TISSUE ENGINEERING: Part A
Volume 16, Number 9, 2010

© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tea.2009.0695

The Design of In Vitro Liver Sinusoid Mimics Using
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Interactions between hepatocytes and liver sinusoidal endothelial cells (LSECs) are essential for the development
and maintenance of hepatic phenotypic functions. We report the assembly of three-dimensional liver sinusoidal
mimics comprised of primary rat hepatocytes, LSECs, and an intermediate chitosan—hyaluronic acid polyelec-
trolyte multilayer (PEM). The height of the PEMs ranged from 30 to 55nm and exhibited a shear modulus
of ~100kPa. Hepatocyte-PEM cellular constructs exhibited stable urea and albumin production over a 7-day
period, and these values were either higher or similar to cells cultured in a collagen sandwich. This is of
significance because the thickness of a collagen gel is ~1000-fold higher than the height of the chitosan—
hyaluronic acid PEM. In the hepatocyte-PEM-LSEC liver-mimetic cellular constructs, LSEC phenotype was
maintained, and these cultures exhibited stable urea and albumin production. CYP1A1/2 activity measured over
a 7-day period was significantly higher in the hepatocyte-PEM-LSEC constructs than in collagen sandwich
cultures. A 16-fold increase in CYP1A1/2 activity was observed for hepatocyte-PEM-10,000 LSEC samples,
thereby suggesting that interactions between hepatocytes and LSECs are critical in enhancing the detoxification

capability in hepatic cultures in vitro.

Introduction

THE LIVER IS ONE of the largest organs in our bodies and
performs a multitude of functions such as metabolism
and detoxification, and plays a major role in the body’s
complex defense mechanisms. The deterioration in any one
of the liver’s functions can cause serious, life-threatening
health problems. The liver is comprised of ~70% hepato-
cytes (parenchymal cells) and the remainder is made up of
nonparenchymal (liver sinusoidal endothelial, Kupffer, and
hepatic stellate) cells.! Liver sinusoids in vivo contain layers
of hepatocytes and endothelial cells separated by the Space
of Disse comprised primarily of collagen fibers.!

The lack of organ donors, the rising cost of organ trans-
plant surgeries, and the complications related to immune
response are issues that confront patients. The use of extra-
corporeal liver-assist devices, also known as bio-artificial
livers, have the potential to enable the recovery of patients
with injured livers or function as a bridge to transplantation.?

The design of extracorporeal liver-assist devices can be
accelerated if three-dimensional (3D) liver mimics are avail-
able to systematically test cellular response to a variety of
stimuli. In addition, the testing of drugs and pharmaceuticals
is conducted on monolayers of hepatocytes or on animals.
Hepatocyte monolayers do not present a physiologically
relevant model, and animal models can be very expensive
and complex to analyze. Although two-dimensional cell

cultures and cocultures are used extensively as model sys-
tems,310 they do not recapitulate key spatial, geometric, and
physiological characteristics of cellular architectures found
in vivo. The complex heterotypic interactions between pa-
renchymal (hepatocytes) and nonparenchymal (liver sinu-
soidal endothelial cell [LSEC]) cells in the liver are
responsible for optimal hepatic function. Recent reports in
the literature have shown that even at the embryonic stage,
interactions between endothelial cells and hepatic progenitor
cells are critical for normal liver development.!!1* Since in-
teractions between the parenchymal and nonparenchymal
cells of the liver are critical in maintaining optimal hepatic
function,'41¢ efforts to layer these cells to emulate liver ar-
chitecture in vivo are ongoing. Recently, new approaches to
form layered 3D liver-like tissues have been reported.!”-22
Temperature-responsive culture dishes, magnetic liposome
technology, and organ-printing techniques have been uti-
lized to form layered cell sheets. A temperature responsive
polymer (N-isopropyl acrylamide) was used to release aortic
endothelial cells as a sheet and then placed above a mono-
layer of hepatocytes to form a sinusoidal structure.l” In other
reports, magnetic cationic liposomes were introduced into
endothelial cells, which were subsequently placed above
hepatocytes to form a layered hepatic construct.2’ Although
these methodologies offer new avenues to assemble liver
mimics, issues related to long-term stability and ease in
handling and assembly are of concern.

Department of Chemical Engineering, Virginia Polytechnic Institute and State University, Blacksburg, Virginia.

