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Abstract

Microphysiological systems (MPS), comprising human cell cultured in formats that capture
features of the three-dimensional (3D) microenvironments of native human organs under
microperfusion, are promising tools for biomedical research. Here we report the development of a
mesoscale physiological system (MePS) enabling the long-term 3D perfused culture of primary
human hepatocytes at scales of over 10° cells per MPS. A central feature of the MePS, which
employs a commercially-available multiwell bioreactor for perfusion, is a novel scaffold comprising
a dense network of nano- and micro-porous polymer channels, designed to provide appropriate
convective and diffusive mass transfer of oxygen and other nutrients while maintaining
physiological values of shear stress. The scaffold design is realized by a high resolution
stereolithography fabrication process employing a novel resin. This new culture system sustains
mesoscopic hepatic tissue-like cultures with greater hepatic functionality (assessed by albumin and
urea synthesis, and CYP3A4 activity) and lower inflammation markers compared to comparable
cultures on the commercial polystyrene scaffold. To illustrate applications to disease modeling, we
established an insulin-resistant phenotype by exposing liver cells to hyperglycemic and
hyperinsulinemic media. Future applications of the MePS include the co-culture of hepatocytes
with resident immune cells and the integration with multiple organs to model complex

liver-associated diseases

1. Introduction

Over the past few decades, integration of engin-
eering and life sciences have led to the develop-
ment of three-dimensional (3D) culturing methods
allowing for the creation of organ-like systems, also
known as organ-on-chip (OOC) or microphysiolo-
gical systems (MPS) [1]. While biomedical research

© 2021 The Author(s). Published by IOP Publishing Ltd

has made groundbreaking advances using traditional
static two-dimensional (2D) culture methods, which
offer benefits such as simplicity, throughput and
reproducibility, researchers have been confronted
with mounting evidence that 2D culture on hard
plastics lacks physiological translatability when com-
paring in vitro outcomes with in vivo data [2].
These observations have fueled the efforts to create
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‘MicroPhysiological Systems’ (MPS) that better cap-
ture complex 3D features of human tissues [3, 4]
for applications in toxicology, pharmacokinetics, and
disease modeling [4]. Currently, animals are still the
benchmark validation models before human clin-
ical trials for medical regulators. However, animal
models often fail to appropriately recapitulate human
physiology due to major inter-species differences [5]
in biological pathways, metabolism, genetic vari-
ations and pharmacodynamics.

Although MPS approaches have been applied
to almost every organ of the human body [6-14]
there is still no consensus on how MPS should be
scaled for research or drug development purposes.
Optimal values of fundamental parameters of the
MPS construction and operation, such as the num-
ber of cells, the volume of media, flow rate, surface
area, or concentration of biochemicals, are dictated
by the particular applications of each MPS, with pre-
dictive models for human responses still emerging
[15]. Consideration of scaling parameters is partic-
ularly crucial when considering interconnecting sev-
eral organs together—for example, in the long term
culture of ten MPS at a time on a single human-on-
chip platform [16] and in more focused studies with
2-4 MPSs [9, 17, 18]. As the cells comprising MPS
are typically an expensive commodity, a preponder-
ance of MPS designs emphasize miniaturization to
operate at micrometric scale with relatively few cells,
which can often lead to an overwhelmingly skewed
cell/media ratio, thus diluting autocrine factors and
inhibiting depletion or accumulation of critical bio-
chemicals in the circulating media [19-21]. Further,
while some optical or molecular assays are compatible
with 10°~10° cells, assays ranging from detailed tran-
scriptional analyses to mass spectrometry or phos-
phoproteomics may require 10°~10% cells [15, 19].
Similarly, disease modeling such as tumor metastases
in a host tissue may require substantial cell mass to
replicate phenomena adequately [15, 20, 21]. These
observations motivate the need to design physiolo-
gical systems at mesoscopic scale between micro-
metric MPS and macrometric animal models, which
would help bridge the gap between the two fields
and provide more physiologically relevant in vitro
models.

An essential feature for the 3D culture of human
cells in OOC is providing nutrients and oxygen deep
into the tissue while removing waste products [10].
This function, performed in vivo by a dense vascu-
lature network, has driven efforts to recreate perfus-
able microfluidic networks in vitro, especially for cells
exhibiting elevated metabolic rates such as primary
human liver cells [22, 23] with a diffusion length of
oxygen on the order of 50-100 pums [24, 25]. As a
result, most liver MPS designs have focused on rel-
atively small cell numbers and dimension [26-31]
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and implementation has relied heavily on microfab-
rication techniques capable of working at such small
scales [32]. The difficulty of culturing primary human
hepatocytes (PHH) in 3D may be linked to the excep-
tional range of vital biological functions that the
liver fulfills, serving as the nexus for more than 500
functions [33], including detoxification, protein syn-
thesis for blood plasma, and metabolism of lipids and
carbohydrates. As a result, the liver is the second-
most oxygen-consuming organ of the human body
after the brain [34], which is reflected in vitro by
the need to perfuse liver OOC at elevated flow rates
compared to other organs. Hollow fiber bioreactor
designs adapted from clinical extracorporeal liver
support applications, and scaled down for in vitro cul-
tures efficiently oxygenate the tissue while protect-
ing the cells from flow [24-26], but these systems
have large dead volumes and are complex to manu-
facture and operate [25], thus motivating the present
work.

