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Abstract

The VLAMPS is a human, biomimetic liver MPS, in which the ECM and cell seeding of the
intermediate layer prior to assembly, simplifies construction of the model and makes the platform
user-friendly. This primarily glass microfluidic device is optimal for real-time imaging, while
minimizing the binding of hydrophobic drugs/biologics to the materials that constitute the device.
The assembly of the three layered device with primary human hepatocytes and liver sinusoidal
endothelial cells (LSECs), and human cell lines for stellate and Kupffer cells, creates a vascular
channel separated from the hepatic channel (chamber) by a porous membrane that allows
communication between channels, recapitulating the 3D structure of the liver acinus. The vascular
channel can be used to deliver drugs, immune cells, as well as various circulating cells and other
factors to a stand-alone liver MPS and/or to couple the liver MPS to other organ MPS. We have
successfully created continuous oxygen zonation by controlling the flow rates of media in the
distinct vascular and hepatic channels and validated the computational modeling of zonation with
oxygen sensitive and insensitive beads. This allows the direct investigation of the role of zonation
in physiology, toxicology and disease progression. The vascular channel is lined with human
LSECs, recapitulating partial immunologic functions within the liver sinusoid, including the
activation of LSECs, promoting the binding of polymorphonuclear leukocytes (PMNSs) followed
by transmigration into the hepatic chamber. The VLAMPS is a valuable platform to investigate the
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functions of the healthy and diseased human liver using all primary human cell types and/or iPSC-
derived cells.

Abstract

We developed a glass based, vascularized human biomimetic liver MPS recreating oxygen
zonation present in the liver acinus.
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Introduction

Organ-on-a-chip microphysiological systems (MPS) have emerged as a powerful platform to
mimic a particular human tissue, organ and/or multiple organs for /n vitro preclinical studies,
drug discovery and drug development, as well as environmental toxicology.1~7 The liver
gained particular interest for MPS development due to its central role in metabolism, liver-
specific diseases and drug toxicity.5: 8 9

The liver acinus is the basic structural and functional unit of the liver, where the blood flows
from the portal triads through the network of sinusoidal capillaries (sinusoids) to the central
vein.8 10 The sinusoids are lined with liver sinusoidal endothelial cells (LSECs), a special
type of endothelial cell that does not form tight junctions and is perforated by fenestrations,
allowing rapid, “leaky” physical transfer of macromolecules and small molecules through
the space of Disse, the thin protein matrix that together with the LSECs protects hepatocytes
from the shear-stress of direct blood flow. Stellate cells in the inactive state reside in the
hepatic layer with the hepatocytes and store vitamin A and fat, while the resident Kupffer
cell macrophages reside in the endothelial wall of the sinusoid to aid digestion, detoxifying
the portal blood and are a key contributor in liver damage or repair as a response to
challenges.11-13 Upon activation by a variety of drugs and disease “molecular drivers”; such
as lipopolysaccharides (LPS) and transforming growth factor beta (TGF-B) from the
intestine, free fatty acids (FFA) from adipose tissue, and epidermal growth factor (EGF)
from kidney4; the resident Kupffer cells, along with circulating immune x"cells,
transmigrate into the hepatic layer where they either cause damage from inflammation or aid
in damage repair, while the stellate cells undergo a transformation into myofibroblasts that
dramatically change shape, proliferate and produce collagen. These changes are part of
multiple liver disease phenotypes including non-alcoholic fatty liver disease (NAFLD) and
type 2 diabetes.15-17

The unique organization of the liver sinusoid mixes blood from the oxygen poor, nutrient
rich portal vein and the oxygen rich, nutrient poor hepatic artery, and creates an oxygen and
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metabolic gradient along the portal triad to the central vein axis, as hepatocytes consume
oxygen and nutrients, remove wastes, regulate blood carbohydrates and secrete the needed
proteins, lipids and bile acids to sustain body functions.12- 18: 19 The liver sinusoid is
typically divided into three domains: zone 1 (oxygen rich), zone 2 (intermediate oxygen) and
zone 3 (oxygen poor).10 The oxygen gradient is key to establishing a metabolic gradient,
which in turn allows the liver to carry out many metabolic/secretory functions with
maximum efficiency.12 18. 19 For example, many liver functions are enhanced in specific
zones: biochemical and physiological functions such as albumin synthesis, urea synthesis,
oxidative phosphorylation and gluconeogenesis are elevated in zone 1; while glycolysis,
lipogenesis and xenobiotic metabolism are higher in zone 3. Disease initiation and
progression also display some zone specificity.12: 19

Conventional liver models such as single cell layers, liver slices and animal models mimic
the human liver to only a limited extent, lacking either the tissue-level complexity, the
longevity or the human-specificity to recapitulate clinically relevant tissue responses for
predictive toxicology or disease modeling.8: 11 20. 21 By utilizing microfabrication22-24, bio-
printing or the combination of both2>: 26, as well as sequential layering of cells 27-30, human
liver MPS have been developed as promising alternative or complementary models.”: 31-33

There have been many engineering approaches to better approximate specific aspects of the
highly sophisticated microenvironment of the liver.8 For example, co-culture of multiple cell
types in the form of spheroids/organoids34 35, heterogeneous seeding of hepatocytes and
endothelial cells within a microfluidic microchannel38: 37, spatially arranging hepatocytes
(with or without non-parenchymal cells (NPCs) in scaffolds38-41, porous membranes#2: 43 or
fabricated microstructures3® 44-46 gl reconstitute, to a certain degree, the liver sinusoid-on-
a-chip.

We have focused on creating a human, biomimetic liver MPS that includes multiple human
liver cell types: hepatocytes, LSECs, Kupffer cells and human stellate cells (HSC) at
physiological ratios and structured in a 3D organization that mimics the liver acinus.28: 47
Our approach has been to: evolve the complexity to improve on the model design; diminish
the use of synthetic biomaterials, such as polydimethylsiloxane (PDMS), that bind lipophilic
compounds in the microfluidic device; improve the patient specificity of the human cell
types, optimize the contents of the media to reflect normal or disease conditions, reproduce
the oxygen zonation; and expand the use of fluorescent biosensors for specific toxicological
or disease specific cell functions.2’-29 The first generation liver MPS was based on a single
chamber, PDMS microfluidic device (PAR-V?, Nortis, Woodinville, WA) that allowed direct
optical imaging for real-time monitoring of the cells. The sequentially layered, self-
assembled liver (SQL-SAL) model was based on human primary hepatocytes, and human
cell lines for the endothelial, stellate and Kupffer cells, incorporated fluorescent biosensors,
and maintained functionality for at least one month, as indicated by real-time functional
read-outs including ROS production, apoptosis and HSC activation, as well as biochemical
and mass spectrometry measurement of secretions and metabolites in the perfused efflux
media.28 29 The next generation liver MPS, the liver acinus MPS (LAMPS), used the same
PDMS microfluidic device but replaced the endothelial cell line with primary human
microvascular endothelial cells (HMVEC) and added an extract of porcine liver extracellular
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matrix (LECM) between the endothelial cells and the hepatocytes to form a thin layer that
mimics the space of Disse. In addition, separate zone 1 and zone 3 models were produced by
controlling the flow rate of the media in the models, well within the shear-stress limits for
hepatocytes.30 The oxygen tension in the models was computationally defined and
confirmed by direct temporal and spatial measurements with oxygen sensitive and
insensitive dyes.30 A range of biological parameters were compared in zone 1 and zone 3
devices and the expected zonation dependent liver sinusoidal acinus functions were
identified.30

The vascularized liver acinus MPS (VLAMPS) described here continues the evolution of our
previous models with five major improvements. First, the microfluidic device is primarily
made of glass, minimizing the absorbance of hydrophobic molecules to polymers such as
PDMS, while maintaining the ability to perform real-time imaging measurements using
fluorescent biosensors. Second, separate flow channels for the sinusoid (vascular channel)
and the hepatic compartment (hepatic chamber), which are separated by a porous membrane,
recapitulates a major structural element of the liver sinusoid, allowing the vascular channel
to be used to deliver drugs, immune cells and other factors to the liver, as well as to couple
to other organ MPS. Third, we have engineered continuous zonation or zone specific oxygen
tensions by controlling the flow rates of media in the vascular channel and hepatic chambers
and have both computationally modeled and directly measured the oxygen tension with
oxygen sensitive and insensitive fluorescent beads to define the temporal and spatial signals.
Fourth, we introduced an endothelial layer with primary human LSECs to better mimic the
permeability properties of the liver specific endothelium, the potential scavenger
properties*® and immunological functions*® within the liver sinusoid. Fifth, we
demonstrated the activation of LSECs as an initial step in the inflammatory response,
followed by the binding of human PMNSs to the activated LSECS as they were perfused into
the vascular channel and then the transmigration of the PMNSs into the hepatic chamber,
induced by pro-inflammatory molecular drivers including LPS, TGF-B, and EGF.

