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ABSTRACT Hepatic sinusoids present complex anatomical structures such as the endothelial sieve pores and the Disse
space, which govern the microscopic blood flow in the sinusoids and are associated with structural variations in liver fibrosis
and cirrhosis. However, the contributions of the permeability of endothelial and collagen layers and the roughness of hepatocyte
microvilli to the features of this microflow remain largely unknown. Here, an immersed boundary method coupled with a lattice
Boltzmann method was adopted in an in vitro hepatic sinusoidal model, and flow field and erythrocyte deformation analyses were
conducted by introducing three new source terms including permeability of the endothelial layer, resistance of hepatocyte micro-
villi and collagen layers, and deformation of red blood cells (RBCs). Numerical calculations indicated that alterations in endothe-
lial permeability could significantly affect the flow velocity and flow rate distributions in hepatic sinusoids. Interestingly, a biphasic
regulating pattern of shear stress occurred simultaneously on the surface of hepatocytes and the lower side of endothelium, i.e.,
the shear stress increased with increased thickness of hepatocyte microvilli and collagen layer when the endothelial permeability
was high but decreased with the increase of the thickness at low endothelial permeability. Additionally, this specified microflow
manipulates typical RBC deformation inside the sinusoid, yielding one-third of the variation of deformable index with varied endo-
thelial permeability. These simulations not only are consistent with experimental measurements using in vitro liver sinusoidal
chip but also elaborate the contributions of endothelial and collagen layer permeability and wall roughness. Thus, our results
provide a basis for further characterizing this microflow and understanding its effects on cellular migration and deformation in
the hepatic sinusoids.

SIGNIFICANCE As the basic unit of the liver, the blood flow in hepatic sinusoids is crucial to liver functions. Owing to the
complicated anatomical structures with the featured endothelial sieve pores and Disse space underneath the endothelium,
the microflow dynamics in the in vivo sinusoids and the in vitro liver chips is still challenging. We developed a hepatic
sinusoidal model by applying microflow approaches and performed flow field analyses by introducing source terms
including the permeability of endothelial layer, the resistance of hepatocyte microvilli and collagen layers, and the
deformation of erythrocytes. The biphasic pattern of shear stress on the hepatocyte and endothelial cells surface was
uncovered. These results highlight the importance of microflow effects in hepatic sinusoids and liver chips.

INTRODUCTION crucial to many functions, such as protein synthesis,
enzyme synthesis, and toxin metabolism (1,2). These sinu-
soids are composed of hepatocytes, liver sinusoidal endo-
thelial cells, and other nonparenchymal cells such as
stellate cells and Kupffer cells and have a specialized

microstructure and physical microenvironment (3-5),

Blood flow in hepatic sinusoids is highly associated with
the functionality of the liver. These sinusoids serve as the
basic unit of the liver, and the blood flow in sinusoids is
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which makes blood flow in these regions different from
the general capillary blood flow (6,7). Specifically, there
is a gap between the endothelial cells and hepatocytes,
called the Disse space, 1 um in diameter. Blood flows
into the Disse space through the sieve pores in the
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endothelium, implementing mass transfer and signal ex-
change with hepatocytes. When the characteristic size of
flow is reduced to micro dimensions, the secondary fluid
flow phenomena that are negligible in macroscopic flow at-
tains primary status in microflow (8,9), and the related
regulating factors such as wall roughness in sinusoids
cannot be ignored. Physiologically, the existence of
numerous microvilli on the surface of hepatocytes aggra-
vates the effect of surface roughness on blood flow and
modulates the distribution of blood flow shear stress in
the Disse space. When liver fibrosis occurs, the endothelial
cell layer appears capillarized, subcutaneous basement
membrane is formed, and endothelial sieve pores disappear,
altering the permeability of the endothelium and leading to
changes in its percolation and in blood flow in the Disse
space. Meanwhile, the presence of a large amount of
collagen filling in the Disse space alters the effects of the
original hepatocyte microvilli on blood flow and further
abolishes mass transfer and mechanotransduction between
blood flow and hepatocytes (3—5). Therefore, it is critical
to elucidate the microflow features of blood flow in the
sinusoid in different pathophysiological scenarios and
quantify the effects of various regulating factors, such as
the hepatic microvillus, sieve pores, and micro size of the
Disse space in hepatic sinusoids.

To date, both experimental approaches and theoretical
modeling have been applied to examine the physiological
structure and blood flow characteristics of hepatic sinu-
soids. For example, an in vivo system was built to experi-
mentally observe the tissue morphology of sinusoids in
mice without dealing with the blood flow changes (10).
Two-photon fluorescence microscopy was used to visualize
blood flow in the superficial vessels in mice with fatty liver
and elucidate blood flow changes in hepatic sinusoids un-
der normal and pathological conditions (11). However,
in vivo observations in humans are still difficult because
of the need for laparotomy and fluorescent staining of
venous vessels. Meanwhile, spatial resolution limitations
and in-depth measurement difficulties prevent effective ob-
servations of in vivo blood flow in such microsized struc-
tures as hepatic sinusoids and the effects of hepatocyte
microvilli and collagen deposit on blood flow. Ex vivo liver
tissues obtained from surgery can be used to monitor
collagen deposition and histological morphology in liver
sinusoids under normal and pathological conditions using
transmission electron microscopy (3); however, blood
flow in hepatic sinusoids and blood flow changes before
and after lesion formation could not be obtained in such
scenarios. Evidently, direct experimental studies on hepato-
cyte microvilli and other microflow issues in hepatic sinu-
soids remain difficult to perform.

In recent years, multiple in vitro liver chip models have
been developed to mimic in vivo anatomical structures to
facilitate the understanding of the physiological functions
and toxicant metabolism of hepatocytes. For example, the
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dual-channel structure and porous permeable membrane in
a typical liver chip model can simulate the spatial configura-
tion of hepatocytes and endothelial cells and represent the
flow features across endothelial cells in sinusoids (12—14).
In one of our previous studies, the effects of shear stress on
fluid flow distributions were tested on the coculture of hepa-
tocytes and endothelial cells, providing a basis for estimating
blood flow in hepatic sinusoids (14). Noting that the proper-
ties of the liver chip model are still far from an in vivo hepatic
sinusoid, flow features in hepatic sinusoids, especially at the
micro scale, need to be investigated further. When the size of
the liver chip reaches micron level, the influence of micro-
flow becomes apparent, especially in the lower flow channel
of the liver chip where the impacts of wall roughness could be
prominent because of the low flow velocity. Thus far, this mi-
croflow factor has not been taken into account, and further
studies are needed to investigate the characteristics of micro-
flow in liver chips.