2731



2732

The distance of separation between hepatocytes and en-
dothelial cells in the liver, the Space of Disse, is a critical
factor in assembling liver-mimetic tissues.?®> In wvitro, the
presence of an interfacial region has been shown to play a
significant role in the assembly and performance of liver
mimics. In a previous report, hepatocytes and human um-
bilical vein endothelial cells (HUVECs) were assembled in
stratified layers by incorporating a chitosan-DNA polyelec-
trolyte multilayer (PEM) between the cell layers.?® This study
demonstrated the need for an interface between hepatocytes
and HUVECs to obtain optimal hepatic phenotypic function
and showed that PEMs could potentially mimic and function
as the Space of Disse in vitro. Some of the drawbacks in this
study were the use of DNA as the polyanion and HUVECs.
DNA is susceptible to enzymatic degradation and HUVECs
exhibit significantly different phenotypic characteristics in
comparison to LSECs.

We report the assembly of liver-mimetic architectures
comprised of primary rat hepatocytes and human LSECs
with an intermediate PEM comprised of chitosan and hya-
luronic acid (HA). Chitosan was selected as the cationic PE
due to its compatibility with hepatocytes.242¢ HA found in
the basal membranes of connective tissues is utilized to
modify surfaces for the culture of endothelial cells.?”?® We
have measured the shear modulus and viscosity of the hy-
drated chitosan-HA PEM and have conducted studies that
demonstrate that liver-specific functions such as urea and
albumin secretion, as well as cytochrome P450 (CYP1A1/2)
enzymatic activity are maintained and enhanced in the liver-
mimetic cellular architectures.

Materials and Methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 4.5g/L glucose, phosphate-buffered saline (PBS),
Earle’s balanced salt solution, Hank’s buffered salt solution,
ethoxy resorufin, penicillin, streptomycin, and trypsin-
ethylenediaminetetraacetic acid was obtained from
Invitrogen Life Technologies. Type IV collagenase, HEPES
(4-[2-hydroxyethyl] piperazine-1-ethanesulfonic acid), glu-
cagon, hydrocortisone, ammonia, dicumarol, sodium dode-
cyl sulfate (SDS), and hydrogen peroxide were obtained from
Sigma-Aldrich. Human LSECs and endothelial cell growth
medium and supplements were obtained from ScienCell
Research Laboratories. Unless noted, all other chemicals
were obtained and used as received from Fisher Scientific.

Methods

Hepatocyte isolation and culture. Primary rat hepato-
cytes were harvested from female Lewis rats (Harlan) that
weighed between 170 and 200g. A two-step in situ collage-
nase perfusion method was utilized.>* Briefly, animals were
anesthetized with 3 L/min of a gas mixture of 3% (v/v)
isofluorane/97% oxygen (Veterinary Anesthesia Systems
Co.). The liver was perfused through the portal vein with
Krebs Ringer Buffer (KRB; 7.13 g/L sodium chloride, 2.1g/L
sodium bicarbonate, 1g/L glucose, 4.76g/L HEPES and
0.42g/L potassium chloride) that contained 1 mM ethylene-
diaminetetraacetic acid, followed by serial perfusion with a
0.075% w/v and a 0.1% w/v collagenase (Sigma; Type IV) in
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KRB containing 5mM calcium chloride. Cell suspensions
were filtered through nylon meshes with porosity ranging
from 250 to 62 um (Small Parts Inc.). Hepatocytes were sep-
arated using a Percoll (Sigma-Aldrich) density centrifugation
technique. In a typical separation procedure, 12.5mL of cell
suspension was added to 10.8 mL of Percoll and 1.2mL of
10x Hank’s buffered salt solution, and the resultant mixture
was subjected to centrifugation. The cell pellet at the bottom
was the hepatocyte fraction, and the supernatant contained
the nonparenchymal cell fraction. Hepatocyte viability was
determined by trypan blue exclusion. A typical surgical ex-
cision and cell isolation typically resulted in 150-200 million
hepatocytes with viability ranging from 90% to 97%. Hepa-
tocytes were cultured on collagen-coated six-well sterile tis-
sue culture plates (Becton Dickinson Labware) and were
maintained in the culture medium that consisted of DMEM
supplemented with 10% heat-inactivated fetal bovine serum
(Hyclone), 200U/mL penicillin, 200 ug/mL streptomycin,
20ng/mL epidermal growth factor (BD Biosciences), 0.5U/
mL insulin (USP), 14ng/mL glucagons, and 7.5 pg/mL hy-
drocortisone. A collagen gelling solution was prepared by
mixing nine parts of type I collagen (BD Biosciences) solution
and one part of 10x DMEM. Sterile six-well tissue culture
plates were coated with 0.5mL of the gelling solution and
incubated at 37°C for 1h to promote gel formation. Isolated
hepatocytes were suspended in the hepatocyte culture me-
dium at a concentration of 1x10° cells/mL and seeded on the
collagen-coated wells at a density of 1 million cells/well.
Collagen sandwich (CS) cultures were formed by the depo-
sition of a second layer of collagen 24h later. Hepatocytes
maintained in stable CS and in unstable confluent monolayer
cultures served as positive and negative controls, respec-
tively. Hepatocyte cultures were maintained at 37°C in a
humidified gas mixture of 90% air-10% CO,. The culture
medium was replaced every 24h and medium samples were
stored until further analysis.