The VLAMPS provides a biomimetic platform that optimizes the investigation of
experimental models of disease and ADME/TOX. The vVLAMPS allows the mechanistic
study of the characteristics and functionality of the healthy or diseased liver, the interactions
between hepatocytes and the NPCs, their individual contributions to the metabolism of
nutrients and drugs, the inflammatory response, as well as hepatotoxicity and liver damage.
The vVLAMPS also allows the efficient physical coupling to other organ MPS through the
vascular channel.

Material and methods

Microfluidic device preparation

The 3-layer borosilicate glass chips and the chip-holder were purchased from Micronit
Microtechnologies (OOC 00739, OOC Platform 4 slots, Enschede, The Netherlands) (Fig.
1A). The layers were sterilized in 70% ethanol (EtOH) overnight and air-dried. The
intermediate layer (OOC 01206) contains 3 um diameter pores in a polyethylene
terephthalate (PET) membrane that was oriented with the membrane side down. A solution
of 100 ug/mL fibronectin and 100 ug/mL collagen in phosphate buffered saline (PBS) was
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used to pre-coat the PET membrane at 4 °C overnight to provide a protein substrate that
would promote cell adhesion. The glass syringes, syringe needles, polyetheretherketone
(PEEK) tubing and FFKM connector ferrules (FC_PRO_FFKM_KIT.05) were all sterilized

by autoclaving. These components were selected by virtue of low drug absorptive properties.
29

Cell sources and culture

A selected lot of cryopreserved “normal” primary human hepatocytes found to have >90%
viability and re-plating efficiency post thaw, were obtained from ThermoFisher (HU1838,
Waltham, MA) and used for the majority of the experiments. A second lot of cryopreserved
“normal” primary human hepatocytes was obtained from ThermoFisher (HU8241) for
evaluation of reproducibility between lots. Cryopreserved “normal” liver derived endothelial
cells containing up to 80% LSECs®0 were purchased from Samsara Science (HL160019, San
Diego, CA). The human monoblast cell line THP-1, used to generate Kupffer cells, was
purchased from ATCC (Rockville, MD). LX-2 human stellate cells were acquired from
EMD Millipore (Billerica, MA, USA). Human dermal microvascular endothelial cells
(HMVEC) were purchased from Lonza (CC-2505, Alpharetta, GA). Primary human PMNs
were isolated from a heparin whole blood draw with informed consent from healthy donors
in the Thomas E. Starzl Transplantation Institute, University of Pittsburgh, in accordance
with protocol IRB0608014, approved by the University of Pittsburgh Institutional Review
Board (IRB) as meeting Federal regulations 45 CFR 46.111 and 21 CFR 56.111.The
isolation was performed with a gradient centrifugation kit (10771 and 11191, Sigma, St.
Louis, MO) according to the procedure provided by the manufacturer.

LSECs were thawed and cultured in EGM-2 media, 5% FBS, 50 pg/mL gentamycin (Lonza,
Alpharetta, GA). THP-1 monoblast cells were differentiated into macrophages by adding
200 ng/mL phorbol myristate acetate (PMA) in RPMI growth medium (10% FBS, 10
mg/mL penicillin and 10 mg/mL streptomycin [pen/strep] and 2 mM L-glutamine) for 48
hours (hr) followed an additional 6 hr in PMA-free RPMI growth medium before harvesting
and seeding into the devices. LX-2 cells were cultured with DMEM medium supplemented
with 2% FBS and 10 mg/mL pen/strep. All cells were maintained in a tissue culture
incubator at 37°C, 5% CO, and 18% O,. Isolated PMNSs were maintained in RPMI with 5%
FBS and used within 2 hr of isolation.

Fibronectin, LPS and EGF were purchased from Sigma Aldrich (St. Louis, Mo). Human
recombinant TGF-p was purchased from R&D Systems (Minneapolis, MN). Rat tail
collagen type 1 was purchased from Becton Dickinson (Franklin Lakes, NJ).

Flow set-up and computational fluid dynamics (CFD)

The oxygen consumption rate (OCR) of primary hepatocytes was a key factor in the flow
design, as hepatocytes typically have much higher OCR than other cell types.51: 52 In hard
plastic or glass sealed microfluidic devices, the sole source of oxygen for cells is the influx
of cell culture media (~170-200 uM52 53). In the VLAMPS, the hepatocytes and NPCs are
fed by two independent flow channels, the vascular channel and the hepatic chamber. A 3D
COMSOL model (COMSOL Multiphysics, version 5.2a) was used to estimate the flow
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fields in both flow channels as well as the distribution of the oxygen tension across the
hepatocyte chamber. The Navier-Stokes equation (incompressible flows) was used to model
the free flow in both channels, and the Brinkman equations were applied for the porous
region (the hepatocyte layer, the endothelial cell layer, the PET membrane and all ECM
layers). To simulate oxygen consumption, a transport of diluted species model (with a
chemical reaction) was coupled with the flow model. We used an OCR for primary
hepatocytes of 0.425 nmol/s/10° cells (Table S1), at the high end of previously published
reports®* 55, to estimate that a flow rate of 180 pL/hr was required in the vVLAMPS to
support ~100,000 hepatocytes. We then empirically determined the optimal flow rates of 80
uL/hr in the hepatic channel, and 100 pL/hr in the vascular channel.