Because of the difficulties and limitations of the above
in vivo, in vitro, and liver chip measurements for hepatic
sinusoid flow, theoretical modeling with numerical simula-
tions has become an important method to uncover hepatic
sinusoid blood flow characteristics. For example, blood
flow in hepatic sinusoids was simulated in previous studies
considering the effect of sieve pores; however, the effects of
flow in refined structures such as the Disse space was not
involved (15). Furthermore, the metabolism of serum
ammonia in hepatocytes was analyzed numerically based
on the effect of blood flow in a microchannel that does
not contain a porous permeable membrane (16). The inflam-
matory response to Salmonella was theoretically tested in
hepatic sinusoids even without considering the contributions
of blood flow (17). To date, studies on numerical simula-
tions of hepatic sinusoid blood flow characteristics are quite
few, especially those on the effects of hepatocyte microvilli
and micro size of Disse space on microflow features.

Herein, microflow in hepatic sinusoids was analyzed
numerically, and the effects of the endothelial layer sieve
pores and Disse space were elucidated in varied pathophys-
iological scenarios. Specific regulating factors such as endo-
thelial cell permeability, hepatocyte microvilli, and collagen
layer filling in the Disse space were investigated. Moreover,
the effects of microflow on the deformation of red blood
cells (RBCs) in the sinusoidal cavity were discussed.

MATERIALS AND METHODS
Theoretical modeling
Hepatic sinusoid

A simplified hepatic sinusoid model with a defined size and geometry is
illustrated in Fig. 1 A. The presence of endothelial cell layer segregates
the sinusoid into three zones: the sinusoid cavity, endothelial cell layer,
and Disse space. The height of the sinusoid cavity is H, thickness of endo-
dermis is my, and width of the Disse space is D,,. The wall of the sinusoid
model is considered the surface of hepatocytes, with a gap between the
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endothelial cell layer and hepatocytes that is filled with collagen when liver
fibrosis occurs. Collagen adheres to the surface of hepatocytes and affects
the blood flow in the Disse space, together with hepatocyte microvilli.
Flow direction is set from left to right, and the inlet flow rate is set at a con-
stant value u,. The initial location of an RBC is set in the middle of the sinu-
soid cavity.

Endothelial layer

There are many sieve pores in the endothelial layer through which blood
from the hepatic sinusoids flows into the Disse space (Fig. | A). The process
of blood flow through the endothelial layer is similar to seepage; therefore,
the endothelial layer is assumed to be a porous media layer. The flow in the
porous media layer satisfies Darcy’s law (18):

VP = — %u, )

where u is the flow velocity, k is the permeability coefficient of the
endothelial layer, and u is the dynamic viscosity coefficient of plasma.
P, which stands for pressure, represents the effects of external forces on
blood flow to describe the percolation effect of the endothelium on
blood flow.

Hepatocyte microvilli and collagen layer

The microsized Disse space, with numerous hepatocyte microvilli on the
surface of hepatocytes (Fig. 1 A), can be considered as an irregular, rough
surface to illustrate wall roughness effects on blood microflow. When the
liver is fibrotic, a collagen layer formed by a large amount of collagen
deposition in the Disse space (Fig. 1 A) aggravates the impact of the
rough surface. For simplification, these hepatocyte microvilli and
collagen layers (HMVCLs) are assumed to be porous, permeable medium
layers with uniform thickness to unify the effects of surface roughness on
blood flow (Fig. 1 A). Thus, the thickness of the permeable porous media
layer is set to be Ry, and the seepage satisfies the following equation
(18,19):

R = —ﬁu—i|u|u, @)

ke

where k, is the permeability coefficient of HMVCLs, g is related to the
porosity of the permeable layer, and R is taken to be the external force on
blood flow. Here, the surfaces of HMVCLs are assumed to be rougher and
more irregular than those of the endothelial cell layer. Compared with
Darcy’s law seepage model, a nonlinear term is added in the Kleinstreuer’s
rough layer model of porous permeable media (19). To test the effects of sur-
face roughness on blood flow, this nonlinear term was retained in these cal-
culations. Because of the low flow velocity in the Disse space, the effect of
this term was not significant.

RBCs

The RBC spring model proposed by Tsubota (20) was adopted for modeling
RBC deformation. In brief, the cell membrane is considered to be composed
of solid nodes, which are connected by three kinds of springs: stretch, bend,
and area. The nodes are connected in turn and form a two-dimensional
closed loop. The solid node of the membrane represents the position of
the particle boundary (Fig. | B).

1 N li—lo 2 .
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(6)
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Among these, E;, E;,, and E, represent three types of energy—stretching,
bending, and area constraint, respectively—and K, K;,, and K, represent the
springing stiffnesses corresponding to those three energy terms. N
represents the number of solid nodes of the cell membrane; /, 6, and a
denote the distance between adjacent nodes, the angle of adjacent springs,
and the cell model area, respectively. The subscript i is the serial number of
the spring, and the subscript 0 is the initial values of the parameters, the cor-
responding equilibrium position of the springs, and f is the force on the
node, which can be divided into x and y components, according to the prin-
ciple of virtual work based on the total energy, W.