Assembly of PEMs on hepatocytes. Chitosan (200-
300kDa M.W.; Sigma-Aldrich) and HA (>1 million M.W,;
Acros Organics) were used as the cationic and anionic PEs,
respectively. Chitosan (0.01%w/v) solutions were prepared
by dissolving the polymer in a 1% v/v acetic acid solution
and maintained at pH values ranging from 6.1 to 6.3. HA
(0.01%w /v) solutions were prepared by diluting in PBS and
adjusted to a pH range of 7.2-7.3. PEMs were assembled on
hepatocytes by first depositing a cationic PE on the cell layer
followed by the anionic PE. The exposure time for each PE
solution was ~1-2min. The desired number of bilayers was
obtained through the sequential and alternate deposition of
PE layers. At the end of the deposition procedure, the sam-
ples were rinsed in 1x PBS and subsequently maintained in
the cell culture medium at 37°C. In hepatocyte-PEM only
samples, the PEM was deposited after primary hepatocytes
were cultured for 24 h.

Hepatocyte—PEM-LSEC cellular constructs. Human
LSECs were maintained in a medium supplemented with 5%
(v/v) fetal bovine serum, 1% (v/v) endothelial cell growth
supplement, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin at 37°C under a humidified gas mixture of 95% air-5%
CO,. Primary hepatocytes were first seeded on collagen-gel-
coated surfaces and allowed to spread up to 72h to form a
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confluent layer of cells. Thereafter, a PEM consisting of al-
ternately charged chitosan and HA was deposited, followed
immediately by seeding a layer of LSECs. LSECs were plated
at a low cell density of 5000 or 10,000 cells per sample since
they proliferated over time. Nonadherent LSECs were re-
moved 1h later. In experiments where the hepatocyte-LSEC
or hepatocyte-PEM-LSEC constructs were imaged, the
LSECs were tagged with a nontoxic, fluorescent, membrane-
permeable dye (PKH 26 Red and Green Fluorescence Cell
Linker Kit; Sigma-Aldrich) before seeding. Hepatocyte-LSEC
cellular constructs were maintained for up to 10 days in the
hepatocyte culture medium. The culture medium was
changed every 24 h and medium samples were stored at 4°C
until further analysis.

Measurement of the physical properties of the PEM. The
self-assembly of hydrated PEMs was monitored in situ using
a quartz crystal microbalance with dissipation monitoring
(QCM-D E4; Q-Sense). The AT-cut quartz crystal coated (Q-
Sense) with gold electrodes was cleaned with a 5:1:1 mixture
of ammonia, hydrogen peroxide, and 18 MQ cm PicoPure
water (Hydro), respectively. The quartz crystal was excited
to its fundamental frequency at ~5MHz in the QCM-D open
module chamber. The PE solution was placed directly on the
crystal sensor. The deposition procedures were similar to
conditions used to assemble PEMs on live hepatocytes. The
change in resonant frequency and the decay time of the vi-
bration relaxations were recorded. The PEM thickness was
estimated using the Sauerbrey Equation 1.2°

Af = — %Am )

Af=change in the resonant frequency (Hz)

Am = change in mass per unit area (ng/cm?)

C =sensitivity factor (17.7Hz - cm?/ng)

n = overtone number

Since HA and chitosan can also exhibit viscoelastic be-
havior, the Voigt model (a simple spring and dashpot in
parallel operating with no-slip) was applied to the QCM-D
response.3° The change in resonant frequency and change in
dissipation factor for a viscoelastic film are related to
changes in the resonant frequency and dissipation using
Equations 2-4.
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where w=angular frequency, h,=thickness of the quartz
crystal, po=density of the quartz crystal, 6 = viscous pene-
tration depth, y=the viscoelastic ratio (ratio of storage to
loss moduli), and : and p are the thickness and density of the
PEM, respectively. The viscoelastic ratio is defined as

1= @)
1’[(1)

where p=shear modulus, and 7 is the film viscosity. The
viscoelastic ratio and thickness were varied as the change in
frequency, and change in dissipation data were fitted using a

2733

mean squared error method.3'32 Qtools software (Q-Sense)
was used to estimate the layer thickness, shear modulus, and
viscosity, on the assumption that the density of a PE layer is
1.1g/cm32

Measurement of urea production and albumin secre-
tion. Medium samples were analyzed for rat albumin con-
centration by an enzyme-linked immunosorbent assay, in
triplicate, utilizing a polyclonal antibody to rat albumin
(Cappel Laboratories).?* Urea concentration was determined
via its specific reaction with diacetyl monoxime using a
commercially available assay kit (BUN Assay Kit; Stanbio
Laboratory), with volumes scaled down for use in 96-well
plates. The absorbance was measured on a SpectraMax M2
microplate reader (Molecular Devices). Standard curves
were generated using purified rat albumin or urea diluted in
the culture medium. The data reported were normalized per
1 million cells, which was the initial cell count.