VLAMPS construction and cell seeding

The four cell types were sequentially seeded onto the PET membrane of the intermediate
layer, which was maintained in media in a sterile Petri dish at 37°C, 5% CO», in the
following manner: On assembly day 1, the intermediate layer was inverted so that the
membrane was on top, and 100,000 LSECs in EGM-2 media, (EGM-2, 2% FBS, 50 pug/mL
gentamycin) were seeded onto the membrane and allowed to attach and spread in EGM-2
media for 24 hr. Optionally, some or all of the 36,000 differentiated THP-1-derived Kupffer
cells can be seeded in the vascular channel on top of the LSECs, 12—15 hr after seeding the
LSECs; On assembly day 2, the intermediate layer was inverted so that the LSECs and in
some experiments Kupffer cells were on the bottom, and the top of the membrane was
seeded with 15,000 LX-2 stellate cells and in other experiments 36,000 differentiated THP-1
Kupffer cells in EGM-2 media for 24 hr (see Table 1) . On assembly day 3, 70 uL of a 400
ug/mL (total protein) solution of porcine LECM (provided as a 10 mg/mL stock by Dr.
Stephen Badylak, University of Pittsburgh) was added on top of the stellate and Kupffer
cells (when introduced in the hepatic chamber) and incubated for 30 min at 37°C to create a
thin ECM layer mimicking the space of Disse (perisinusoidal space).39 The cryopreserved
primary human hepatocytes were thawed according to the supplier’s instructions and
100,000 were seeded onto the intermediate layer membrane as a 2.5 X108 hepatocytes/mL
suspension in hepatocyte plating media (HPM, William’s E medium (Thermo Fisher,
Waltham, MA ) supplemented with 5% fetal bovine serum (FBS), 10 mg/mL pen/strep and 2
mM L-glutamine. The hepatocytes were allowed to attach and spread in a tissue culture
incubator (37° C, 5% CO,) for 16 — 18 hr without flow. The hepatocyte plating media was
replaced by hepatocyte maintenance medium (HMM, Williams E supplemented with mL 1%
FBS, 6.25 pg/mL human insulin, 100 nM dexamethasone, 6.25 pg/mL human transferrin,
6.25 ng/mL selenous acid, 2 mM L-glutamine, 15 mM HEPES, and 10 mg/mL pen/strep)
(see Table 4). On assembly day 4, 40 uL of a 2 mg/mL rat tail collagen type 1 (Becton
Dickinson, Franklin Lakes, NJ) solution in HMM was deposited on top of the hepatocytes
and allowed to polymerize. A sufficient volume of collagen was used to form a ~50 pm thick
overlay (measured by confocal imaging) to preserve the morphology and functions of the
human primary hepatocytes for long-term culture.56: 57 A schematic of the fully assembled
model is shown in Fig. 1B & 1D. The cell types and seeding numbers were guided by
allometric scaling,®® and are summarized in Table 1. By allometric scaling the proportions of
the cell types in the liver are ca. 60:20:15:5, hepatocytes:endothelial: Kupffer:stellate.
However, the liver acinus is essentially a tube with the lumen lined with endothelial cells,
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surrounded by a Space of Disse and then surrounded by the hepatocytes. The larger diameter
of the hepatocyte layer requires more cells than the endothelial layer. In the vVLAMPS, the
hepatic chamber communicates with the vascular channel through the PET filter in middle
plate (A2 in Fig. 1A). The vascular channel requires a larger fraction of endothelial cells
relative to hepatocytes as they occupy the same area. This was confirmed when constructing
the model by plating varying numbers of hepatocytes and endothelial cells to determine the
number required to create a confluent layer (data not shown). The fractions of Kupffer and
stellate cells are consistent with allometric scaling and our previously published models.
28,30 The whole cell seeding process is also illustrated in the supplement (Fig.S1).

Device assembly and perfusion

After the 4-cell liver model was constructed and stabilized on the intermediate membrane
layer, the device was assembled into a two channel, microfluidic device by sandwiching the
0.4 mm thick intermediate layer between the 1.1 mm thick top layer and the 0.7 mm thick
bottom layer, with spacing provided by the thin elastomer gasket (Fig. 1B). The three layers
were “clamped” in the Micronit chip holder (Fig. 1B) sealing the flow channels in the proper
alignment for receiving the tubing connection inserts. Flow connections to the 3-layer unit
were made by compressing the FFKM ferrules into the tubing inserts. The widths of the two
flow channels (11 mm at the widest) were established by the thin elastomer gaskets bonded
on the top and bottom layer, as shown in Fig. 1A. The height of the flow channels was
established by the thickness of the elastomer after compression (Fig. 1B) and was ~200 pm.
However, due to the bonding of the PET membrane (10 um thick) to the bottom of the 400
pm thick intermediate layer, the total depth of the hepatic chamber within the hepatic
channel, bounded by the intermediate layer and the PET membrane, was ~500 pm, the
bottom ~50 um of which contained the hepatocytes, stellate and some Kupffer cells in the
protein matrices, leaving ~100 pm for the hepatic flow channel. Also because of the
membrane and adhesive, the depth of the vascular flow channel just below the membrane is
~100 pm. The volume of the hepatic chamber is ~100 pL, while the volume of the vascular
channel is ~45 pL.

Once assembled, PEEK tubing was inserted into the inlets/outlets of the chip holder with
compressed FFKM ferrules ensuring tight tubing connections. The media (Table 2) was pre-
equilibrated for 16-18 hr at 37 °C, 5% CO», and ambient (18%) O,. Flow was initiated with
perfusion of HMM into the hepatic chamber and HMM supplemented with 1% FBS into the
vascular channel using sterile glass syringes and syringe pumps. The initiation of flow in the
VLAMPS starts Day 1 of experimental treatment.

Oxygen tension measurement

Oxygen tension was measured by ratiometric imaging of oxygen sensitive and oxygen
insensitive fluorescent beads. The oxygen sensitive beads were made in house by loading
palladium(I1)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-porphyrin (PdTFPP, ex/em
405/706 nm, Sigma Aldrich, St Louis, MO) into 4.6 um diameter polystyrene beads (Bangs
Laboratories, Fishers, IN) as follows: A 4 mM stock solution of PATFPP was freshly
prepared in tetrahydrofuran (Sigma Aldrich, St Louis, MO). The loading solution was made
by diluting 10 pL of bead emulsion (containing 10 g of the polymer beads) with a mixture
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of 225 pL PATFPP stock, 150 pL 2% Pluronic and 515 pL of sterile filtered water. The
loading solution was protected from light and placed on a plate shaker for 20 min. The
PATFPP loaded beads were then rinsed 4 times in 0.1% Pluronic solution by centrifugation
and resuspension. The beads were stored at 4°C in 0.1% Pluronic solution. The 5 pm
diameter oxygen insensitive beads (ex/em 405/455 nm) were purchased directly from Bangs
Laboratories.

In order to calibrate the fluorescence intensity (FI) ratio against oxygen concentration, three
media standards were prepared: oxygen-depleted media (0%); ambient oxygen media

(18%); and mid-range oxygen media (9%). The oxygen depleted media (0%) was generated
by adding 4 U/mL glucose oxidase (Sigma, St Louis, MO). The mid-range media was

prepared by adding 0.14 U/mL of glucose oxidase. This enzyme-reaction based approach to
control of oxygen tension can efficiently maintain an oxygen deficient condition (e.g. 0% or
9%) in a sealed system over a period of hours,>3 which served well for calibration purposes.

Real-time imaging of fluorescent biosensors, imaging immunofluorescence (IF) and
scanning electron microscopy

A mitochondrial targeted Reactive Oxygen Species (ROS) sensitive GFP- fluorescent protein
biosensor was transduced into primary hepatocytes by previously reported methods.28 The
functionality of the biosensor was confirmed by treating the vLAMPS for 24 hr with 100 uM
Menadione, a known ROS producing compound. Images were collected hourly and
fluorescence intensity analysis was performed using Fiji (ImageJ version 1.151t).59

At the end of each experiment, the devices were fixed with 2% paraformaldehyde®0 at 4°C
for 30 min either by dissembling the system and fixing the intermediate layer or by
perfusion of the fixative into the device. E-cadherin, principally in hepatocytes, or a-smooth
muscle actin (a-SMA) in Stellate cells were labeled in separate devices by indirect-
immunofluorescence of the fixed cells as follows. Cells were permeabilized with 0.1%
Triton X-100 in PBS for 7 min, blocked 30 min. in 1% BSA/PBS and then reacted overnight
at 4° C with 2.5 ug/mL mouse anti-E-cadherin (Becton Dickinson, Franklin Lakes, NJ) or
2.5 pg/mL anti-a-SMA (Sigma Aldrich, St Louis, MO). The primary antibody labeled cells
were rinsed in PBS and incubated for 1 hr at room temperature in 6.7 pg/mL Alexa 488
conjugated goat anti-mouse secondary antibody (ThermoFisher, Waltham, MA) in PBS. The
F-actin in the endothelial cells was labeled with 4 pg/mL TRITC-phalloidin (Sigma, St.
Louis, MO) for 10 min. The mitochondrial membrane potential was monitored by perfusing
media containing 200 nM Mitotracker Red (ThermoFisher, Waltham, MA) into the device
for 30 minutes just prior to fixation. Steatosis was determined by staining cells with the
neutral lipid dye LipidTox (ThermoFisher, Waltham, MA) prepared according to the
supplier’s instructions. For VE-cadherin and ICAM-1 staining of the endothelial cells, the
devices were fixed, permeabilized, and blocked with the procedure described above. The
endothelial cells were then incubated with rabbit anti-VE-cadherin or mouse anti-ICAM-1
(PA5-17401 and MA5407, Invitrogen, Carlsbad, CA) for 24 hr. The primary antibody
labeled endothelial cells were rinsed in PBS and incubated for 1 hr at room temperature in
6.7 ug/mL Alexa 488 conjugated donkey anti-rabbit or goat anti-mouse secondary antibody
(Thermo Fisher, Waltham, MA) in PBS. PMNSs were labeled for 30 min with 5 pM
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CellTracker Red CMPTX (ThermoFisher, Waltham, MA). For scanning PMN distributions
within the fixed devices the PMNs were labeled with a mouse anti-CD24 (BD Biosciences,
Franklin Lakes, NJ) followed by a secondary antibody as above. All images were collected
using either a 20X (0.45NA) or a 40X (0.9 NA) objective on the IN Cell 6000 (GE
Healthcare, Chicago, IL) in confocal mode with the aperture set at ~ 1 airy unit.
Fluorescence intensity analysis was performed using Fiji (ImageJ). The images were
segmented with an intensity threshold of 50 to exclude background fluorescence and by
object size (10 um?) to exclude small objects, in order to evaluate the fluorescence intensity
of the mitochondria and steatotic vacuoles.