Numerical simulations

The immersed boundary method (IBM) coupled with the lattice Boltzmann
method (LBM) was used to calculate microflow and cell deformation in the
hepatic sinusoids. Herein, blood flow was calculated using LBM, and the
RBC deformation was calculated using IBM, as shown in Fig. | B. LBM
is a microscale method and applicable to conduct multi-interface fluid-solid
coupling calculation for low-speed flow (21). Based on the original lattice
Boltzmann equation, the effects of the endothelium, HMVCLs, and RBCs
on blood flow were tested by introducing three additional force terms of P;,
R;, and S; into the following equation:

gi(x + ¢ Ar t + Ar) — gi(x,1) =

(i = 0,1,2,3...8)

and

uy = € (- —0.5)Ar, @®)

where g; is the distribution function for a particle with velocity ¢; at po-
sition x at time #; ¢; is the distribution function of migration distance
along i™ direction per unit time, i.e., the migration velocity; g;°% is the
equilibrium distribution function; 4z is the time increment; and 7 is
the relaxation time associated with blood viscosity (Eq. 8). up is the ki-
nematic viscosity of plasma. P;, R;, and S; denote the force terms of the
endothelial layer, HMVCL, and RBC membranes, respectively, along the
i™ direction on the fluid nodes. Of note, Dacy’s law was satisfied only in
the endothelium region, and Kleinstreuer’s model worked only in the
HMVCL region. The continuity of pressure and velocity was also
satisfied on the interfaces between endothelial layer and sinusoid
cavity and the interfaces between HMVCL and the Disse space. Those
two external source terms were assumed to be zero outside the regions
of the endothelium and HMVCL. For the D2Q9 model, the migration
speed is ¢p = (0, 0); ¢; = (cos(i —1),sin(i — 1)) 4 (i=1,2,3,4);¢; =
(cos(z — 9) Gln(t ——)) \/i A‘ (i =5,6,7,8). 4x is the length of the
lattice.

In Eq. 7, g%, P;, R;, and S; are calculated using Egs. 9, 10, 11, and 12:

oo (@w’ wa o

4 2
2c] c;

At ¢ —u ¢-u
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g (u,p) = wip
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and

e
I

At ¢c—u ¢-u
(1 — 2_T> wi( C? +?Cl) ‘S, (12)

where u is the velocity of blood flow, the weights are given by w, =
0.444, w; = 0.111 for i = 1-4, w; = 0.278 for i = 5-8, ¢, is the speed
of sound, and P is the force of the endothelial layer on flow field (Eq.
1). R is the force exerted by HMVCL (Eq. 2). S is the force exerted
by RBC membranes on the blood flow and is only considered in section
3.3. Subsequently, IBM was used to convert the force f of RBC mem-
brane model into the force S on the flow field using the Dirichlet
function:

= ZD(x—Xm)f(Xm). (13)

)] + At-P; + At-R; + Az-S;
@)

Here, D(x) is the cosine Dirichlet function, and x and x,, are the positions
of flowing fluid nodes and RBC membrane nodes, respectively.

After solving Eq. 7 to obtain the distribution function g; (X, ), the macro-
scopic physical quantity density p, velocity u, and pressure p of blood flow
can be determined by the following equations:

)= gilx,), (14a)
At At
i i P R
p(x,t)-u z:gxtc—i—2 +2 +ZS
(14b)
and
p= pc?. (14¢)

The interactions between RBCs and blood flow are calculated using IBM.
After the flow velocity in each node is obtained, the velocity of RBC mem-
brane grid nodes is calculated using the Dirichlet function. The new posi-
tion of the RBC membrane is calculated according to the velocity in each
node u.;:

u(e/l Xm ZD X — Xm ( ) (15)

Overall, the numerical calculations using IBM-LBM can be summarized
as follows: 1) calculating the body force on each node of flow field given by
the RBC membrane (Eqs. 6 and 13), 2) solving the flow field and obtaining
flow velocity (Egs. 7, 8, 9, 10, 11, 12, 14a, 14b, and 14c¢), 3) calculating the
new velocity in each RBC membrane node (Eq. 15) and updating the posi-
tions of RBC membrane nodes, and 4) returning to step 1 and repeating



until the preset convergence criteria are met. With this approach, the
coupling effect of blood flow and RBC membrane is evaluated.

Parameter setting and data analysis

The surface of hepatocytes was set as no-slip boundary conditions. The
LBM adopted in this work was performed using a dimensionless method
for governing equations, boundary conditions, and meshes. Here, the unit
grid length 4x = 4y = 1, where one grid length corresponds to the physical
unit of 0.1 um, and the time step 4¢ = 1, where one time step corresponds to
the actual physical time of 3.334 x 1077 s. The inlet flow rate was constant
at 2.54 x 107° mL/min, which was converted based on two-dimensional
(2D) flow velocity at a given Reynolds number, Re, of 0.01. In fact,
assuming that the geometry for this 2D model was a circular tube with a
diameter H,,,,, the flow rate with a three-dimensional (3D) characterized
size of Hj,;,, can be calculated as Q = T(H 1o 2) tinge; When 2D velocity
Uinter = 1333.3 um/s. The mass-modified outlet boundary of LBM for the
outlet was used to ensure the conservation of mass flow at the outlet
and inlet. The flow velocity at the outlet boundary was calculated using
Eqgs. 16a and 16b,

ux(Nxaj) = Cux(N\' - 1,]) (163)

and

1, (N,..j) = 0.0, (16b)

where (N,, j) was the node on the outlet boundary and (N, — 1, j) was
the adjacent fluid node. { was the mass-modified coefficient, calculated
by Eq. 17:

Zp(l Jux(1,j)Ay
_ J . 17
4 Zp(NX,j)Mx(Nx —1,j)Ay 4

J

The process of mass-modified outlet boundary was set as follows: 1)
calculating the mass-modified coefficient { by Eq. 17 and 2) calculating
the flow velocity at the outlet boundary by Eqs. 16a and 16b. Please refer
to the details for LBM mass-modified outlet boundary conditions in the
literature (22). Plasma was assumed to be an incompressible Newtonian
fluid with a viscosity of 1.2 cP and a density of 1000 kg/m*. The relaxa-
tion time T was set to be 1.7 based on Eq. 8 in (14) in an in vitro liver chip
model, and the porous membrane permeability coefficient was assigned to
be 107" m? according to the experimental and numerical results in the
same literature. Thus, it was assumed that the permeability coefficient,
k, of the endothelial layer was 107'°-107"3 m? (14). A higher perme-
ability coefficient denotes more sieve pores in the endothelial cells. Mean-
while, the hydraulic resistivity of the macromolecular layer adjacent to the
endothelium was assigned to be ~10% dyn - s/cm* in the literature (23),
from which the endothelium permeability coefficient was estimated to
be ~107'* m?. Therefore, the permeability coefficient of HMVCL, k,,
was set on a scale of 107'°-107'* m® The higher the permeability coef-
ficient, the greater the porosity of HMVCL, indicating that the collagen
filling is sparse. R,-values of the thickness of HMVCL range from
0.2 to 1.0 um. A thick layer means a large amount of collagen deposition
in the Disse space (for parameters see Table 1).