Actin cytoskeletal staining. Hepatocyte cultures were
fixed in a 2% glutaraldehyde (Electron Microscopy Sciences)
solution in PBS at room temperature for 20 min. The cultures
were exposed to a 0.1% Triton X-100 solution to render the
membranes permeable and subsequently incubated with
rhodamine-phalloidin (Molecular Probes) diluted in a 1%
bovine serum albumin in PBS. Actin cytoskeletal structure
was imaged using an inverted Zeiss LSM510 confocal mi-
croscope (Carl Zeiss Inc.).

Microscopy. Cells were observed and imaged using an
inverted Nikon TE-2000 (Nikon) microscope with 10x and
20x objectives. Phase-contrast and fluorescent images of the
cells were collected using a Hamamatsu CCD camera and
analyzed using Nikon’s Imaging Software (NIS-Elements).

Uptake of acetylated low-density lipoprotein by LSECs.
Hepatocyte-LSEC cultures were incubated for 3h with
20 pg/mL of 3,3'-dioctadecylindocarbocyanine (Dil) acety-
lated low-density lipoprotein (acLdL) (Invitrogen) diluted in
the serum-free hepatocyte culture medium. To remove
nonspecifically bound acLdL, the cultures were rinsed and
maintained in phenol-red-free DMEM. Imaging was con-
ducted on a Nikon TE-2000 microscope.

Di-peptyl peptidase IV immunostaining to image bile ca-
naliculi. Cells were fixed in a 2% glutaraldehyde-PBS solu-
tion, followed by permeabilization in a 0.1% Triton X-100
solution. The cultures were incubated overnight at 4°C in a
3% goat serum (Chemicon) solution. The samples were incu-
bated with a mouse monoclonal antibody to rat di-peptyl
peptidase IV (Cell Sciences) and a secondary FITC-conjugated
rabbit anti-mouse IgG antibody (Sigma-Aldrich) and imaged
using an inverted Zeiss LSM510 confocal microscope.

Measurement of cytochrome P450 (CYP1A1/2) ac-
tivity. Cytochrome P450 (CYP1A1/2) activity was induced
by adding 3-methyl cholanthrene (Sigma; 2 uM) to the he-
patocyte cultures, 48h before conducting measurements.
Cytochrome-P450-dependent ethoxyresorufin o-dealkylase
detoxification was measured using ethoxyresorufin as the
substrate. The incubation mixture contained the resorufin
substrate (5pM) and 80 uM dicumarol diluted in Earle’s
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balanced salt solution (Invitrogen).3® Aliquots (100 pL) were
taken at 5, 15, 25, and 35min after adding the resorufin
mixture and transferred to a 96-well plate, and the fluores-
cence intensity was measured using a SpectraMax M2 mi-
croplate reader (excitation wavelength=>530nm and
emission wavelength =580nm). Fluorescence intensity was
converted to values of concentration by comparison to a
standard curve for resorufin fluorescence with concentra-
tions ranging from 0 to 1000nM. The rate of resorufin for-
mation (nM/min) was calculated from the early linear
increase in the fluorescence curve, normalized to the DNA
content in hepatocytes, and defined as cytochrome P450
isoenzyme activity. The absolute values obtained on day 7
for CYP1A1/2 activity were divided by the baseline activity
on day 1 to obtain values of fold increase.

Separation of hepatocytes and LSECs. The cultures
were incubated with a 0.1% w/v collagenase solution. The
cell suspensions were incubated with Dynabeads (Dyna-
beads® CD31 Endothelial Cell; Invitrogen) for 20 min at 4°C
in an orbital shaker. Dynabead-bound cells (LSEC fractions)
were collected by a magnet (DynaMag™-15; Invitrogen) and
the supernatants (hepatocyte fractions) were transferred to a
new tube. Purity of cell populations was observed to be
>97%. Hepatocyte fractions were centrifuged and diluted in
a 0.1% SDS solution for measurement of DNA content.