The MePS approach here builds on an exist-
ing commercial multiwell-plate perfusion platform,
the Liverchip®, which has been used to model hep-
atic behaviors including drug—drug interaction [27],
metastasis dormancy [28], hepatitis B infection [29],
and non-alcoholic fatty liver disease (NAFLD) [30].
This platform was recently evaluated by the FDA for
certain pre-clinical assays [31]. The commercial tech-
nology derives from a robust pneumatically-actuated
microfluidic pumping technology [35] which enabled
translation of the original design for a 3D per-
fused scaffold [36-39] from a format requiring an
external peristaltic pump into a convenient and easy-
to-seed multiwell plate format that minimized dead
volumes and nearly eliminated depletion of lipo-
philic compounds from the circulating medium [6].
The scaffold in the original design comprised a thin
(~250 pm) silicon or polystyrene disk (PS) per-
meated by and array of hundreds of ~300 ym dia-
meter channels placed atop a microporous mem-
brane, such that the membrane would hold isolated
liver cells (hepatocytes or hepatocytes plus NPC) in
place following initial seeding, then served to dis-
tribute flow relatively evenly to all channels in the
scaffold after cells had attached to the scaffold and
formed 3D tissue capturing some features of liver
[6, 36—38]. This design, while easy to fabricate and
use, exposes cells directly exposed to flow in ways that
limiting the range of flow rates that the tissue can
sustain, washes out poorly attached cells, and thus
and restricts the total mass of tissue that the biore-
actor can sustain. Given the recent interest in assays
requiring more than a million cells [19, 40], we aimed
to design a scaffold that could take advantage of the
robust pumping power of the existing platform, but
would support physiological function of larger cell
masses.
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Here, we report the design and fabrication of the
first mesophysiological system or MePS for the long-
term culture of PHH at mesoscale. The heart of the
MePS is a scaffold design that leverages a custom
high-resolution projection micro-stereolithography
apparatus (PuSLA) [41, 42] to achieve a micro-to-
meso geometry that is easy to seed, fosters 3D tissue
formation/maintenance, and facilitates an unusual
combination of diffusive and convective mass trans-
fers to support oxygen, drug, and nutrient/metabolic
product distribution throughout the tissue. The scaf-
fold geometry, a lattice of hexagonal membrane-like
units that guide flow through 3D porous microchan-
nels from the periphery to a central draining chan-
nel, was designed and dimensionally scaled around
the primary constraints of oxygen tension and tis-
sue shear stress values, recognizing constraints that
we and others have previously featured in simulations
[6, 36, 43—47]. The built-in vasculature-like channels
of the MePS scaffold feature nano and micro-holes in
order to enhance permeability between the tissue and
the media flow, capturing some aspects of the design
of the AngioChip [48], but in a more intricate archi-
tecture facilitated by the PuSLA fabrication.

Although soft hydrogel structures have previ-
ously been produced by PuSLA [49-51], the mech-
anical and biocompatibility requirements for this
application required development of new resin
chemistry that allowed fast fabrication of a nan-
oporous material. This new material enables the
fabrication of free-standing structures with inter-
mediary softness between hydrogel formulations
and hard plastics commercially used in 3D print-
ing while not undergoing typical swelling that
occurs with soft hydrogels. Further, all printing and
post-printing processes can be performed in solu-
tion at room temperature, greatly facilitating the
technical implementation of this method and its
reproducibility.

Finally, recognizing that in vitro liver models are
desirable for a range of applications from assess-
ing metabolism and toxicity to disease modeling
[27, 30, 52-56], we used a variety of metrics to assess
the functional performance of PHH cultured in the
MePS compared to the standard scaffold over a cul-
ture period of 3 weeks. Metrics include both standard
functional metabolic assays (albumin and urea pro-
duction and CYP450 activity) as well as a demon-
stration of disease modeling after characterizing the
enabled lower inflaimmation profile in our MePS
(through cytokine secretion) compared to standard
scaffold. For the latter, motivated by the billions of
individuals worldwide affected by non-alcoholic fatty
liver disease [57] and type 2 diabetes [18, 58], we
report here as a proof-of-concept the use of the MePS
to replicate certain clinical features of a phenomenon
common to both of these diseases, hepatic insulin
resistance.
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2. Materials and methods

2.1. Design of the liver MesoPhysiological system
We designed a bioinspired scaffold (MePS) mimick-
ing the native organization of the liver consisting of
hepatic lobules (figure 1(a)) in which blood flows
from hepatic arterioles and portal venules to cent-
ral venules through liver sinusoids [59]. A schem-
atic of the hepatic lobule and MePS can be found in
figures 1 and S1 (available online at stacks.iop.org/
BF/13/045024/mmedia). The entire scaffold consists
of 61 functional units (figure 1(b)) in a hexagonal lat-
tice made of photopolymerizable material, printed on
a porous membrane.