The protocol for the scanning electron microscopy (SEM) was provided by the Center for
Biologic Imaging (CBI, University of Pittsburgh). Briefly, the samples were fixed with 2.5%
Glutaraldehyde for 1 hr, followed with 1% OsQO, treatment for 1 hr. Samples were
dehydrated using a graded series of ethanol solutions and then air-dried overnight. After
removing the PET membranes from the intermediate layer and mounting them on specimen
stubs, the samples were sputter-coated with 3.5 nm platinum (Cressington Scientific,
Watford, UK), then imaged on a JSM-6330F electron microscope (JEOL, Peabody, MA).

Bile Efflux Assay

The viability dye CMFDA (5-chloromethylfluorescein diacetate, Thermo Fisher, Waltham,
MA) was used to demonstrate polarized bile efflux in the hepatocyte layer. Briefly, on Day 6
of the vVLAMPS experiment, 2 uM CMFDA in HMM media was manually injected into the
VLAMPS. After 20 min of static incubation allowing the dye to diffuse into the collagen
layers, perfusion flow of non-CMFDA media was restarted and images were collected with a
20X (0.45NA) objective on the IN Cell 6000 as outlined above.

Permeability assay

Permeability of the endothelial cell layers was assessed by measuring the rate of FITC-
albumin transport across a confluent monolayer cultured for 48 hr on the bottom surface of a
24 well, 3 um pore size, PET Transwell® plate (Corning Costar, Tewksbury, MA).61 A
solution of 10 ug/mL FITC-albumin was added to the lower chamber. After 2 hr incubation,
10 pL aliquots of medium were withdrawn from the upper chamber and diluted into 100 pL
of PBS in a 96 well plate. The fluorescence intensity was measured with the IN Cell 6000
using a 20x (0.45 NA) objective, focused 50 pm above the plate bottom. After subtracting
the background fluorescence, the permeability coefficient (P, cm/sec) was calculated by the
equation®?

V _ dFI
P=<x%r

To

where V is the total volume of the upper chamber (100 pL), S is the total surface area of the
insert (100 mm?), dFl is the total fluorescence intensity change per unit time, and Flg is the
initial fluorescence intensity of the lower chamber.
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Determination of Drug Binding/Recovery in the PDMS Device (LAMPS) vs the Micronit
Glass Device (VLAMPS)

For comparison of drug binding between the VLAMPS and a PDMS device, we selected the
single chamber commercial microfluidic device (HAR-V1 single chamber device, SCC-001,
Nortis, Inc. Seattle, WA) used in the LAMPS model.3° The devices were stored in PBS until
use. The interior of the device was dried under vacuum, followed by treatment with the
standard LAMPS coating solution of 100 pg/mL fibronectin and collagen for 1 hr at room
temperature. For all steps involving injection of fluid into the devices, 100-150 uL per
device was used to ensure complete filling of fluidic pathways, chamber and bubble traps.

The preparation of the VLAMPS devices is described above. Cell-free devices were
assembled, the membrane was coated with the standard ECM layers (LECM and collagen),
and three different compounds with different values of LogP were perfused for up to seven
days (Table 3). Compounds were run with and without low density lipoprotein (LDL) as a
‘carrier’ lipoprotein, to determine whether the use of a carrier would attenuate the loss due
to absorption.2?

The drugs Nefazodone, Terfenadine and Acetaminophen were solubilized in DMSO at 1, 10
and 100 mM, respectively. The stock drug solutions were added at 1:1000 dilution into
HMM medium (plus 1% FBS) for perfusion into the vascular channel of a fully assembled
cell free device. A portion of each drug cocktail was stored at —20°C for later analysis as the
influx concentration. The efflux media was collected daily for 3 days and stored at —20°C
for mass spectroscopy analysis. The efflux samples were extracted at room temperature by
adding 100 L of each sample to 200 UL of acetonitrile containing 10 uM Diclofenac as an
internal standard (IS) in a 1.5 mL Eppendorf tube. The samples were vortexed for 30 sec,
and then centrifuged at 15,000 rpm for 2.5 minutes in an Eppendorf minifuge to pellet the
acetonitrile insoluble proteins. Then 20 pL of the protein free supernatant was transferred to
a 96-well Acquity Collection plate (Waters, Cheshire, UK) to which 180 uL of a 20/80 %
acetonitrile/H,0 solution was added. The solutions were analyzed as previously described.2?
The recovery of each drug was calculated as the ratio of the area under the curve (AUC) for
the drug in the efflux media to the AUC for the drug in the influx media, both normalized to
the IS.

Statistical analysis of the data

The data are presented as mean * standard error (SEM) for n = 4 — 6 devices per test. For the
oxygen tension measurements, beads were imaged with the 20x objective in 4 regions of
interest (ROIS) per zone, and mitochondrial membrane potential and steatosis were imaged
at 20x in 6 — 9 ROIs per zone. A second lot of cryopreserved human hepatocytes was used to
evaluate lot-to-lot reproducibility of the oxygen and functional gradients in the vVLAMPS
under the described conditions. Differences between lots were evaluated using the T.Test
function in Excel (Microsoft, Redmond, WA). For the mitochondrial targeted ROS biosensor
experiment, images were collected in 4 ROIs per zone in 2 devices.
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The Design and Assembly of the vLAMPS

The VLAMPS has been developed around the Micronit three-layer chip (Fig.1 A). The three
layers Al (top), A2 (middle) and A3 (bottom) are borosilicate glass. A porous PET
membrane (3 um pores) is bonded over a ca. 8mm x 16 mm oval hole in the middle layer to
allow diffusion of molecules and the transmigration of cells from the lower vascular channel
(between A2 and A3), while serving as a support for the endothelial cells in the vascular
channel and the stellate cells, the space of Disse matrix and the hepatocytes in the hepatic
chamber (materials and methods). The hepatic chamber is enclosed by the Al and A2 layers.
A small ring of elastomer is used to seal the layers when assembled into the chip holder
(Fig.1 B and C). Fig. 1 D is a diagram of the assembled device showing the hepatic chamber
and vascular channel with the direction of flow. Table 1 lists the cell types: primary human
hepatocytes, LSECs, stellate and Kupffer cells (see material and methods) and the number of
each cell type plated in the device. Fig. S1 outlines the steps in seeding the cells on the A2
layer.