Measurement of DNA content. Cells were harvested by
treatment with a 0.1% collagenase solution and subsequently
lysed in a 0.1% SDS solution and stored at —20°C until fur-
ther analysis. For DNA measurements, aliquots of cell sus-
pensions were treated with a fluorescent DNA-binding dye
(Hoechst 33258, pentahydrate-bis-benzimide; Invitrogen).
Fluorescence intensity was measured using a SpectraMax M2
microplate reader (excitation and emission wavelengths
were 355 and 460nm, respectively). Fluorescence intensity
was converted to DNA concentration by comparison to a
standard curve for calf thymus DNA (Sigma-Aldrich) fluo-
rescence with concentrations ranging from 0 to 40 pg/mL.

Statistical analysis. All data are reported as
mean + standard deviation. t-tests were conducted to detect
differences in the mean values (o=0.05). The Bonferroni
correction was used to account for multiple hypothesis
testing. The corrected p-values are reported.

Results

PEMs comprised of 5 up to 30 alternating layers of chit-
osan and HA were assembled above a confluent layer of
primary hepatocytes. The height of the hydrated PEM as
well as its modulus and viscosity were determined by QCM-
D measurements.??3132 The film thickness, shear modulus,
and visocosity of each layer were modeled by following an
iterative method using the Voigt model approximation®
(Table 1). The thickness was found to be ~6nm/PE layer for
a PEM consisting of five layers. The thickness per PE layer
reached a maximum value of 5.2nm/layer for a PEM of 10
layers. While the reason for the sub-linear growth of film
thickness with layer number in the present case is not com-
pletely clear, it may be due to the fact that the chitosan was
not highly charged at the pH at which it was deposited. The
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TABLE 1. THICKNESS, SHEAR MODULUS, AND VISCOSITY
VALUES FOR HYDRATED CHITOSAN-HYALURONIC AcCID
POLYELECTROLYTE MULTILAYERS

Shear modulus Film wviscosity

Layer Thickness (nm) (kPa) (mPas)

5 30.82+6.71 95.7 +66.3 1.69+0.18
10 52.27 £5.25 56.6£17.8 1.78 £0.09
15 55.50 £4.18 104.5+13.6 2.12+0.09

values for shear modulus were initially high due to substrate
effects (95.7 + 66.3 kPa for five layers) but decreased as more
layers were deposited before increasing again to reach a
maximum value (104.5+13.6 kPa) for a PEM comprised of
15 bilayers. The PEM exhibited viscoelastic characteristics
and was found to be less rigid as more layers were depos-
ited. The PEM film viscosity values were found to be similar
to that of water (1.01 mPas), indicating a high degree of
hydration.34

In the first step toward assembling 3D liver mimics, he-
patocyte-PEM cultures were investigated. Urea production
and albumin secretion were measured to evaluate the phe-
notypic function and the results were compared to CS cul-
tures (positive control) and hepatocyte monolayers (negative
control) (Fig. 1). Over a 7-day period, urea production de-
creased by 64% and 33% for hepatocyte monolayer and CS
cultures, respectively. Urea production was observed to be
lower in cultures with PEMs than in hepatocytes cultured as
a monolayer or CS samples on day 1. This was attributed to
the fact that hepatocytes that undergo PEM deposition take
~2 days to stabilize from the deposition procedure; how-
ever, these cells exhibited increased urea production over the
culture period. The increase in urea production was found to
be 12% and 48% for hepatocyte cultures that had either 5 or
15 PE layers, respectively. The values for urea production on
day 7 were higher and statistically significant (p < 0.05) in
hepatocyte cultures with 5 (49.1+4.41g/10° hepatocytes,
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FIG. 1. Urea production measured over a 7-day period for
HM (n=6), with 5 PE layers (5 PE layers, n =6), with 15 PE
layers (15 PE layers, n=6), and in a CS (n=6). *p <0.05
when compared to hepatocyte monolayers on day 7. CS,
collagen sandwich; HM, hepatocytes cultured as a mono-
layer.
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FIG. 2. Albumin production measured over a 7-day period
for HM (n =6), with 5 PE layers (5 PE layers, n =6), with 15
PE layers (15 PE layers, n=6), and in a CS (n=6). *p <0.05
when compared to hepatocyte monolayers on day 7.

p=0.0016) or 15 (45.7 £3.3 ng/10° hepatocytes, p =0.008)
PE layers in comparison to hepatocyte monolayer
(36.8£4.6ug/10% hepatocytes) and were similar and
statistically insignificant (p > 0.05) in comparison to values
measured for CS (46.7 £ 9.1 pg/10° hepatocytes) cultures. In
stable hepatocyte cultures, albumin secretion has been
shown to increase with time.>* Over a 7-day period, albu-

-.