The MePS is a mesoscale 3D microfluidic sys-
tem made of a continuous network of microca-
pillaries guiding flow through its multiple lay-
ers of microchannels. The scaffold divides the
space into two topologically distinct compart-
ments (figures 1(b)—(c)). The first compartment, the
interior of the microchannels, allows rapid convective
flow through its conduits. It was designed to operate
with a single pressure drop across the scaffold, and
the geometry was optimized to generate a homo-
geneous self-guiding flow through the six parallel
layers, each 120 pm tall and 60 pm wide. The second
compartment outside of the microchannels creates
the interstitial space in which the cells reside. Each
functional unit hosts six triangular volumes in which
hepatocytes form tissue and are shielded from dam-
aging shear forces by the walls of the microchannels.

In order to sustain the high metabolic activity
in the tissue, and generate modest interstitial flow,
the two compartments are connected by micro win-
dows (figure 1(c)) on the scaffold surfaces to increase
nutrients and oxygen delivery from the fluidic com-
partment through passive diffusive flux and marginal
convective flow across the micro-windows, which
occupy 23% of MePS surface. Each functional unit
is 750 X 866 pum in size and 1.3 mm tall. The entire
construct is 6.9 mm wide and can be easily scaled up
to accommodate more tissue mass. The design of the
functional unit is a scaled-down version of the hepatic
lobule (1.2-2.4 mm in diameter) in order to account
for the lack of oxygen-carrying heme, which inher-
ently limits the length of oxygen diffusion in in vitro
systems.

All 61 functional units making up the MePS are
fluidically interconnected through a network of ver-
tical channels (figure S1). Locally, fluid at each inlet
(six per lobule) flows through a vertical channel that
is shared between adjacent lobules and guides the
flow through the parallel horizontal channels. These
guiding interconnecting vertical channels reduce the
hydraulic resistance of the entirety of the MePS due to
geometric effect by guiding flow into larger channels,
compared to design iterations of disjoined functional
units (data not shown).
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Figure 1. Description of native hepatic lobule and of the MesoPhysiological Scaffolds. (a) Schematic of the hepatic lobule shows
oxygenated blood in the liver flows from the portal triad to the central vein with a high degree of vascularization, allowing great
gas and nutrient exchange from the blood to the lining hepatocytes. (b) Schematic top view of the entire MePS, consisting of a
hexagonal lattice of functional units, each of them consisting of interconnected microchannels separating the fluidic
compartment and the cell compartment via micro-thin walls. (c) Schematic side view of functional units of the MePS. Green
arrows indicate media flows from the portal channels (inlets) to the central channel (outlet). The design of the scaffold allows
self-guiding flow distribution along the height of the unit when driven by a single pressure drop. The walls of the scaffold feature
staggered micro-windows allowing increased passive diffusion of oxygen and nutrients from the fluidic compartment to the cell
compartment. (d), (e) Photographs of the MePS immersed in solution. The UV absorbers used during the fabrication process
remain incorporated within the materials giving an orange/pink shade to the scaffold.

2.2. Fabrication of the MePS and implementation

Since the recent creation of the projection-micro-
stereolithograhy apparatus (or PupSLA) [41],
a particular method of solid free-form (SFF)
fabrication that relies on layer-by-layer photopoly-
merization, multiple studies have demonstrated its

ability to fabricate centimeter-scale 3D structures
displaying micrometric features including with soft
[51] and multi-material constructs [60], opening
the door to a new realm of applications in tissue
engineering. Given the great promises of this techno-
logy, we built a custom made PuSLA with resolution
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Figure 2. Workflow from design of the mesoscaffolds, fabrication using the PuSLA and tissue culture in a perfusion bioreactor.
(a) Native histology guides the generation of a 3D CAD (b) which is digitally sliced into sequential image files at a known
z-spacing. A computer (c) controls three elements in a timely fashion: the display of each image onto the DMD chip, the
illumination from the UV LED, and the motion of the stage between each light pulse resulting in the construction of multiple
functional units, one z-layer a time. The resulting acellular scaffold (d) is then washed, functionalized, and placed into a
bioreactor (e) where it is seeded with cells and cultured under constant perfusion. The result is a large, long-term tissue construct
(f) (with a high metabolic rate, which can be sampled for downstream biological analysis.

and throughput tailored for the SFF fabrication of
the MePS (see supplementary data for information
about the PuSLA). The schematic of the fabrication
and implementation of the MePS can be found in
figure 2. We generated CAD files using Solidworks”
2018 of the bioinspired MePS (figure 2(a)), which
were then sliced every 10 pm in the z-axis and con-
verted into grayscale images. These images were then
displayed by the PuSLA (figure 2(b)) to fabricate the
MePS on top of a 1 cm wide, 200 zzm thick Durapore”
porous membrane, which served as a substrate for the
constructs (figure 2(c)). The z-step of the PuSLA was
set to 10 um and a curing time adjusted to cure layers
14 pm thick. The outskirt of the 3D scaffolds was
sealed by overcuring a contiguous layer of mater-
ial. The resulting scaffolds were then processed to be

assembled within a bioreactor and seeded with cells
to be cultured for 21 days (figures 2(d) and (e)).

