BM is taken to depend on the
absolute tangential velocity at the tissue boundary. This is consistent
with the experiments showing that both directions of rotation can be
observed within the same gel (Wu et al., 2019). This theoretical
framework is sufficient to interpret the non-linear dynamics during
steady state expansion and capture the essence of possible hydrody-
namic instabilities in these highly proliferative tissues. However, mod-
ifications can be made to generalize our model to three-dimensions and
include rotations in two orthogonal directions. Although not detected by
the brightfield live imaging of the microstructures in our case, aniso-
tropic rotations can lead to anisotropic ECM organization and tissue
elongation in drosophila egg chambers (L and David, 2011; Horne-
Badovinac, 2014) as well as in human mammary gland organoids
(Fernandez et al., 2021). Besides, previous work reported that rotational
movements could be partially restored after vanishing in large structures
if the BM was digested by a collagenase/hyaluronidase treatment (Wang
et al., 2013). This phenomenon may be induced by other mechano-
transduction pathway and cannot be explained by current model. In
addition, Wu et al. also reported a slight microstructure contraction
before and after each significant rapid expansion pulse (Wu et al., 2019).
This contractility is likely to be mediated by the actomyosin activity
inside cells and may serve as a mechano-transduction pathway to pro-
mote local BM assembly or remodeling (Zhong et al., 1998; Harunaga
et al., 2014). As expansion slows down due to cell division inhibition,
the inward flow caused by this contraction may prevail at some time
points and directions, leading to contractile fluctuations on the growth
curve. The surface contraction may also contribute to stabilize the
interface and hinder the amplification of protrusions. However, we
cannot integrate this observation into our current incompressible-fluid-
model, since the cell density is conserved and the microstructure can
only expand outwards as new cells are added in. One possible approach
is to extend our description of the tissue to a general viscoelastic fluid
and couple the intracellular active contractile stress with the cell
deformation for a given tissue size. We leave this extension as a future
direction.

There are two nonlinear relationship assumptions in our model. The
equation defining BM stiffness as a function of total BM components is
chosen based on the fact that most BM proteins have multivalent binding
sites and can build complex covalent as well as noncovalent cross-links
(Chang and Chaudhuri, 2019; Khalilgharibi and Mao, 2021). The
nonlinear equation describing the growth suppression in response to the
BM compression was chosen based on the observation that microstruc-
ture expansion slows down rapidly after BM breaks and starts reorga-
nization. Other works assume that growth rate decays exponentially
under increasing compression (Montel et al., 2012). Although these
nonlinear relationships may all capture the growth curve qualitatively,
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accurate measurements of the connectivity of the BM network, the
material properties of the BM, as well as the quantitative relationship
between cell proliferation and stress would lead to a refinement of this
model. Furthermore, the elastic compressive stress from the surrounding
hydrogel are neglected in the stress continuity equation in this model. In
our in vitro tissue culture condition, this simplification is likely to be
valid because the BM is orders of magnitude stiffer than the surrounding
hydrogel (Wu et al., 2019; Ghosh et al., 2005; Chaudhuri et al., 2020).
However, the compression and constraint from stroma may play
important role in multicellular aggregate proliferation in other cases
such as tumor growth in vivo (Northcott et al., 2018). In those processes,
the local mechanical environment outside BM cannot be neglected and
the thinning/popping of BM may not appear. In addition, the
compression from surrounding hydrogel will suppress the instability and
globally decrease the growth rate of perturbations, leading to a more
stable tissue interface. Besides this, other conclusions, including the
physical mechanism of tissue interfacial hydrodynamic instability as
well as the stabilizing/destabilizing factors, are still valid. Also, the
traction force at epithelium-BM interface is assumed to be balanced with
the shear stress exerted from the hydrogel, so the BM doesn't rotate with
the tissue.

Finally, as already mentioned above, the rotation velocity during
steady state expansion is not incorporated into the interfacial stability
analysis. This reduction has no effect on the instability in phase 2
because coordinated rotational motion has vanished in this phase.
However, whether the rotation in unperturbed state can alter the
instability in phase 1 needs to be addressed in future work. Other
interesting directions include how certain interfacial patterns are
selected (Stoop et al., 2015), and whether the nonlinear superelastic
properties of BM (Li et al., 2021) contributes to these processes. We
leave these as future research problems.
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