Reduced Drug Binding in the vLAMPS Compared to the LAMPS

PDMS is still the most widely used material for the fabrication of organ-on-chip devices as it
is an oxygen-permeable, non-cytotoxic, and transparent elastomer that can be easily molded
into complex structures.%3: 64 However, the strong absorption of hydrophobic molecules/
biologics to PDMS makes it quite challenging for use with many drugs, chemicals and
biologics such as hormones. Based on a previous report, molecules with LogP less than 2.47
usually exhibit minimal absorption (<10%), whereas molecules with LogP greater than 2.62
may exhibit extensive absorption (>90%) into PDMS channels.®> However, it is critical to
test all drugs and biologics for retention in microfluidic devices, typically by performing
mass spectrometry analyses of the efflux to determine the effective concentration. As a
result, it is difficult to reliably evaluate the dose-response and the sensitivity to drugs, and
especially test compounds, for which the LogP may be unknown, in MPS that utilize high
levels of elastomers.%6: 67 To address this issue, surface treatments or alternative materials
have been introduced, but the trade-offs in binding and oxygen diffusion are still being
evaluated.8

In perfusion flow tests performed in the PDMS based LAMPS3 and the primarily glass
VLAMPS, all-glass syringes and PEEK tubing were used to minimize binding in the influx
and efflux (see materials and methods).2 69 Cell-free devices were assembled and coated
with the ECM layers (LECM and collagen), and three different compounds with different
values of LogP were perfused for up to seven days. Three drugs, Nefazodone (LogP=4.7),
Terfenadine (LogP=7.1), and Acetaminophen (LogP=0.46) were perfused into each type of
device with and without an additional carrier protein (0.1 mg/mL LDL).” Table 3
summarizes the results. Acetaminophen, a hydrophilic drug, exhibited complete recovery in
both the LAMPS and VLAMPS. The recovery rates for Nefazodone (63%) and Terfenadine
(27%) in vVLAMPS were much higher than in LAMPS (0.5% and 5.38% respectively). When
low density lipoprotein (LDL, 0.1 mg/mL) was added as a carrier molecule, the drug
recovery rates for both drugs in VLAMPS were ca. 100%. For the PDMS based LAMPS
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however, there was only a slight improvement. This may be due to the absorbance of LDL
(recover rate of LDL: 39.05 + 2.5 %) into the bulk PDMS material.

3D structural organization of cells in the vVLAMPS mimics the structure of the liver

sinusoid

The sequential plating of the four cell types on the two sides of the intermediate layer (Fig.
1A, A2 layer) creates the polarity of the hepatic chamber and vascular channels when the
whole chip is assembled (Fig. 1 B, C and D). Fig. 2 illustrates several key elements of the
organization, structure and function of the vVLAMPS using different imaging modalities. Fig.
2A shows the hepatocytes in the hepatic chamber labeled with E-cadherin (green), which is
involved in the formation of junctions between the cells.”? Fig. 2B shows the distribution of
the stellate cells (red) and Kupffer cells (yellow). The stellate and Kupffer cells are located
on the lower surface of the hepatic chamber in the space of Disse between the hepatocytes
and the LSECs. The Kupffer cells can initially be placed in either or both of the vascular
channel and hepatic chamber since they can migrate between these compartments. Fig. 2C
shows the F-actin stress fibers in the LSECs (red) labeled with rhodamine phalloidin and
nuclei labeled with Hoechst (blue), illustrating the confluence of the LSEC layer and the
orientation of the stress fibers. The confocal INCell 6000 permits focusing on the LSECs
within the vascular channel. Although the LSECs form a confluent layer, they lack the tight
junctions formed by other vascular endothelial cells such as HMVECs, as determined by
labeling with VE-Cadherin (green, Fig. 2D). Further analysis of the LSEC layer by scanning
electron microscopy showed the presence of fenestrations (arrows, average pore diameter
170 nm), characteristic of LSECs (Fig. 2E). Fenestrations were maintained for at least two
weeks, unlike simpler 2D monocultures of LSECs in the absence of flow stimulation, in
which fenestrations are rapidly lost.”274 As a result, the permeability of the LSEC layer, as
measured by diffusion of fluorescently labeled albumin, is much higher than the
permeability of a HMVEC layer (Fig.2F), consistent with the physiology of LSECs in the
liver. We plan to investigate other unique characteristics of LSECs including the relatively
high level of receptor-mediated endocytosis, a role in portal hypertension’%: 72: 75 and
immune functions such as the production of cytokines and eicosanoids.’6: 77

Creating Continuous Oxygen Zonation in the vVLAMPS

The spatial variation in oxygen tension is an important characteristic of the liver, and
therefore important for recapitulating liver physiology /n vitro, as metabolism, energy
production, and gene expression in hepatocytes are highly oxygen dependent processes.

21, 78,79 In vijvo, an oxygen gradient is generated by oxygen consumption, primarily by the
hepatocytes, that depletes the oxygen transported by the blood, through diffusion and
exchange as it flows through the liver sinusoids. It is technically challenging to reproduce a
gradient in conventional cell culture dishes and even in microfluidic devices and MPS. Due
to the excellent oxygen permeability of PDMS, oxygen rapidly reaches steady state by
diffusion through the PDMS, precluding gradient formation without external environmental
controls.8% 81 Modeling oxygen tension in media flowing through a device constructed of
oxygen impermeable materials, such as glass, suggested that it was possible to generate
physiologic oxygen gradients by controlling the flow rates in the vascular and hepatic
channels.82: 83 Modeling oxygen tension, based on the maximal rate of oxygen consumption
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by the hepatocytes, Michaelis—-Menten kinetics3? with 18% oxygen content in the influx
media, and using 80 and 100 uL/hr flow rates, predicted that an oxygen tension gradient
(Fig. 3) would be established and stabilized within 2 hr. Furthermore, establishing the
physiologically accurate zone-specific oxygen environment in the device only required flow
rates at which shear stress levels were orders of magnitude below those shown to negatively
affect the health and functions of the hepatocytes and endothelial cells.39

We were able to generate continuous oxygen zonation within the vLAMPS, and validated
the establishment of physiological zonation (Fig. 4) within 1 — 3 days after the initiation of
flow. Fig. 3A depicts the spatial pattern of zonation based on computational modeling using
the COMSOL simulation software (see materials and methods). Direct experimental
validation of oxygen zonation was performed using fluorescence ratio imaging3° of oxygen
sensitive and oxygen insensitive beads. After seeding the beads in the hepatic chamber, ~950
beads/mm? for the oxygen sensitive beads and ~475 beads/mm? for the insensitive beads,
both bead types were parfocal and ca. 2 um below the hepatocytes in the thin LECM layer.
Fig. 3B shows that the fluorescence intensities of the beads that are quenched by oxygen
(red bars), increase with decreasing oxygen tension, while the oxygen insensitive beads
(blue bars) maintain a constant intensity. The ratio of fluorescence intensities of oxygen
sensitive to oxygen insensitive beads is linear, providing a means to calibrate the % oxygen
based on the fluorescence ratio (Fig. 3C). Using the standard curve, the measured % oxygen
in three ROIs (Fig. 3A, near the input, the middle, and near the output) were found to
correspond to physiological zones 1, 2 and 3 (Fig. 3D) with oxygen tensions of ca. 18%,
10% and 4%, respectively. Fig. S2 shows an image of the oxygen sensitive and insensitive
beads with a line profile across a single oxygen sensitive bead. Fig. S3 demonstrates that the
control of the flow of media in the vascular and hepatic channels can create distinct patterns
of oxygen tension, including the creation of essentially a single zone within the device. By
controlling the flow rates, we are able to generate a primarily zone 1 (Fig. S3C) or zone 3
(Fig. S3A) model. Due to the oval shape of the hepatocyte seeding area (8 x 16 mm), the
oxygen consumption on the edge was lower due to fewer cells in the flow path, resulting in
the increased oxygen tension along the edges of the chamber (Fig. 3A). We are working on
an alternative flow channel design to mitigate such edge effects for the next iteration of the
VLAMPS. Ideally, a single straight channel, or multiple straight channels, with less open
space on the edge will be used to construct the cell layer in the next stage of the vVLAMPS
evolution that will include other advances (Table 4).