A FORTRAN program was in-house coded to perform numerical simu-
lations, and its accuracy and reliability were verified by calculating the
typical Poiseuille pressure-driven flow field and deformation dynamics of
RBCs in a single channel. The convergence criterion for the steady state
of the flow was given for the relative error of velocity being less than
10°. Data indicated that the resultant error between numerical calculations
and theoretical solution of Poiseuille flow was <1%. Furthermore, in the
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TABLE 1 Relevant parameters used in the calculation

Parameters Values

Density p 1000 kg/m®

Kinematic viscosity u 1.2cp (4)

Re 0.01

Relaxation time 7/4t 1.7

Permeability of endothelial 1071-107"3 m? (estimated by (14))
cell laye k

Permeability of HMVCL k, 1071%-107"* m? (estimated by (22))

Coefficient 3 5.5 x 10% kg/m® (19)

3.6 x 107" N'm (20,23)

1.44 x 107" N m (20,23)

3.6 x 107 N m (20,23)
1.425 x 107" m?

Stretching stiffness K
Bending stiffness K},
Area stiffness K,
Initial area of RBC ag

IBM, the distance between solid nodes (dynamic mesh size As) and the
mesh size of flow field (static mesh size Ax) satisfied As < Ax/2. Mesh
convergence was tested by setting the node number of RBCs to be 199,
299, and 399, respectively. RBC deformation was then calculated in a single
channel and the results were compared with those in the literature (24),
yielding the corresponding errors were 6.89, 1.24, and 1.16%, respectively.
Thus, the mesh with 299 nodes was selected to balance both high precision
and high computational efficiency. Total 1.0 x 10*-2.0 x 10* and 1.0 x
10"-1.0 x 10® time steps were set for calculating blood flow in the absence
and presence of RBCs, respectively.

Data availability

The data that support the findings of this study are available within the
article and the references cited.

RESULTS

Flow velocity and flow rate distributions in the
hepatic sinusoid

A hepatic sinusoid can be divided into two parts, the sinusoid
cavity and Disse space, which are separated by an endothe-
lial layer. When hepatic sinusoid lesions occur, the perme-
ability of the endothelial cell layer is altered, which causes
a change in the flow velocity in the sinusoid cavity and Disse
space. When the hepatic sinusoid is fibrotic, the collagen
filling in the Disse space further affects the blood flow.
Therefore, we first calculated the flow field in the hepatic
sinusoid without RBCs and quantified the basic characteris-
tics of microflow. The distribution of flow velocity is shown
in Fig. 2 A, in which the permeability coefficient of the endo-
thelial layer was 2.5 x 107'® m? and the thickness of
HMVCL was zero. Evidently, fluid flow in the sinusoid cav-
ity is laminar, and flow velocity in the endothelial layer and
Disse space regions is very low compared with that in the
sinusoid cavity. Subsequently, we varied the permeability
coefficient of the endothelial layer, and the corresponding
flow-velocity profiles in the hepatic sinusoid are shown in
Fig. 2 B. Because the endothelium was assumed to be a
porous media layer, both the velocities # and v in the x and
y directions were affected by the permeability coefficient.
When the permeability coefficient was greater than
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FIGURE 2 Fluid velocity analysis inside the sinusoid. (A) Flow-velocity distribution in the half plane of a hepatic sinusoid. (B—D) Profiles of flow velocity
in the entire sinusoid, with varied endothelial permeability coefficients when the thickness of HMVCL in the Disse space was set to be zero (B) or 1.0 um (C)
or with varied HMVCL thicknesses when the permeability coefficient of HMVCL was set to be 2.5 x 107 m? (D). (E and F) Profiles of flow velocity in the
Disse space, with varied permeability coefficients of HMVCL when the HMVCL thickness was set to be 1.0 um (E) or with varied HMVCL thicknesses when

the permeability coefficient of HMVCL was set to be 2.5 x 10~'® m? (F). To see this figure in color, go online.

10~"* m?, u was more than two orders of magnitude larger
than v, suggesting that # was dominated in the endothelium.
With the decrease of endothelial permeability coefficient, u
decreased sharply but v increased gradually. When the endo-
thelial permeability was reduced to 10 ' m?, u was close to
zero. Despite the fact that v became larger than u in this case,
v was still small. Thus, we focused on the change of the ve-
locity u below. In Fig. 2 B, we can see that, with an increase
in the endothelial permeability coefficient, flow velocity
decreased significantly in the sinusoid cavity, increased in
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the Disse space, increased more rapidly near the endothelial
surface, and gradually reached the maximal value in the
Disse space. When the permeability coefficient of the endo-
thelial layer ranged from 2.5 x 107 '°t0 2.5 x 10~ "* m?, the
maximal flow velocity in the Disse space increased 6.8-fold,
and the flow velocity in the sinusoid cavity decreased 0.8-
fold. Therefore, the permeability of the endothelial layer
had a significant impact on the flow in the hepatic sinusoid
and governed the flow-velocity distribution in the sinusoid
cavity and Disse space. With an increase in endothelial



permeability, the maximal velocity in the sinusoidal cavity
decreased gradually, maintaining a parabolic shape; howev-
er, the velocity in the Disse space was no longer parabolic but
had greater velocity near the endothelial layer.

The effect of the HMVCL on flow field in the Disse space
was further investigated. By varying the permeability coef-
ficient and thickness of the HMVCL in the Disse space at a
constant endothelial layer permeability coefficient (k =
2.5 x 107'° m?), the flow-velocity profiles obtained are
shown in Fig. 2, C and D. It was evident that the flow veloc-
ity varied significantly in the Disse space, but only minor
changes were noted in the sinusoid cavity. Enlarging those
flow rate profiles in the Disse space in Fig. 2, C and D re-
sulted in velocity profiles with varied permeability coeffi-
cients (Fig. 2 E) and thickness (Fig. 2 F) of HMVCLs in
the Disse space. It can be observed that HMVCLs segregate
the Disse space into two flow regions. In the HMVCL, the
flow velocity is low, and the flow is gentle. When its perme-
ability coefficient is decreased and thickness is increased,
flow resistance increased in the HMVCL, and flow velocity
decreased in the Disse space. Setting the permeability coef-
ficient as 2.5 x 107'® m? and thickness as 1 um, the
maximal flow velocity was decreased by 80.5% in the Disse
space. Therefore, the characteristics of the HMVCL signif-
icantly affect flow velocity in the Disse space; however, it
has little impact in the sinusoid cavity.