2735

min secretion increased by 71% in CS cultures and de-
creased by 50% in monolayer cultures (Fig. 2). Albumin
secretion in hepatocyte-PEM cultures increased over the
7-day observation period. In hepatocyte cultures with 5 or
15 PE layers, albumin secretion increased by ~36% or 7%,
respectively. Cultures with PEMs consisting of 30 or 45 PE
layers did not exhibit satisfactory urea or albumin pro-
duction and were not included in further analyses. The
values for albumin secretion on day 7 were higher and
statistically significant (p <0.05) in hepatocyte cultures
with 5 (5.2+1.6 ug/10° hepatocytes, p =0.003) or 15 PE
layers (2.8 £0.3 ng/10° hepatocytes, p=0.0024) in compar-
ison to hepatocyte monolayers (1.8+0.7 pg/10° hepato-
cytes) and were similar and statistically insignificant
(p>0.05) in comparison to values measured for CS
(6.1£0.9 ug/10° hepatocytes) cultures.

The actin cytoskeletal organization revealed significant
differences between hepatocyte monolayers and hepatocyte—
PEM cultures. In the absence of rhodamine phalloidin,
fluorescence was not observed in hepatocytes, and this was
defined as the negative control (Fig. 3A). Hepatocyte
monolayer cultures exhibited a mesh-like network of f-actin
through the entire cross section of the cell (Fig. 3B). The cy-
toskeletal organization in hepatocyte-PEM samples was
observed to be very similar to hepatocytes cultured in a CS
culture (Fig. 3C). In these cells, f-actin was observed to be
localized only along the peripheral regions of the cell similar
to hepatocytes cultured in a CS.

FIG. 3. Actin cytoskeletal organization in (A) Hepatocyte monolayer without the addition of rthodamine phalloidin (neg-
ative control), (B) Hepatocyte monolayer, (C) CS culture, (D) Hepatocytes-5PE Layers, and (E) Hepatocytes—15 PE Layers.
Scale bar =50 um. Color images available online at www. liebertonline.com/ten.
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FIG.4. Merged phase-contrast (hepatocytes) and red-fluorescent LSECs. Images taken 2 h post-LSEC seeding. (A) Hepatocytes—
LSECs and (B) Hepatocytes-5 PE Layers-5000 LSECs. Merged phase-contrast (hepatocytes) and fluorescent (LSECs) images
taken 7 days post-LSEC seeding. (C) Hepatocytes-LSECs, (D) Hepatocytes-5 PE Layers-5000 LSECs, (E) Hepatocytes—5
PE Layers—10,000 LSECs, and (F) Hepatocytes—15 PE Layers-5000 LSECs. Scale bar =100 um. LSEC, liver sinusoidal endo-

thelial cell.

A second layer of LSECs was deposited on hepatocyte—
PEM cultures as well as on hepatocyte monolayers (Fig. 4).
Images taken 2h post-LSEC seeding indicated that in the
absence of an intermediate PE scaffold, LSECs were non-
adherent (Fig. 4A). However, in the presence of the chitosan-
HA PEM, LSECs were adherent (Fig. 4B). These trends
prevailed over longer culture periods as well, suggesting that
the PEM provides a biocompatible surface for LSECs to ad-
here and proliferate. On day 7, in the absence of the chitosan—
HA scaffold, LSECs were not observed above hepatocytes

(Fig. 4C), whereas high concentrations of LSECs were
observed on hepatocyte-PEM-LSEC constructs (Fig. 4D-F). It
is significant to note that LSECs appeared to be adherent only
above hepatocytes and were not found in regions between
adjacent hepatocyte aggregates (Fig. 4D-F). The maintenance
of LSEC phenotype was assessed by fluorescent imaging of
the receptor-mediated uptake of acLdL. In the absence of
acLdL, no fluorescence was observed in LSECs or hepatocytes
(Fig. 5A, B). Since hepatocytes do not have this receptor, these
cells did not exhibit any fluorescence (Fig. 5C, D) as well as
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FIG. 5. Phase-contrast
images of (A) LSECs, (C)
Hepatocytes, (E) Hepatocyte—
LSECs, (G) Hepatocytes-5 PE
Layers-5000 LSECs, and (I)
Hepatocytes—15 PE Layers—
5000 LSECs. Fluorescent im-
ages of acetylated low-density
lipoprotein uptake for (B)
LSECs (negative control, in
the absence of acetylated low-
density lipoprotein), (D)
Hepatocytes, (F) Hepatocytes—
LSECs, (H) Hepatocytes—5 PE
Layers-5000 LSECs, and (J)
Hepatocytes—15 PE Layers—
5000 LSECs. Scale bar =100
pm. Color images available
online at www .liebertonline
.com/ten.
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FIG. 6. Albumin secretion (A) and urea production (B)
measured over a 7-day period for HM, with LSECs in the
absence of a PEM (Hep+ 5000 LSECs and Hep + 10,000
LSECs), with LSECs in the presence of a PEM (Hep + 5L
5000 LSECs, Hep+5L+10,000 LSECs, and Hep+ 15L
5000 LSECs) and in a CS (n=3 for all conditions). PEM,
polyelectrolyte multilayer.