Biological function of hepatocytes in Zone 1 and 3 and the impact of molecular drivers

To investigate the oxygen zone-specific biology, mitochondrial membrane potential was
measured with Mitotracker Red as an indicator that reflects the level of oxidative
phosphorylation, and steatosis was quantified by labeling with LipidTox. The mean
fluorescence intensity of the mitochondrial membrane potential in the VLAMPS was highest
in Zone 1 and lowest in Zone 3, consistent with higher levels of oxidative phosphorylation in
Zone 1 compared with Zone 3 (Fig. 4A). Example images of the mitochondrial membrane
potential acquired in zone 1 and zone 3 are shown in Fig. 4B. This result is consistent with
the physiological results from our published single zone LAMPS studies.3°
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The accumulation of lipid droplets in the hepatocytes was another important indicator of
zone-dependent metabolism. Using LipidTox to label the fat droplets, we were able to show
that on Day 5, lipogenesis in Zone 3 was higher than in Zone 1 (Fig. 4C). When molecular
drivers of NAFLD (Table 2) were perfused into the vVLAMPS over the same period, there
was a proportional increase in fluorescence intensity in all 3 zones, and again, the highest
intensity was in zone 3 compared to zone 1 (Fig. 4D). These results are consistent to the
results from our published single zone LAMPS studies.3C Increased albumin and urea
synthesis were demonstrated under flow compared to static culture of the fully assembled
intermediate layer (Fig. S4A & B).

Testing Reproducibility

We used a single lot of cryopreserved human hepatocytes for consistency from experiment—
to-experiment, to avoid the lot-to-lot variation in primary human cells. However, it is also
important to understand the potential impact of lot-to-lot variability on the performance of
the model in creating zonation. A second lot of cryopreserved human hepatocytes from
ThermoFisher was used to evaluate the reproducibility of the oxygen and the functional
impact of zonation on steatosis in the VLAMPS (Fig. S5). There was no significant
difference in the fluorescence intensity ratio of the oxygen sensitive beads to insensitive
beads between lots of cells in the VLAMPS (Fig. S5A). There was also no significant
difference in the measured steatosis values between lots of hepatocytes, both of which
exhibited a 25-28% elevated level of steatosis in zone 3 compared with zone 1,. (Fig S5B).
Although testing with only two lots is admittedly limited, the minimal differences between
lots is at least an indication that the model performance is not wholly dependent on the
chosen lot of cells.

We also performed an initial analysis on the reproducibility of a selected physiological
parameter between devices under the same conditions. This is made simple by employing
the Microphysiology Systems Database (MPS-Db).84 For the steatosis measurements in Fig.
S5B we analyzed data from 4-5 devices for each cell type that were investigated in two
different experiments under exactly the same conditions. The coefficient of variation (CV)
among replicate sets VLAMPS models with the same cells was 7-16%, with the exception of
one set in which one of four devices had a steatosis value that was 33% lower than the other
three, resulting in a CV of 25% (data not shown). There was no significant difference in the
measured steatosis between experiments.

We also compared the time course of the secretion of albumin over 9 days in two different
experiments (see VLAMPS data in Fig S4A). to compare the time courses, we used the
intraclass correlation coefficient (ICC), which compares both the magnitude and the trend in
the data, and has a value of 1 for perfectly correlated data.8> The albumin measurements for
two sets of 4 vVLAMPS models run in different experiments have an ICC =0.42 (good),
increasing to 0.82 (excellent) if day 1 is not included. The VLAMPS models sometimes
show more variation in the first day following assembly, becoming more consistent over the
next couple of days.

All future studies using MPS should be captured in an analytical database like the MPS-Db
in order to demonstrate the reproducibility of any measured parameter. This is critical since
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we expect to see biologically relevant heterogeneity between patient cells and treatments
(primary or iPSC-derived) due to disease and/or genetic variation.

Bile Efflux in the vLAMPS

An additional characteristic of normally functioning hepatocytes is the establishment of
polarized bile efflux transporter proteins in the canalicular spaces formed between adjacent
hepatocytes. The accumulation of CMFDA in the canalicular spaces on Day 6 demonstrates
the establishment of polarized transport in the vVLAMPS model (Fig. S4C). Accumulations
of CMFDA in canalicular spaces on days 10 and 14 were essentially the same as day 6 (data
not shown). Future studies will evaluate inhibition of the bile salt exporter protein function
in the vVLAMPS, as it is an underlying cause of liver damage from cholestatic liver diseases
or drugs.86

The activation of stellate and Kupffer cells by molecular drivers

The transactivation of the fat and vitamin A storing stellate cell into a proliferating, collagen
depositing myofibroblast can be monitored by the increase in a-SMA expression and
proliferation of the cells.87: 88 In the vVLAMPS we measured an increase in a-SMA in
stellate cells, higher in zone 3 than in zone 1, in response to exposure to molecular drivers
(Fig. 5). TGF-pB, a component of the molecular drivers, is one of the key profibrogenic
cytokines that induces collagen deposition following liver injury.8% 90 The activation of
stellate cells was also evaluated with F-actin staining (data not shown), which showed an
increase in stress fibers and a more elongated spindle shape after 5 days of perfusion culture
with molecular drivers, compared with standard media. We have also previously published
LPS induced release of TNF-a from the Kupffer-like cells in the LAMPS model.28: 30

The vascular inflammatory response to a molecular driver challenge was consistent with
Non-Alcoholic Steatohepatitis (NASH)

We investigated the response of the LSECs in the vascular channel to the challenge of
molecular drivers that are characteristic of conditions observed during disease progression of
NAFLD. First, we established that the primary LSECs could be activated by molecular
drivers (Table 2) in a microplate co-culture set-up, by imaging and quantitating ICAM-1
expression (Fig. S6). Following stimulation with molecular drivers for 6 hr, there was a 12—
19% increase in ICAM-1 expression, with the largest increase involving all cell types (Fig.
S6).

Fluorescently labeled, freshly isolated human PMNs were perfused into the vascular channel
at the standard flow rate of 100 uL/hr in conditions of control media (no LSEC activation)
and after the activation of LSECs with molecular drivers (Table 2). Fig. 6A demonstrates
that very few PMNSs bound to the LSECs in the absence of activation. However, perfusion of
the vascular channel with the molecular drivers for 24 hr prior to perfusion with the PMNs
induced a significant increase in the number of PMNs bound to the LSECs (Fig. 6B and 6C).

Following binding to the activated LSECs, the PMNs migrated into the hepatic chamber,
also treated with molecular drivers, over a 1 % hr period. Fig. 6D depicts a representative
image field consisting of two 20x confocal image planes, one from the bottom of the

Lab Chip. Author manuscript; available in PMC 2019 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 16

membrane (green) in the vascular channel and the other 20 um above the membrane (red) in
the hepatic chamber. The images from the two planes were overlaid in color to visualize the
PMNs in each plane. These results demonstrate that the PMNs transmigrated from the
vascular channel through the pores in the PET membrane and the space of Disse matrix into
the hepatic chamber in response to the pro-inflammatory molecular drivers (Table 2). No
zone-specific pattern of transmigration was detected in these experiments. The dynamics of
the PMNSs transmigration, like the binding of the PMNs to the activated LSECs (Fig. 6B and
6C), can also be tracked in real-time by time-lapse imaging of the fluorescently labeled
PMNs.

Measuring Reactive Oxygen Species Generation in vVLAMPS

The mitochondrial targeted ROS biosensor was used in live cell experiments to monitor
generation of hydrogen peroxide in the hepatocytes.2”- 91 Menadione, a redox cycling
compound that directly produces H,05 in mitochondria®! was used to induce ROS, as
measured by the time dependent increase in the biosensor intensity (Fig. S7 A, B). The ROS
biosensor response was greater in zone 1 compared to zone 3. This is consistent with the
reports of higher oxidative phosphorylation and higher ROS level generated in mitochondria
with higher transmembrane potential®2 and consistent with our results showing higher
oxidative phosphorylation in zone 1 hepatocytes [Fig. 4A].