2.3. Photopolymerizable resin

We designed a specialized formulation of the poly-
merizable resin that allowed fast fabrication of a
relatively strong material allowing routine manual
handling with high resolution, only requiring low-
cost reagents easily available and allowing all steps to
be performed at room temperature. Three monomers
were tested (not shown) to optimize for mater-
ial elasticity, mechanical resilience and swelling
properties. The final resin was made by mixing
six components (table 1) under a vented hood in
the dark and stirred overnight until it resulted in a
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Table 1. Chemical formulation of the photopolymerizable resin
for the fabrication of the MePS using the PuSLA.

Chemical Function Weight %
HDDA Monomer 53.5
TMPE Oligomer 19.9
Sudan I UV absorber 0.20
Sudan IV UV absorber 0.20
Irgacure” 819 Photoinitiator 1.50
PEG 200 Porogen 24.5

HDDA: 1,6 hexanediol dimethacrylate.
PEG 200: polyethylene glycole 200 MW.
TMPE: trimethylolpropane ethoxylatetriacrylate.

homogenous liquid that was stored in a PEEK light-
blocking bottle.

2.4. Post-fabrication processes: material
hydrophilization and preparation for cell culture
The SFF-fabricated meso-scaffolds were washed three
times in ethanol and sterilized in a solution of 70%
ethanol and handled with autoclaved microtweez-
ers. The meso-scaffolds were then hydrophilized at
room temperature in a six well plate overnight in
a sterile-filtered solution of ethanol and deionized
water (1:1 volume ratio) containing L-cystine hydro-
chloride and tris(2-carboxyethyl) phosphine hydro-
chloride (56 ¢ L™! and 14 g L™! respectively), at a
pH adjusted to 13.5 using sodium hydroxide. The
meso-scaffolds were then washed five times in sterile
deionized water on a rocking plate in a six well plate.
The meso-scaffolds used for cell culture were then
coated in a solution of rat tail collagen I diluted to
100 p1g ml~! in deionized water overnight at 4 °C.
The meso-scaffolds were rapidly washed in PBS prior
to insertion into the bioreactor.

2.5. Material characterization
The evaluation of the photopolymerizable material
consisted of four aspects: (a) the kinetics of photo-
polymerization; (b) the elastic modulus of the mater-
ial; (c) the coefficient of diffusion of oxygen; and (d)
the adsorption properties of certain proteins and bio-
chemicals.

All procedures and methods for characterization
of these materials properties can be found in supple-
mentary methods.

2.6. Simulations of fluid dynamics and oxygen in
mesoscaffolds

To optimize the scaffold geometry and operation flow
rate, we used COMSOL Multiphysics finite-element
simulation software (COMSOL Inc., Burlington,
MA, USA) to simulate the flow and oxygen trans-
port in the MePS. A single functional unit of the
entire meso-scaffold was imported into the COM-
SOL environment and external boundaries were
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set as symmetry planes. The mesh for the finite-
elements was created by the physics-controlled mod-
ule and set as ‘fine’. In order to ensure physiological
ranges of shear stress and oxygen, we performed two
extreme case simulations corresponding to ‘worst-
case-scenarios. First, we assumed that the cell com-
partment offered zero hydraulic resistance to flow
therefore providing an upper bound of intersti-
tial flow and shear forces. Second, we modeled the
cellular compartment as an impermeable volume,
therefore preventing interstitial flow and limiting
oxygen delivery to the tissue’s core. As a result, pre-
dictions from a solid cell compartment offered a
lower bound of real oxygen tension within the tis-
sue. All simulations were the result of steady-state
derivations.

We selected Newtonian incompressible laminar
flow and performed a parametric sweep at increasing
flow rates from 1 to 5 pul s~! at the inlet boundary.
The no-slip boundary condition was set on the walls
of the MePS. The pressure at the outlet of the MePS,
2 mm above the top of the meso-scaffold, was set to
0 Pa. Under these assumptions, the fluid dynamics is
governed by the Navier—Stokes equation:

p-uVu=—Vp+uViu

With u the fluid velocity, p and p the respective
density and viscosity of the medium. We computed
the Reynolds numbers in the MePS defined as Re =
% with D the local hydraulic diameter of the
flow.