The flow rate in the Disse space was further analyzed.
With varied permeability coefficient and thickness of
the HMVCL, flow rate in the Disse space was altered
remarkably, and permeability coefficients of the endothelial
layer were also varied (Fig. 3). As can be observed from
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Fig. 3, A-D, the Disse space flow rate was lower when the
HMVCLs were thicker and their permeability coefficient
was lower. Table 2 shows the magnitude of flow rate reduc-
tion in the Disse space compared with that in the absence of
HMVCLs, in which the flow rate reduction was 90.0% at
most. Thus, HMVCLs significantly abolish fluid flow in
the Disse space when their thickness is high and perme-
ability is low. Furthermore, the flow in the Disse space
was regulated by endothelial permeability. The larger the
endothelial permeability coefficient, the larger the Disse
space flow. Typically, when the endothelial permeability co-
efficient was 2.5 x 1073 mz, the maximal reduction of flow
rate was 83.0%. Therefore, endothelial permeability is
another key factor affecting Disse space flow, and the flow
in the HMVCL decreases faster at high endothelial
permeability.

Shear stress of blood flow on the surfaces of
hepatocytes and endothelium

The mechanical signals of hepatocytes arise primarily from
the blood flow in the Disse space. The microvilli on the sur-
face of hepatocytes exert remarkable impacts on the blood
flow in vivo primarily because of the confined Disse space.
Furthermore, in a fibrotic or cirrhotic liver, the collagen depo-
sit in the Disse space affects the blood flow. Next, we tested
the effects of HMVCLs on blood flow and shear stress in
the Disse space. Fig. 4 A shows the flow shear stress distribu-
tion in the hepatic sinusoid at a given HMVCL thickness of 1
wm. Inflection points were observed on the upper and lower
interfaces of the endothelium, as well as on the interface of

FIGURE 3 Flow rate analysis in the Disse space.
(A-D) Distributions of flow rate with varied
HMVCL permeability coefficients and thicknesses
when the endothelial permeability coefficient was
set to be 2.5 x 1071 m? (A) or 2.5 x 107" m?
(B) or 2.5 x 107" m? (C) or 2.5 x 107 m?
(D). To see this figure in color, go online.
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TABLE 2 Disse space flow rate with varied permeability coefficients and thicknesses of HMVCL

Thickness of HMVCL

Flow reduction (%) 0.2 um 0.6 um 1.0 um

Permeability coefficient of HMVCL 2.5 x 107 m? 3.0 30.0 52.0
25 % 107" m? 16.0 62.0 87.0
2.5 x 10719 m? 23.0 69.0 93.0

the HMVCL, indicating the force exchange between blood
flow and endothelial cells. Fig. 4 B depicts the source of
flow shear stress exerted on the surface of hepatocytes, which
can be divided into two parts. The first part is derived from
blood flow that is transmitted to the hepatocytes via
HMVCLs and is related to the value of shear stress on the sur-
face of the HMVCL (red arrows). The second part is derived
from blood flow penetrating through HMVCLs and acts
directly on the surface of hepatocytes (blue arrows). Because
of the osmotic effect of the HMVCL, the blood flow from the
second source is greatly reduced, and hence, shear stress on
the hepatocytes is quite low compared with that of the first
source (Fig. 4 A). Thus, we focused on the shear stress on

the surface of HMVCLs at varying endothelial permeability
coefficients and HMVCL thicknesses. When the perme-
ability coefficient was low, shear stress decreased with the in-
crease in thickness, typically yielding a shear stress reduction
of 58.9% at the permeability of 2.5 x 1.07'® m? (red line).
When the coefficient was high, shear stress increased with
the increase in thickness, typically yielding a shear stress in-
crease of 18.9% at the permeability of 2.5 x 1.07'% m? (blue
line) (Fig. 4 C). The impact of HMVCL thickness on the
shear stress is opposite when the endothelial permeability co-
efficient is varied and the change of the shear stress at the sur-
face is biphasic. In contrast, no obvious biphasic pattern was
found upon altering the HMVCL permeability coefficient for
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regulating the shear stress on the HMVCL surface (Fig. 4 D).
Thus, varying HMVCL thickness affects the shear stress on
their surface, and alteration of shear stress produces a
biphasic pattern with varying endothelial permeability.
Blood shear stress is directly related to velocity gradient. Ve-
locity gradient on the HMVCL surface is affected by two fac-
tors—the size and velocity value of the Disse space. When
the endothelial permeability was low, flow velocity in the
Disse space was parabolic and low. As HMVCL thickness
increased, flow velocity tended to become lower, thereby
reducing shear stress. When endothelial permeability was
high, flow velocity was high and no longer parabolic. As
HMVCL thickness increased, flow velocity tended to
become higher, thereby increasing shear stress. However,
when HMVCL permeability increased, flow at the interfacial
surface of the HMVCL increased to a greater degree than the
increase in the flow between the endothelial layer and the
HMVCL regardless of whether the velocity was parabolic,

12
u2~C2 X Di = #Q

Fluid dynamics of sinusoid microflow

is obtained, as shown in Eqs. 18 and 19 (see Supporting ma-
terials and methods, Appendix A for details). Briefly, the
maximal flow velocity in sinusoid cavity is approximated
as unm,x when the endothelial permeability coefficient is suf-
ficiently high:

1 AP ,

Umax = 8_ ~——m =

Q
u Ax m

N W

(18)

where m is the size of the sinusoid cavity and Disse space
(both are integrated into a single variable in the analysis),
P is the flow pressure, and Q is the flow rate. The higher
the HMVCL thickness, the smaller the size of the Disse
space, and the smaller the m value is, indicating that
Umax increases when Q remains unchanged. When flow-
velocity gradient increases, shear stress increases accord-
ingly. At a low endothelial permeability coefficient,
the flow rate in the Disse space meets the following
requirements:

1 2u_my,

x 52| x D? (19)

which lowered the flow-velocity gradient and reduced the
shear stress. Thus, no biphasic pattern was exhibited. Further,
we calculated flow shear stress on the lower (Fig. 4 E) and up-
per (Fig. 4 F) endothelial surfaces. A biphasic distribution of
shear stress was presented on the lower surface but not on the
upper surface. Typically, the shear stress on the lower surface
of the endothelium decreased by 55.2% at the endothelial
permeability coefficient of 2.5 x 1.07'¢ m2; however, it
increased by 84.0% at the coefficient of 2.5 x 1.07"> m>.
Collectively, shear stress on the lower surface of the endothe-
lium and on the upper surface of the HMVCL produce a
biphasic pattern regulated by HMVCL thickness and endo-
thelial permeability in the Disse space. As endothelial perme-
ability increased, flow in the Disse space became no longer
parabolic, and flow at the lower surface of the endothelium
tended to slip, which lowered the flow-velocity gradient
and reduced the shear stress. When endothelial permeability
continued to increase, flow at the lower surface of the endo-
thelium gradually reached the maximal value in the Disse
space, implying that shear stress increased as the velocity
gradient increased.

To further elucidate the physical rationale behind this
biphasic pattern of shear stress in the Disse space, theoret-
ical analysis was also conducted. Assuming that the thick-
ness of the endothelium is very low, an approximate
theoretical solution for flow velocity in the hepatic sinusoids

3 3 2
H’ + D} +3b x Dj 1+(1+%> 1

k n o

where u, is the flow velocity in the Disse space, D, is the
size of the Disse space, and & is H/D;, where H is the size
of the sinusoid cavity and b is the slip length. D, de-
creases with increase in the thickness of the HMVCL
because / greatly increases at D, << H. The term H> +
D,> + 3bD,* changes slightly as a result of D, << H;
thus, the term in the left-hand side in the bracket of Eq.
19 does not change much. Only the term on the right-
hand side increases, leading to a decrease in the total
bracketed term and causing decrease in u, and shear stress
accordingly. The comparisons between theoretical and nu-
merical solutions are shown in Fig. 5. Typically, the shear
stress decreased by 69.0% at an endothelial permeability
coefficient of 2.5 x 107'° mz; however, it increased by
27.4% at an endothelial permeability coefficient of
25%x 1071 mz, consistent with the numerical simulations
and confirming the rationality of the biphasic pattern of
shear stress in the Disse space.

Deformation index and deformation rate of RBCs

The movement of RBCs in the hepatic sinusoids is related to
oxygen transport and vascular obstruction; hence, RBCs are
ideal model cells for understanding alterations in flow-driven
cell movement in the sinusoid cavity. Fig. 6 A shows the
deformation trajectories of RBCs in the sinusoid when the

Biophysical Journal 120, 4859-4873, November 2, 2021 4867



Wang et al.

A B

2000 200

HMVCL's thickness.
=t 1.0um (numerical)
1.0um (theoretical)

+= 0.6um (numerical)
0.6um (theoretical) e 0.6 (theoretical)
==+ = 0.2um (numerical) 7z ZIIY = r v = 0.20m (numerical)

0.2um (theoreti TN 150 | -——— 02um (theoretica)

-~ &
,// {

b

100

Flow velocity u (um/s)
=)
o
o

Flow velocity u (um/s,

50

FIGURE 5 Comparisons between approximated
theoretical solutions and numerical calculations

0 L 0

4 8
Hepatic sinusoid height y (um)

0.5 1 1.5 2
Hepatic sinusoid height y (um)

25 of flow velocity profiles inside the sinusoid.

(A-D) The data are presented on varied HMVCL
thickness when the endothelial permeability

200 HMVCL's thickness 200

=+ == 1.0um (numerical)
1.0um (theoretical)

HMVCL's thickness
=t 1.0um (numerical)

1.0um (theoretical)
+ = 0.6um (numerical)
0.6um (theoretical)

———— 0.6um (theoretical)
=+ e = 0.2um (numerical)
0.2um (theoretical) 150

s 0.2um (numerical)
0.2um (theoretical)

-
@
=]

100

Flow velocity u (um/s
=)
o

Flow velocity u (um/s

50 50

coefficient was set to be 2.5 x 107'3 m? (A),
25 x 107" m? (B), 2.5 x 107" m? (0), or
2.5 x 1071 m? (D). To see this figure in color,
go online.

05 1 15 2 25 0
Hepatic sinusoid height y (um)

thickness of HMVCL was zero. RBC morphology changed
from an initial double-concave butterfly shape to a para-
chute-dropping shape, and the variations in endothelial
permeability significantly affected the deformation capa-
bility of RBCs. The lower the endothelial permeability coef-
ficient, the more protruded the RBC front and the sharper the
RBC tails. A deformation index was introduced for quanti-
fying cellular shape, defined as the maximal size of RBCs
along the x direction divided by the maximal size along the
y direction and presented in Fig. 6 B, with different colors
representing varied endothelial permeability coefficients.
The greater the permeability coefficient, the lower the
cellular deformation index. Typically, at x = 60 um, the index
decreased by 26.7% from the lowest to highest permeability
coefficient, which is attributed to the changes in flow velocity
in the hepatic sinusoid (cf. Fig. 6 B).

RBC deformation rate can also be obtained by deriving the
deformation index with respect to time, as shown in Fig. 6,
C-F to illustrate the time courses of deformation rate with
varied HMVCL thicknesses. The rate increases rapidly at
the initial deformation stage, decreases gradually after reach-
ing the peak, and then fluctuates in a stable interval. The
higher the endothelial permeability coefficients, the lower
the initial deformation rate, typically yielding a 47.1% reduc-
tion of the rate from the highest to lowest permeability coef-
ficient at zero thickness of the HMVCL. It should be
mentioned that the rapid increase of RBC deformation index
in the initial stage of RBC deformation is partially induced by
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the initial shape of RBC. After RBC deformation is stabilized
far beyond the peak, the rate did not differ significantly (i.e.,
>0.03 s), which means the cell deformation process was in
the stable stage after t = 0.03 s. In other words, RBC defor-
mation index varied greatly in the stable stage at varied endo-
thelial layer permeability, whereas deformation rates
presented little differences, indicating that RBC deformation
did not change significantly. It was likely no effects of initial
cell equilibrium shape existed in this stable stage of cell
deformation. As can be seen from Fig. 6, C-F, cell deforma-
tion rate fluctuated up and down at this stage and gradually
flattened out, and the larger the endothelial permeability co-
efficient, the more flattened the cell deformation rate, sug-
gesting that the cell deformation was more stable when the
endothelial permeability coefficient was larger. Moreover,
endothelial permeability negatively regulates initial RBC
deformation capabilities; however, HMVCL thickness has
little effects on RBC deformation. This is biologically signif-
icant in liver fibrosis, in which endothelial capillarization
tends to significantly affect RBC deformation in the sinusoi-
dal cavity via modification of endothelial permeability,
whereas collagen filling appears not to occur when the size
of the Disse space remain unchanged.