Discussion

The evolution to the vVLAMPS addresses several key challenges to creating an optimal,
biomimetic liver MPS:

QD The optimal liver model will maximally recapitulate human liver functions.
Zonation in the liver, established by the consumption of oxygen by hepatocytes,
plays a key role in regulating hepatocyte functions. We have previously created
zone 1 or zone 3 oxygen tension in separate LAMPS models to demonstrate that
oxidative phosphorylation, albumin and urea production are highest in zone 1,
whereas glycolysis, a—1 anti-trypsin, Cyp 2E1 expression and steatosis are
elevated in zone 3.3 In addition, acetaminophen toxicity initially caused an
early release of LDH from zone 3 compared to zone 1 models, a finding
consistent with the known clinical effect of the drug.93 94 In the VLAMPS we
have created a liver MPS with continuous physiological zonation, and
demonstrated that it induces the expected, zone dependent liver functions in the
metabolic functions evaluated. Current animal models typically fail to reproduce
the spectrum of human liver injury and it has been very difficult to study the
effect of zonation in the /n vivo human liver. The creation of a continuous
oxygen gradient within one microfluidic platform built as a multi-cellular
biomimetic of the human liver acinar structure, will ultimately allow the study of
molecular level interactions between resident liver cells, the adaptive immune
response and soluble molecular drivers in the initiation and progression of liver
injury from drugs, toxins or disease, especially with the use of iPSC-derived
cells from patients.
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A second key characteristic of the human liver is the leaky ‘barrier’ created by
liver sinusoidal endothelial cells, through a combination of reduced expression
of cell junction proteins like VE-Cadherin, and fenestration of the cells. Liver
derived endothelial cells are known to be heterogenous. Even within the
sinusoid, two subpopulations of LSECs have been identified in liver sections by
unique expression profiles.> The variation in phenotypes among liver derived
endothelial cells, and even among LSECs, makes it difficult to obtain a pure
population of LSECs. To establish that the liver derived endothelial cells used in
the vVLAMPS contain a significant population of LSECs, we demonstrated that
the LSECs used in the vVLAMPS did not exhibit tight junctions compared to
HMVEC cells (Fig 2D), and exhibited large pore fenestrations consistent with
LLSECs% that persisted for at least 2 weeks (Fig 2E). The maintenance of
fenestrations is likely due, in part, to the combination of flow stimulation and the
communication between cells between the hepatic chamber and vascular
channel.

A third key characteristic of the liver is the binding of migratory immune cells
followed by transmigration into the hepatic chamber as a result of activation of
LSECs by molecular drivers and a gradient of migration stimuli from the hepatic
chamber. We have demonstrated in the vVLAMPS that we can use molecular
drivers to activate the LSECs and promote binding and migration of PMNS.
These three major advancements in the design of a liver MPS will greatly
enhance its utility for discovery of therapeutics, modeling diseases, and testing
for toxicity of drugs and environmental agents.

The future of human MPS will involve their use in drug discovery and
development, including clinical trials. Many drugs/drug candidates, including
biologics, are hydrophobic which increases the potential for binding to polymers
such as PDMS. Various approaches to minimizing binding to PDMS or related
polymers have been employed, but the results are still being debated.58. 97. 98
The primarily glass device used for the VLAMPS model, with only a minimal
amount of polymer to seal the layers, bound (retained) much less of the test
drugs investigated here, than the PDMS-based device used for the LAMPS
model (Table 3). Further tests of a wider range of small molecule drugs and
biologics are required, but it is clear that the vVLAMPS shows great potential for
integrating drug testing in liver disease and ADME/TOX, as well as
environmental chemicals. The use of PDMS devices can still be valuable,
however, the drug/biologic retention must be evaluated in advance, with and
without general and/or specific carrier molecules.2?

Biomimetic organs on chips, where multiple cell types are organized in three
dimensions with a separate but integrated vascular channel, are critical for
recapitulating organ functions, including at least partial immune responses. The
VLAMPS, with a vascular channel lined with LSECs and a porous membrane,
allows the physiologically relevant liver sinusoid model to deliver cells and
molecules from the vascular channel to the hepatic chamber, including immune
cells and “molecular drivers” of disease. The activation of LSECs allows
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signaling between the LSECs, hepatocytes and other NPCs, and promotes
binding of migratory immune cells such as PMNSs, that is the first step in
transmigration into the hepatic chamber, where immune cells can be involved in
repair or induction of damaging inflammation. The vascular channel in the
VLAMPS also provides a means for physical coupling to other organ MPS for
ADME/TOX and disease modeling. For example, a more complete model of
NAFLD will involve the integration of the vVLAMPS with an intestine MPS, as
well as a white adipose tissue MPS.

The evolution of the vVLAMPS will continue in parallel to its application to the investigation
of a variety of liver diseases including NAFLD, type 2 diabetes and the liver as a metastatic
niche for a variety of cancers. Further improvements (Table 4) will include the integration of
either isogenic patient-derived primary cells and/or iPSC-derived liver cells as they are
validated as adult cells, cholangiocytes to guide the formation of bile ducts, the development
of specific medias for “normal” and specific disease conditions (e.g. glucose, hormone free
fatty acid levels), optimization of geometry and volumes in the hepatic and vascular
channels and control of flow rates and scaling between organ MPS.2% 99 The progress in
creating valuable human MPS over the last seven years has been impressive, but more effort
is required to optimize the “normal” physiological and pathophysiological characteristics. In
addition, for the organ MPS to be widely accepted, strict protocols must be adopted and
validation/reproducibility must be quantified within and between laboratories.’

Conclusions

The VLAMPS is the next evolution of the human, biomimetic liver MPS. Compared to
sealed microfluidic devices, the coating and cell seeding of the intermediate layer prior to
assembly, simplifies construction of the model making the platform user-friendly to
biomedical researchers. We have demonstrated that this primarily glass microfluidic device
is optimal for real-time imaging to directly monitor cell/tissue functions with a range of
fluorescent biosensors, as well as an optimal platform for minimizing the binding of
hydrophobic drugs/biologics to the materials that constitute the device. The assembly of the
three layered device with primary human hepatocytes, human cell lines for stellate and
Kupffer cells and primary human LSECs creates a vascular channel separated from the
hepatic channel by a porous membrane that allows communication between the flow
channels, recapitulating the 3D structure of the liver acinus. The vascular channel can be
used to deliver drugs, immune cells, other cells and other factors to a stand-alone liver MPS
and/or to couple the liver MPS to other organ MPS. The assembly of the three-layer devices
permits a high degree of control in adding matrix materials and cells on both sides of the
porous membrane (hepatic and vascular). This enables a combination of bioprinting and
manual or automated seeding. In addition, the three-layered devices can be disassembled at
the end of a study to access specific cell types or layers for single cell studies such as
genomics. We have successfully created continuous oxygen zonation by controlling the flow
rates of media in the distinct vascular and hepatic flow channels and validated the
computational modeling of zonation with oxygen sensitive and insensitive beads. This
allows the direct investigation of the role of zonation in physiology, toxicology and disease
progression. The vascular channel is lined with human LSECs that recapitulates partial
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immunologic functions within the liver sinusoid, including the activation of LSECs with
“driver molecules”, promoting the binding of fluorescently labeled PMNs followed by
transmigration into the hepatic chamber. The driver molecules also activate the stellate cells
that express a.-SMA, become fibroblastic in shape and proliferate. The infiltration of PMNSs,
as well as other migratory immune cells into the hepatic chamber is critical for the induction
of inflammation in a variety of liver diseases and drug induced liver injury (DILI). The
VLAMPS is a valuable platform to investigate the functions of the healthy and diseased
human liver using all primary human cell types and/or iPSC-derived cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The Vascularized Liver Acinus Microphysiology System (VLAMPS). (A) The vLAMPS is

constructed from 3 glass layers A1-A3 (15mm x 45mm). The intermediate layer (A2)
contains an elliptical opening (8mm x 16mm) with a PET membrane with 3 um pores that
spans the opening and is attached to the bottom. Four human liver cell types (primary
hepatocytes, primary liver sinusoidal endothelial cells (LSECS), LX-2 human stellate cell
line and Kupffer cells derived from a THP-1 cell line are sequentially layered onto the two
sides of the PET membrane. The top (A1) and bottom (A3) layers have polymer gaskets that
seal against the intermediate layer to create two fluidic channels: the lower vascular channel
lined with LSECS and Kupffer cells and the upper hepatic chamber containing the
Hepatocytes and stellate cells, and optionally Kupffer cells, as well as a space of Disse
matrix (see Table 1). (B) The assembled vVLAMPS showing the intermediate layer (A2)
sandwiched between the two resealable glass layers. The shape of the flow channels is
defined by the gaskets on the top and bottom layers, with the height determined by the
thickness of the gaskets (C) after all the three layers are compressed in the chip holder
(85mm x 127mm). (D) Diagram of the vVLAMPS showing the cells, the two distinct
compartments (~100 pL hepatic and ~45 pL vascular), with the direction of flow into the
page as indicated. The flow rate in the hepatic chamber is 80 pL/hr (shear-stress on
hepatocytes = 2.5x10~7 dyne/cm?) and in the vascular channel is 100 uL/hr (shear-stress on
LSECs = 4.0 x 1073 dyne/cm?) under the flow rates reported here.
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Figure2.
Characteristics of the 4 human cell types in the vVLAMPS under flow. (A)