We simulated oxygen levels in the MePS taking
into account convection through the fluidic compart-
ment, diffusion through the walls of the microcapil-
laries and consumption by the cells. The consumption
rate R of the tissue was modeled using the Michaelis—
Menten kinetic with vi,x determined experimentally
from O, measurements (see supplementary data).
Given the model assumptions, the resulting govern-
ing equations were:

0cOt=0=D;V*c—V(u-c)+R
Vmax * €

B C+KM

With ¢ the concentration of O,, D; the coefficient
of oxygen diffusion through the various materials
(media, walls of the scaffold and tissue). The oxygen
tension at the inlet of the scaffold was set at the con-
stant saturation concentration (183 uM, ~20 kPa),
and the outlet was set as a free boundary of homo-
geneous oxygen distribution (2 mm above the scaf-
fold). We computed Péclet Number and Damkholer
number to compare convection, diffusion, and reac-
tion rates using:

U - Oeff  convection

Pe = =
Deg diffusion
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Vmax X 0 consumption

Da= diffusion

D t X Cwind

With u, the velocity inside the channels, d.f and Deg
the effective length of diffusion and coefficient of dif-
fusion respectively, d; the diameter of the tissue in
each lobule, Dy the diffusion coefficient of oxygen in
the tissue and cyjng the oxygen concentration at the
exit of the windows.

2.7. Hepatocyte culture in bioreactor
Cryopreserved PHH from two donors (Hu8179 and
AQL) were purchased from different vendors (Ther-
mofischer and BioIVT, respectively, both USA). Cells
were thawed according to instructions provided by
the vendors. Viability was assessed using the trypan
blue exclusion test and was >93% for all lots. Cells
were seeded into the Liverchip® (CN Bio Innovations,
United Kingdom) which was placed into a humidified
incubator at 37 °C at 5% CO,. The Liverchip” houses
12 individual wells that are perfused continuously via
recirculation of the media in a closed-loop fashion.
Meso-scaffolds and polystyrene scaffolds (PS) were
punched down into the bioreactor and sealed with
compressing O-rings.

Cells were seeded in the PS scaffolds according
to the instructions provided by the supplier (CN Bio
Innovations). In brief, cells were seeded as a cell sus-
pension with flow in the downward direction through
the PS scaffold for § hat 1 ul s~! to allow tissue form-
ation. The flow was thereafter inverted to upward dir-
ection until the end of the experiment. PHH were
seeded at a density of 600 000 cells per scaffold in
1.4 ml of medium per well.

The protocol for seeding the cells into the MePS
was optimized and adapted from the PS scaffold after
testing out various technical parameters, which can
be found in supplementary data. As a result of this
optimization, for seeding of the MePS, the bioreactor
was first left to equilibrate at 4 °C. Cells were seeded
(day 0) as a cell suspension at a density of 1 x 10° cells
per scaffold by centrifuging the bioreactor at 100 g
at 4 °C twice for 8 min. Media levels were adjusted
in each well between the two centrifugation steps to
achieve a total volume of 1.4 ml per well. Flow rate
was set at 2.3 ul s~! in the downward direction for the
first 24 h to allow microtissue formation and there-
after inverted to upward flow starting from day 1.
Flowrate was increase to 2.7 ul s™! at day 5 and to
3.2 pul s at day 7 until the end of the experiment to
sustain increasing oxygen consumption rate (OCR).
Different flow patterns and flow rates were tested and
results can be found in supplementary methods. This
method presented here was found to be optimal from
among those investigated.

From day 0 to day 1, the cells were maintained
in William’s E medium (WEM) containing primary
hepatocyte thawing and plating supplements. From
day 1 forward, the cells were maintained in WEM with
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standard supplements. Full media composition can
be found is supplementary methods. Complete media
change was performed in each well every 2 days start-
ing from day 1 until the end of the experiment. At
each media change, 1 ml of the recirculating media
was stored frozen at —80 °C for downstream biolo-
gical assays. For the insulin-resistance study, two cus-
tom WEM (seeding and maintenance) were used with
physiological levels of insulin and glucose (supple-
mentary methods).

2.8. Oxygen consumption measurements

A custom made lid was machined in polysulfone
(All Dimensions Manufacturing Inc., USA), with
12 ports to connect oxygen probes, allowing dir-
ect O, measurement at the inlet and outlet of the
Liverchip® as previously described by Domansky
et al [6]. Details about O, sensor calibration and
assembly with the bioreactor can be found in sup-
plementary methods and figure S43. Henry’s law
was used in order to convert the oxygen partial
pressure drops to oxygen concentration drops. The
OCR resulted in: OCR = AP x H X ¢, with
AP (kPa) the partial pressure drop across the scaf-
folds, H =42.75 mol m > kPa~! Henry’s law constant
of oxygen at 37 °C and ¢ the flow rate (m? s™1).