LSECs cultured on hepatocytes in the absence of a PEM (Fig.
5E, F). However, LSECs adherent on hepatocyte-PEM sam-
ples exhibited fluorescence, indicating the endocytosis of the
low-density lipoprotein (Fig. 5G-J). These results indicate that
LSEC phenotype is maintained in the 3D constructs.

On day 7 (Fig. 6A), albumin secretion in hepatocyte—
PEM-LSEC cultures was statistically higher (p <0.05) in
comparison to hepatocyte monolayers. The p-values for
hepatocyte-5L-5000 LSECs, hepatocyte-5L-10,000 LSECs,
and hepatocyte-15L-5000 LSECs were found to be 0.04,
0.006, and 0.015, respectively. Samples containing LSECs in
the presence of a PE interface exhibited statistically higher
albumin secretion compared with hepatocyte-LSEC cul-
tures. The p-values for hepatocyte-5L-10,000 LSECs and
hepatocyte-15L-5000 LSECs were found to be 0.039 and
0.03, respectively, when compared to albumin production in
the absence of a PE multilayer. However, the albumin
secretion for all 3D liver mimics was found to be similar to
CS cultures and the values were statistically insignificant.
Urea production decreased over the 7-day period for all
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samples. Hepatocytes cultured as a monolayer samples
exhibited ~70% decrease in urea production over a 7-day
period (Fig. 6B). The decrease in the hepatocyte-PEM-LSEC
samples was ~40%-45% and similar to the decrease
observed in CS cultures.

An important differentiated function of hepatocytes is
the presence of bile canaliculi, the channels through which
bile acids are transported from the liver.353¢ The presence of
canaliculi was determined through the localization of a
fluorescent di-peptyl peptidase IV enzyme. Very diffuse
fluorescence was observed in hepatocyte monolayers and
hepatocyte-LSEC cultures (Fig. 7C, D), indicating that
well-defined canaliculi were not formed. These structures
were better defined in hepatocyte-PEM cultures (Fig. 7E).
However, well-defined bile canaliculi were observed in
hepatocyte-PEM-LSEC (Fig. 7F, G) and CS cultures (Fig. 7B).
These results suggest that the PEM plays an important role
in maintaining cellular polarity and in modulating the het-
erotypic interactions between hepatocytes and LSECs.

CYP1A1/2 isoenzyme activity was monitored over a
7-day period since the metabolism of toxins, an important
phenotypic function of hepatocytes, is mediated through the
CYP class of microsomal enzymes. Control measurements
conducted on LSEC cultures revealed that LSECs exhibited
extremely low enzymatic activity. For example on day 1,
the CYP1A1/2 activity for LSECs was found to be
0.12 £0.03nM/min/pg DNA in comparison to the activity in
a CS culture (4.14 £0.4nM/min/pg DNA). On day 7, the
values were found to be 0.06 +0.02 and 8.45 +1.6nM/min/
nug DNA for LSECs and CS cultures, respectively. Since the
enzymatic activity on day 7 exhibited by hepatocytes alone is
~140 times higher than that observed for LSECs alone, we
concluded that the CYP enzyme activity observed in the 3D
constructs is primarily due to hepatocytes. The CYP1A1/2
activity remained stable in hepatocyte-PEM samples and
exhibited a twofold increase in CS cultures. A significant
increase was observed only in hepatocyte-PEM-LSEC con-
structs where the fold increase over the observation period
ranged from 4-fold to 16-fold (Fig. 8). Three-dimensional li-
ver mimics that contained 10,000 of LSECs exhibited either a
7.5-fold (hepatocyte-5 PE Layers—10,000 LSECs) or a 16-fold
increase (hepatocyte-15 PE Layers-10,000 LSECs) These
trends suggest that the communications and interactions
between these two cells types are critical for enhancing the
detoxification capability of hepatocytes in vitro.