Immunofluorescence of human primary hepatocytes labeled with an E-cadherin antibody
(green) and nuclei with Hoechst (blue) in the hepatic chamber. (B) Stellate cells (red) and
Kupffer cells (yellow) were pre-labeled with CellTracker deep red and CellTracker red,
respectively, before assembly into the device in the hepatic chamber. (C) F-actin in Human
LSECs in the vascular channel was labeled with rhodamine-phalloidin (red) and nuclei with
Hoechst (blue). (D) Images comparing VE-cadherin immunolabeling (green) in LSEC and
HMVEC cells demonstrates lack of tight junctions in LSECs. Nuclei were labeled with
Hoechst (blue). (E) Scanning electron microscopy of LSECs in the vascular channel after 1
day, 5 days and 2 weeks. Arrows show fenestrations (pore size: 118.7+7.1 nm) that
decreased in density, but were still present after 2 weeks. (F) The permeability coefficient,
measured by the rate of fluorescent albumin permeation through the endothelial cell layer
was much greater for LSECs compared to HMVECSs, as expected, due to the absence of tight
junctions and presence of fenestrations in the LSECs (P<0.01 between LSEC and HMVEC,
one tailed t-test).
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Figure 3.

Computational and experimental demonstration of continuous zonation in the vVLAMPS. (A)
Comsol Multiphysics-based model of oxygen tension computed based on physical and
biological parameters (see Table S1). The calculated oxygen tension ca. 4% to 18% is shown
in a color scale bar. Regions corresponding to zone 1 (near the inlet to the hepatic chamber),
zone 2 (the center of the chamber) and zone 3 (near the outlet of the chamber) are indicated.

(B) Direct measurement of oxygen tension using a ratiometric method with oxygen sensitive
and insensitive beads placed in the hepatic chamber of the VLAMPS (see also Fig. S2),
(P<0.001 between three oxygen % conditions of oxygen sensitive beads, one-way ANOVA).
(C) Ratiometric standard curve from 18% to 0% oxygen. (D) % oxygen tension measured in
zones 1, 2 and 3 using the ratios of bead fluorescence in the regions depicted in (A) and the

standard curve (C). The continuous zonation was created with a media flow rate of 100

pL/hr in the vascular channel and 80 pL/hr in the hepatic channel (P<0.001 between three

zones, one-way ANOVA). See also Fig. S3.
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Figure 4.
Biological demonstration of zonation in the VLAMPS. (A) Mitochondrial membrane

potential quantified on Day 5 with MitoTracker Red, as a fluorescent indicator of the level of
oxidative phosphorylation in the three zones, the locations of which are defined in Fig. 3A.
Mitochondrial membrane potential is maximal in zone 1 (P<0.001 between Zone 1 and Zone
2&3; P<0.05 between Zone 2 and Zone 3, one-way ANOVA). (B) Representative images
from zones 1 and 3 regions as defined in Figure 3A. (C) Steatosis quantified on Day 5 by
imaging the fluorescent indicator LipidTox Deep Red. Steatosis is maximal in zone 3, both
with standard media and media supplemented with molecular drivers associated with
NAFLD including LPS, EGF and TGF-f (see Table 2) (P<0.001 between the three zones
within each media condition; P<0.001 between two media conditions in each zone, one way
ANOVA). (D) Representative images of LipidTox Deep Red staining in zone 1 and zone 3 as
defined in Fig. 3A.
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Figure5.
Demonstration of zonation specific effect on stellate cell activation in the VLAMPS. (A)

Representative images showing minimal expression of a-SMA and proliferation of stellate
cells in Zone 1 and zone 3 under control conditions with standard medium. (B)
Representative images showing increased a-SMA expression and proliferation of stellate
cells in zone 1 and extensive expression of a-SMA and proliferation of the activated stellate
cells in zone 3 in the presence of molecular drivers after five days (see table 2). (C) Zone 3
stellate cells express higher levels of a-SMA in the presence of molecular drivers compared
to zone 1 stellate cells.
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Figure 6.
Binding of freshly isolated, fluorescently labeled polymorphonuclear leukocytes (PMNSs) to

activated LSECs and migration of PMNs from the vascular channel into the hepatic chamber
in the vVLAMPS. (A-B) Representative image of PMN adhesion in the vascular channel
under the perfusion of standard media (A) or molecular drivers (B). (C) Comparison of the
number of PMNs adhering to un-activated LSECs (standard media) and activated LSECs
(molecular drivers) (P<0.001, one tailed t-test). (D) To evaluate transmigration of PMNs, the
VLAMPS model was fixed, disassembled and labeled for immunofluorescence. A
representative image field consisting of two 20x confocal image planes, one from the bottom
of the membrane (green, the vascular channel) and the other 20 um above (red, in the hepatic
chamber) were overlaid to visualize the PMNs in each plane. No obvious zone-specific
pattern of transmigration was detected in these studies. Cell tracker labeled PMNSs can also
be used to track the real-time dynamics of transmigration.
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The cell seeding number in the vVLAMPS

Table 1.

Cell type Seeding number | % of Total Cells
Hepatocytes 100,000 40%
Hepatic chamber | Kupffer cells 36,000 14%
Stellate cells 15,000 6%
Vascular channel LSEC 100,000 40%
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The medium components for the hepatic and vascular channels

Standard medium

Medium with
molecular drivers

Hepatic channel

HMM

Vascular channel

HMM +1% FBS

+LPS (1 ug/ml)
+EGF (15 nM)
+TGF-B (10 ng/ml)
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The drug recovery rates (%) in MPS devices with or without LDL carrier

Table 3.

with LDL Carrier

Acetaminophen Nefazodone | Terfenadine
LogP 0.46 4.7 7.1
PDMS-based MPS 100+ 1% 0.50 £ 0.01 % 54+3.0%
PDMS-based MPS
with LDL Carrier 100+ 5% 27+0.3% 8.7+£5.0%
Glass-based VLAMPS 95 +7% 63+1% 27+18%
Glass-based VLAMPs 95+0% 100£8% | 100+7%
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Table 4.

Continued Technical and Functional Evolution of the Liver MPS28-30

Model Component

Further Development

Cells Use patient derived primary cells or patient-derived iPSCs for all cells
Bile Ducts Integration of Cholangiocytes and other cells required to create bile ducts
Media Optimize media for normal vs disease states (e.g. modulate glucose, hormones, growth factors, free fatty

acids, lipopolysaccharides, etc.)

Carrier Proteins

Evaluate the need for additional carrier proteins for small molecule drugs and biologics to minimize
retention in the microfluidic devices

Flow Rate in Vascular Channel

Balance the optimal shear-stress in vascular chamber to stimulate LSECs with the use of flow rate to
optimize zonation

Design of the Geometry and
Volumes in the Vascular and
Hepatic channels

Optimize the total volumes of the hepatic and vascular chambers and the geometry of the opening in the
middle layer (A2)

Functional Scaling for Multiple
Organs

Evaluate the maximal output of each coupled organ for factors required for the optimal function of the
next organ in the series. Adjust the scaling of each organ to optimize the functional coupling
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