2.9. DNA extraction and quantification

We used the quantity of double-stranded DNA
(dsDNA) as a method to estimate cell numbers in
the scaffolds as described in previous work [61]. PS
scaffolds and MePS meso-scaffolds containing hep-
atic tissues were removed from the Liverchip” and
flash-frozen in a lysis solution of 50 mM Tris, 10%
glycerol, 150 mM NaCl and 1% NP-40. Similarly,
cryopreserved PHH were thawed, resuspended at a
concentration of 1 x 10° cells ml~!, and directly
flash-frozen in the lysis buffer to serve as a refer-
ence point. All samples were thawed at 37 °C, trit-
urated using a pestle homogenizer, and sonicated for
5 min. DNA was purified using QIAamp DNA Mini
Kit (Qiagen) according to the manufacturer protocol.
Samples were then diluted in order to fit the lin-
ear range of the standard curve and quantified using
Quanti-iT™ Picogreen® dsDNA assay kit according
to the manufacturer’s instruction. Samples from the
cell-counted cryopreserved PHH vials were serially
diluted in order to count obtain the reference DNA
content per viable cell.

2.10. Determining LDH and ALT concentration

Lactate dehydrogenase (LDH) release as a cyto-
toxic marker and alanine aminotransferase (ALT)
as a specific liver damage marker were measured
using enzymatic colorimetric kits (from Promega and
Abcam, respectively). Samples were thawed to room
temperature and prepared according to the suppli-
ers’ instructions. In brief, for LDH release, samples
were mixed with the substrate reconstituted in assay
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buffer into a 96 well plate at 37 °C, and the reac-
tion was stopped at 30 min. For ALT release, samples
were diluted in duplicates to fit the standard curve
and prepared according to the manufacturer pro-
tocol. Optical density was measured using a Spec-
traMAX plate reader (Molecular Devices, USA) at the
end of the reaction for LDH at 490 nm, and every
5 min at 570 nm for one hour for ALT to obtain the
conversion rate.

2.11. Determining rates of albumin and urea
synthesis

Albumin secretion and urea synthesis were measured
by enzyme-linked immunosorbent assay (ELISA)
kits. Samples were thawed to room temperature, pre-
pared according to the supplier instructions, and
pipetted into a high-binding 96 well plate. All samples
and standards were diluted in duplicates in the sup-
plied conjugated diluent buffer to fit the standard
curve and prepared in duplicates. The remaining steps
were performed at room temperature according to the
manufacturer protocol, and absorbance was meas-
ured using a SpectraMAX plate reader at 450 nm and
570 nm, respectively.

2.12. Determining P450 enzymes activity

The phase I metabolic activity of the cytochrome
P450 (CYP) enzymes of the isoforms CYP3A4 and
CYP1A2 were measured using the P450-Glo™ Kkits
(Promega) with Luciferin-IPA and Luciferin-1A2
respectively. The Luciferin substrates were diluted to
3 uM and 6 M respectively, in two separate mainten-
ance medias. The Luciferin-IPA was first incubated
for 1 h under perfusion in the Liverchip” followed
by two full media changes, followed by the Luciferin-
1A2 incubated for 3 h. Collected samples were added
to a white-walled 96 well plate with a standard pre-
pared using a serial dilution of click beetle luci-
ferin potassium salt. Luminescence was measured in
duplicate wells using a SpectraMAX plate reader.

2.13. Measurements of cytokine production

Cell supernatants were analyzed using a custom
Luminex panel from R&D systems. Samples were pro-
cessed according to the manufacturer’s instructions
adapted to a 384-well plate. Briefly, samples were
diluted by 2 and 50-fold in technical duplicates on
the plate. Samples were mixed with magnetic cap-
ture beads overnight, followed by plate washing, addi-
tion of detection beads, washing, Streptavidin-PE,
and final washing. Plates were run on the FLEXMAP
3D (BioRad) with parameters specified by the panel
kit manufacturer. Raw MFI values were fitted to
standard curves using five-point logistic regression
with xPONENT software (Luminex Corp). Down-
stream data analysis exported from xPONENT was
performed using MATLAB 2020a with Bioinformat-
ics Toolbox (MathWorks) (see supplementary data
for detail of the analysis).
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2.14. Imaging

For direct imaging inside the Liverchip®, the biore-
actor was momentarily detached from the perfusion
system and quickly imaged under a stereoscope (Ste-
REO Discovery.V12, Zeiss). For immunohistochem-
istry, the scaffolds were removed from the bioreactor
and washed with PBS. The samples were fixed in 4%
paraformaldehyde in the Liverchip” under a biosafety
cabinet under perfusion for 30 min at room tem-
perature. The samples were permeabilized after fixa-
tion with 0.1% Triton™ X-100 in PBS (Sigma Aldrich,
USA), and stained on a rocking plate in a cold room at
4 °C overnight with a 1:200 dilution of Alexa488 Phal-
loidin and counterstained with DAPI diluted 1:5000
in PBS.

For SEM imaging, samples were washed in eth-
anol and immersed in hexamethyldisilazane. The
samples were left to air dry under a fume hood and
sputter-coated in gold.