Discussion and Conclusions

The design of 3D structures of hepatic parenchymal and
nonparenchymal cells using PE scaffolds is an innovative
approach to mimic liver sinusoidal structure found in vivo.
Although hepatocytes cultured in a CS configuration are
stable over extended periods of time, they do not resemble
liver architecture in vivo. Additionally, the presence of thick
collagen gels prevents the assembly of 3D stratified cellular
constructs. LSECs have been shown to function as a scav-
enger system in vivo, by playing a vital role in the balance of
lipids, cholesterol, and vitamins.3#! Through blood clear-
ance, LSECs can remove waste macromolecules that are
either soluble or colloidal in nature. Several components of
connective tissue are eliminated rapidly from the blood
through receptor-mediated endocytosis in LSECs.
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FIG.7. Di-peptyl peptidase IV immunostaining for bile canaliculi measured 3 days post-LSEC seeding. (A) Negative control
(CS culture in the absence of antibodies), (B) CS culture, (C) Hepatocyte Monolayer, (D) Hepatocytes+ 5000 LSECs,
(E) Hepatocytes + 15 PE layers, (F) Hepatocytes + 15 PE 4+ 5000 LSECs, and (G) Hepatocytes + 15 PE + 10,000 LSECs. Scale
bar =50 pm.

Chitosan-HA PEMs exhibited shear modulus values that
are in the range reported for the bulk modulus values of the
liver.4243 PEMs exhibiting elastic moduli in the 100 kPa range
have been shown to maintain and modulate hepatic pheno-
type, suggesting that the shear modulus values reported in
this study are suitable for the assembly of liver sinusoidal
mimics.#* The films are well hydrated, thereby promoting
the diffusion of small molecules such as cytokine and other
signaling molecules. Hepatocyte-PEM cultures with either
5 or 15 PE layers were found to exhibit urea and albumin
production similar to CS cultures. This is of importance be-
cause the height of the PEM ranges from 30 to 55 nm, which
is significantly lower than the thickness of a collagen gel (in
the mm range). It is hypothesized that the height of the PEM
decreases slightly due to the formation of chitosan aggre-
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FIG. 8. Fold change in CYP1A1/2 enzyme activity for HM
and CS, with PEMs only, with LSECs only, and in three-
dimensional liver mimics (7 =3 for all conditions).

gates.®54% These data suggest that cellular polarization, an
important feature of hepatocytes cultured in CS cultures,
occurs even in the presence of a nano-scale PEM. Further, the
nano-scale dimensions of the PEM offer the potential to
promote and control homotypic and heterotypic cellular
interactions.

The chitosan-HA PEM provides a surface for LSECs to
adhere and proliferate. LSECs were found to adhere only on
hepatocytes in the presence of a PEM and were nonadherent
in the absence of PEMs or in regions adjacent to hepatocyte
aggregates. Hepatic phenotypic features such as bile canali-
culi were well defined in hepatocyte-PEM-LSEC samples in
comparison to hepatocyte monolayers or hepatocyte-LSEC
cultures, thereby suggesting enhanced autocrine/paracrine
signaling through the PEM. Cytochrome P450, CYP1A1/2
activity was enhanced up to 16-fold over a 7-day period in
hepatocyte-PEM-LSEC cultures. These observations suggest
that the hepatocyte-PEM-LSEC constructs could provide a
more physiologically relevant model system to study the
metabolism of drugs and toxins. In the future, our goal is to
investigate the enzyme kinetics of CYP3A, which accounts
for the metabolism of ~50% of pharmaceuticals available
today, %48 as well as the CYP2B and CYP2C family of en-
zymes, implicated in the metabolism of amphetamines and
anti-inflammatory agents.#>%° The modes through which
hepatic parenchymal and nonparenchymal cells communi-
cate remain cryptic. Through detailed studies on profiling
cytokine levels as well through gene expression studies, our
future goals are to unearth molecular signatures and the key
signaling molecules that enhance cell-cell communications in
hepatic architectures.

Some alternate approaches to design hepatic structures
are the use of a temperature-responsive polymer such as
N-isopropyl acrylamide,!”-1 the use of cationic magnetic
liposome,?® and the use of laser guided writing techniques.>2
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In the first two approaches, issues related to working with
cell sheets and the long-term effects of magnetic liposomes
pose problems. Although laser-guided writing techniques
are a promising approach, the design of large 3D liver
models could potentially be time consuming. More re-
cently, studies on perfused cocultures of primary hepato-
cytes and LSECs reveal that such systems can maintain
LSEC phenotype.?” Our approach to design 3D liver
mimics through the incorporation of PEMs and hepatic
cells is a simple and effective methodology. The PEMs
used in this study are biocompatible and biodegradable
and do not affect hepatic phenotype. In the future, the
PEMs can be modified with hepatocyte-specific adhesive
ligands to promote receptor-mediated adhesion. Cellular
constructs that mimic liver sinusoidal structure in vivo
could aid in the design of liver-assist devices and provide
accurate models for applications in toxicity and drug
testing. Since LSECs are the first barrier to blood-borne
pathogens in the liver, tissue mimics that incorporate these
cells could play a vital role in advancing our knowledge on
the communications and signaling between hepatic pa-
renchymal and nonparenchymal cells.
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