Liver chip flow-velocity migration

The aforementioned numerical calculations can also be
applied to optimize fluid dynamics in the design of
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in vitro liver chips or organoids. In one of our previous
studies involving a double-channel liver sinusoidal chip,
flow-velocity distributions were measured experimentally
and calculated numerically (14). Interestingly, all of the
measured points were concentrated on the side far away
from the bottom wall of the lower channel, presumably
because of the contributions of wall roughness to the
lower velocity near the wall, leading to fewer experi-
mental data points. To test this hypothesis, a 2D flow
field model of this liver sinusoidal chip was established
to evaluate the impacts of the lower-channel wall rough-
ness on microflow (Fig. 7 A). The model is divided into

two channels separated by a porous permeable medium
layer. The fluid flows into the lower channel through
the permeable layer from the upper entrance and flows
out from the upper outlet. The inlet was set at a con-
stant flow-velocity boundary condition, and the wall ve-
locity has no slip. The flow rate was set to be consistent
with the parameters used previously, in which the shear
force on the wall of the upper channel was 0.1 dyne -
cm? (14). Taking the roughness effect of the bottom
wall of the lower channel into account, Mala’s rough-
ness-viscosity coefficient correction model was adopted
(Eq. 20) (25).
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FIGURE 7 Comparisons between experimental
data and numerical calculations of flow-velocity
profiles inside the sinusoid. (A) Schematic of 2D
liver sinusoidal chip used for estimating the rough-
ness-viscosity coefficient. (B and D) Profiles of
modified viscosity coefficients along the y direc-
tion, in which the coefficients at the wall surface
(y = 0) are different and tend to 0 at the same height
of the channel (B) or the values are same at y =
0 and approach O at the different heights of the
channel (D). (C and E) Profiles of flow velocity
in the lower chamber with varied viscosity coeffi-
cients shown in (B) and (D), respectively. (F and
G) Comparisons of flow-velocity profiles in the up-
per (F) or lower (G) channel of liver sinusoidal
chip. Previous data (points) and calculations (blue
lines) were adopted from the literature (14). To
see this figure in color, go online.

where ur represents the increase in the roughness-viscosity

coefficient caused by the wall surface, implying that an in-
crease in ur means an increase in wall roughness and its
resistance to flow and the effect of wall roughness disap-

@n
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pears when ur = 0. y is the distance of a point in the flow
field from the wall surface. A is the coefficient of the rough-
ness-viscosity function. p is the fluid density, and u is the
viscosity coefficient of the flow field at the center region.
ugy, represents the velocity of the flow field at a point Ry,



units away from the wall, where R), is the thickness of the
rough layer. H denotes the correction range of the viscosity
coefficient, and uywpole denotes the final viscosity coefficient
of the flow field.

To test the influence of the roughness-viscosity coeffi-
cient on flow velocity in the lower channel, multiple viscos-
ity coefficients were obtained by systematically varying the
Urwan/p-value at a given height of the lower channel, H
(Fig. 7 B), or the H-value at a given urwan/u (Fig. 7 D).
The corresponding flow rate profiles are shown in Fig. 7,
C and E, in which the maximal velocity in the lower channel
is shifted away from the wall. The maximal offset yielded up
to 14.0% (Table 3), mainly because of the rough-wall-
induced increase of the flow resistance near the wall, which
reduces the velocity near the wall and increases the velocity
far from the wall at a constant flow rate, resulting in the
shifting of the entire flow-velocity profile. Comparisons
indicated that the calculated velocity profiles in the upper
channel are consistent with experimental results (14)
(Fig. 7 F). By contrast, the velocity profiles in the lower
channel demonstrated slight differences from measurements
reported in the literature (14) and the calculations in this
work (Fig. 7 G). To estimate the relative errors, the experi-
mental data (points) were refitted using a unitary cubic func-
tion (red line), yielding the fitting error of 27.2%. Moreover,
the average error estimated from this fitting curve was 47.0
and 81.1% relative to our calculations with and without
considering wall roughness, respectively. Both of these error
values are lower than those of previous calculations
(99.8%). Because both calculations that do not consider
wall roughness have similar error values (81.1 and 99.8%)
and remarkably lower accuracy than calculations in the
presence of wall roughness, these comparisons further
confirmed the necessity of considering wall roughness in
calculating flow velocity, especially in the lower channel.

DISCUSSION

One of the major mechanical signals exerted on hepatocytes is
derived primarily from the blood flow in the Disse space. The
goal of this work was to elucidate how the existence of sinu-
soidal endothelial and collagen layers regulates the fluid dy-
namics of blood flow inside the hepatic sinusoids. A hepatic

TABLE 3 Estimated offset of the maximal velocity along the
channel height

The offset of the lower channel

MRwall/h = 0.0 0.0%
Krwat = 2.0, H =20 um 6.0%
Brwait = 2.0, H =30 um 8.0%
Brwat = 2.0, H =40 um 10.0%
Mrwait = 2.0, H =50 um 12.0%

Krwanp = 1.0, H =50 um 8.0%

Hrwant = 1.5, H =50 um 10.0%
Brwat = 2.0, H= 50 um 12.0%
Mrwait = 2.5, H =50 um 14.0%