For LIVE/DEAD imaging, a live/dead kit
(molecular probes) was used. The fluorescent probes
were diluted according to the manufacturer’s protocol
in maintenance media and circulated for 1 h within
the Liverchip®. Scaffolds were thereafter removed
from the Liverchip, rinsed in PBS and immedi-
ately imaged in a fluorescent microscope (BZ-X710,
Keyence).

2.15. Determining insulin clearance and
gluconeogenesis

For the hyperinsulinemia and hyperglycemia study,
each well of the bioreactor was fed with a total volume
of 1.6 ml of medium. 100 ul of recirculating media
was collected at 8, 24 and 48 h after each media change
and frozen at —80 °C. Insulin clearance was measured
using an ELISA kit following the supplier instruc-
tions. To measure gluconeogenesis in the MePS, the
cells were first starved in medium with no insulin nor
glucose for 1 h and thereafter conditioned for 24 h
at day 15 in a glucose-free WEM based medium with
a titer of insulin (0, 0.1 and 10 nM). The conditioned
media was then collected, and glucose production was
measured using a colorimetric assay (Abcam). More
details on this model can be found elsewhere [62].

3. Results

We set out to leverage the advantages of PuSLA to
manufacture an MePS providing physiological levels
of oxygen and shear stress to a meso-scale liver tis-
sue mass (i.e. >10° cells in a compact 3D format). We
also investigated canonical markers of hepatic func-
tion in vitro and demonstrated features of an insulin-
resistance phenotype.

3.1. Projection p-StereoLithography apparatus and
material properties

Most fabrication techniques for microfluidic devices
are often complicated and time-consuming, requiring
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costly equipment in sophisticated cleanroom facilit-
ies [63]. Furthermore, their 2.5D fabrication process
limits, by nature, the range of 3D designs that can
be manufactured. Finally, these methods are usually
difficult to scale up when considering the need to
integrate the microfluidics within a perfusion system,
therefore limiting the size of the tissue. As a result,
various SFF methods are appealing alternatives to fab-
ricate microperfused devices, reducing both the cost
and complexity of fabrication. Here we present a fab-
rication technique which rivals traditional SUS litho-
graphy in terms of resolution but allows rapid fab-
rication of true 3D constructs with high aspect ratio
at centimetric scale. The photopolymerization pro-
cess (figure 3(a)) enables the creation of a nanopor-
ous material (figures 3(b) and (c)). SEM images of an
intermediate design of our mesoscaffold constructs
can be seen in figures 3(d)—(g). This design does not
contain interconnected lobules, and is used here to
illustrate feature resolution, which is easier to visu-
alize in this design. The PuSLA enables the fabrica-
tion of a lattice of functional units (figure (d)) consist-
ing of capillary channels with thin walls (44 m) and
open windows (6-22 um wide, figure 3(f)), allowing
precise control over the construct geometry. Owing
to the additive nature of the fabrication process, the
PuSLA was capable of fabricating structures with high
aspect ratio (figure 3(g)) while conserving resolution
of the fabrication technique. Full characterization of
the fabrication resolution is seen in figure S5. While
both diffraction of the light and uneven illumination
limited precision of the technique, 6.3 x 22.7 ym
windows were reliably manufactured (figure S5) with
a resolution of 2.3 X 6.8 um across the entire MePS
(6.9 wide x 1.3 mm tall) within only 187 min. The
inherent tradeoff between resolution and throughput
guided the design of the MePS so that flow distribu-
tion remained unaffected by small defects of fabric-
ation (see figure S12), allowing less stringent criteria
for rapid fabrication of the scaffolds.

The resin was a key component of the SLA fabric-
ation technique, and its chemical design was motiv-
ated by three criteria: the speed of polymerization, the
mechanical properties of the resulting material, and
its degree of porosity. Small variations in UV absorber
(from 0.1 to 0.25 w%) had a dramatic effect on the
kinetics of photopolymerization (figure S6), with a
smaller effect from the photoinitiator concentrations.
We chose a concentration of UV absorber and pho-
toinitiator (0.2 w% and 1.5 w%, respectively) that
maximized E; and minimized Dy, in order to increase
the Z resolution of the photopolymerization process
while maximizing throughput.

PHH functions are negatively affected by sub-
strate mechanical properties, characterized in part
by the Young’s modulus, E [64]. We therefore tar-
geted a resin chemistry that resulted in an much
softer bulk modulus (E = 310 + 6.8 kPa) than
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Table 2. Fabrication resolution, MePS features size, and material
properties.