Fluid dynamics of sinusoid microflow

sinusoid model physiologically mimicking the hepatic sinu-
soid was established with an endothelial layer, HMVCL,
and a Disse space. Three new source terms were introduced
into the original IBM coupled with LBM, facilitating investi-
gation of the effects of endothelial layer permeability,
HMVCL resistance, and erythrocyte deformation on hepatic
sinusoid microflow. Under physiological conditions, flow-ve-
locity distribution maintained a parabolic shape in the sinusoi-
dal cavity, and the maximal velocity decreased gradually with
increased endothelial permeability. In contrast, velocity dis-
tribution in the Disse space became no longer parabolic,
and higher velocities were presented near the wall of the endo-
thelial layer. For comparison, the ratio of blood flow velocity
through the fenestration of the sinusoid to flow velocity in the
sinusoidal cavity was found to be 1.7-3.3% (15). In our re-
sults, the ratio of flow velocity through the Disse space to
that in the sinusoidal cavity was 2.5—4.0% when the endothe-
lial permeability was lower than 2.5 x 10~'* m?, which is
close to those in the literature. In liver fibrosis, a large amount
of collagen is deposited in the Disse space, which significantly
reduces flow rate in the Disse space by up to 90.0%. RBC
deformation in the sinusoid cavity was further investigated
to illustrate how the specified microflow features are
associated with typical cell deformation inside the sinusoids.
When endothelial permeability was varied, both deformation
index and initial deformation rate were altered significantly,
leading to variations in deformation index of 26.7%. These
systematic analyses of flow velocity, flow rate, and RBC
deformation highlight the potential contributions of these
regulating factors from numerical calculations.

In our study, a major finding is the biphasic pattern of shear
stress on the surface of hepatocytes and on the lower side of
endothelial cells in the Disse space (Fig. 4). The shear stress
acting on hepatocytes was mainly affected by endothelial
permeability coefficient and HMVCL thickness, yielding a
biphasic regulation pattern. When the endothelial perme-
ability is sufficiently high, increase in the thickness of the
porous HMVCL on the surface of hepatocytes enhances the
shear stress acting on hepatocytes, implying that the presence
of hepatocyte microvilli augments the transmission of shear
stress from the sinusoid cavity. By contrast, shear stress de-
creases with increases in HMVCL thickness when the endo-
thelial permeability is low. Thus, the role of this porous layer
in the microflow is similar to that of the glycocalyx in capil-
lary flows. In general, the wall of capillary vessels is
embedded with a layer of macromolecules, called the glyco-
calyx, which could cause endothelial dysfunction and cardio-
vascular disease when the layer is relatively thin (26,27).
Numerical simulations of the effect of glycocalyx layer on
capillary flow indicated that a thicker glycocalyx layer is
associated with higher shear stress on the wall surface, which
is beneficial to the functional implementation of endothelial
cells (23,28). Under physiological conditions, hepatocyte
microvilli perform functions similar to those of the glycoca-
lyx layer, and the presence of the microvilli is conducive to
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lumen blood flow to hepatocytes and favorable to the trans-
mission of mechanical signals. When liver lesions occur,
endothelial capillarization occurs, permeability coefficient
decreases, and a large amount of collagen is deposited in
the Disse space (29,30). At this point, the shear stress on
the surface of hepatocytes is quite low, and the thicker the
collagen layer, the lower the shear stress. These observations
indicated that the collagen layer impedes mechanical signal
transmission of blood flow to hepatocytes. In addition, it
can be seen from Eq. 18 that when the size of the Disse space
is close to that of the sinusoid cavity, the flow velocity (also
shear stress) in the Disse space increases with increase in
collagen layer thickness, and the biphasic pattern of shear
stress no longer exists. Thus, the size of the Disse space is
a key factor in regulating shear stress in the Disse space,
and this biphasic regulation pattern only appears in micro-
flow in the Disse space. It must be noted that this model
only incorporates a simplified hepatic sinusoid structure
with uniform endothelial thickness and permeability
coefficient. In fact, in vivo sinusoidal structures are more
complicated not only by heterogeneous thickness and perme-
ability, but also by time-dependent variations with related
pathophysiological progress, which calls for future investiga-
tion. Meanwhile, compared with the in vivo 3D hepatic
sinusoids, the irregular shape of the endothelium and the
nonuniform sinusoidal diameter in actual physiology cannot
be well realized in this simplified 2D modeling, which will be
further considered by improving this 2D model and devel-
oping a 3D model with a curved sinusoidal lumen.

For application, the shift in flow velocity caused by wall
roughness in the lower channel was further tested in a
typical, dual-channel liver sinusoidal chip (29,30). Overall,
our numerical calculations in the flow fields were consistent
with previous experimental data. Furthermore, the velocity
in the lower channel was found to be low and further
decreased near the wall. The maximal velocity was offset
by the presence of wall roughness. Increasing surface rough-
ness enhanced flow resistance near the wall and caused the
velocity profile to deviate from the wall, producing a
maximal velocity deviation of 14%. In addition, fitting the
experimental data with an empirical unitary cubic equation
revealed a shift in the velocity profile. This deviated velocity
distribution may alter the flow shear effect on cultured cells
and further affect nutrient transport in the lower channel,
thereby affecting cell growth and function. Therefore, our
numerical analyses provide a basis for optimizing the future
design of liver chips or organoids and corresponding exper-
imental validation considering low flow velocity and poten-
tial experimental errors in the lower channel.

CONCLUSIONS

The characteristics of blood flow in hepatic sinusoids are
closely associated with the physiological functions of hepat-
ic cells and the occurrence of liver fibrosis. The contribution
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of microflow that originates from the micron-sized Disse
space to flow in the sinusoids is particularly important,
considering the roughness caused by hepatocyte microvilli
and permeability mediated by the inherent endothelium
and deposited collagen. These microflow features in the si-
nusoids are critical to correlate the profiles of flow velocity
(rate) and shear stress with endothelial permeability and
HMVCL roughness. The impacts of several parameters—
permeability coefficient and thickness of endothelial layers
and HMVCLs—on the flow field were analyzed numerically
to identify the dominant factors of endothelial permeability
in flow-velocity profiling and HMVCL thickness in the
biphasic shear stress pattern. These calculations not only
provide a reference for elaborating on microflow features
in sinusoids but also are applicable in understanding the
roles of blood flow under cell deformation inside sinusoids
and for the design of in vitro liver chips.
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