Property Value

PuSLA x, y resolution 6.8 um

PuSLA z resolution 2.3 pm

PuSLA printing time (/scaffold) 182 min

MePS diameter 6.9 mm

MePS height 1.3 mm
Material 2D porosity 16 + 1.1%

Pore size 142 +£ 110 nm
Material Do, coefficient (x 10') 31+04m?s™!
Material Young’s modulus 310 £ 6.8 kPa

polystyrene (E = 2.91 GPa [65]). While this E value
is still greater than the native microenvironment of
liver, the nanoporosity may contribute to mechan-
ical signal transduction in favorable ways [66, 67].
Indeed, numerous studies have established the favor-
able effect of nanopores on stiff substrate with
respect to mechanotransduction in epithelial cells
[68, 69]; in addition, mucosal epithelial cells from
lung, intestine, endometrium, and other tissues cul-
tured on stiff but porous Transwell membranes retain
physiological function without evidence of fibrotic
response. The resulting material was strong enough
to allow manual handling of the SFF-produced
meso-scaffolds in solution without damaging
them.

Measurements of porosity (figure 3(b)) revealed
the creation of dense nanopores (142 nm + 110 nm)
at 16% 2D porosity from the spinodal decom-
position of the porogen during the fabrication
process. The addition of nanopores resulted in
an elevated coefficient of diffusion of oxygen
Doy = 3.1 £ 0.4 x 1071 m? s7! (supplementary
methods), 26-fold greater than regular plastics such
as polystyrene (DIPolystyrenel ) — 0,12 x 10710 m? s~
[70]), allowing increased flux between the fluidic and
cellular compartments.

SLA generally requires post-processing [71] with
a drying step and a light exposure step to quench
unreacted groups on the surface. Given the size of
the features on the MePS, direct drying of the scaf-
folds resulted in mechanical failure of the struc-
ture by surface tension. Instead, we developed a pro-
cess to functionalize the material using L-cystine,
a zwitterionic amino acid, that increased both the
hydrophilicity and biocompatibility of the mater-
ial. With this workflow, the MePS remained con-
stantly immersed in solution throughout its entire
lifetime, therefore eliminating the risk of fracture and
bubble formations. The effects of the functionaliza-
tion on scaffold response to deformation in solution
are shown pictorially in figure S7. Derivation of the
oxygen diffusion coefficient in the nanoporous scaf-
fold wall (reported in table 2) was performed using
data in figure S8. The final meso-scaffolds exhibited
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Figure 3. Fabrication of multiscale architectures with nanoporous materials. (a) Schematic of the photopolymerization process
shows covalent cross-reaction between monomers and oligomers via radicals created by fragmentation of the photoinitiator upon
UV exposure. UV absorber quenches the reaction while the unreactive porogen is washed post-reaction, yielding a solid foam.

(b) SEM imaging of the material surface reveals nanopores created by the porogen. (c) Cryo-SEM of the materials reveal the
granular composition of the material. (d)—(g) SEM imaging of the MePS consisting of a lattice of functional units (intentionally
disjoined here to maintain structural integrity of the scaffold): the drying process for SEM induces minor constriction and
deformation of the structure which resulted in the implosion of the MePS during drying when functional units were attached to
one another (data not shown). As a result, functional units have been detached from each other in this figure to prevent rupture
of the entire assembly. (f) Top view of a function unit at 30° inclination. (g) Imaging of the walls of the MePS shows formation of
micro-windows along the entire height of the structure. Striation can be observed and are artifacts of the additive steps along the

minimal adsorption of proteins across a wide range
of protein sizes and properties (insulin, albumin,
TNF-a, TGFa, and EGF,; figure S8).

3.2. Computational simulations of flow and
oxygenation

The geometry of the MePS was optimized to max-
imize the volume of the cellular compartment while
maintaining physiological levels of oxygen and shear
forces. Results from the simulations can be found in
figure 4. We calculated the Reynolds numbers and
found a maximal value Re = 0.21 at the outlet of
the scaffolds within the central channel where velo-
city peaked at 1.68 mm (at flow rate o = 3.2 ul s71)
(figure 4(a)), computationally validating the laminar

nature of the flow. Flow in the MePS through each
of the six layers of the microchannels ranged from
14.2% to 19.8% of the total flow, suggesting a homo-
genous flow distribution along with the height of
the MePS. Predicted shear forces experienced by the
tissue ranged up to 2 mPa, increasing along with
the height of the MePS (figure 4(a)) with a median
value at 0.9 mPa, far below the critical shear stress
of 1.6 mPa experienced by the hepatocytes in the PS
scaffolds. Viscous stress increased linearly with flow
rate (figure 4(b)) and presented an uneven distribu-
tion throughout the MePS, limiting flow rates exceed-
ing 3.7 ul s, Marginal interstitial flow was predicted
(13.8% of total flow), implying that the windows
were slightly permissive to flow through the cellular
compartment.
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Figure 4. Simulation of the fluid dynamics and oxygen transport enables quantitative design targeting physiological level of shear
and oxygen tension. (a) Predicted flow streamlines across the MePS and shear stress on the wall of the MePS from the CFD

(p = 3.2 uls71). The cell compartment was modeled here as a free solution, offering the least hydraulic resistance to flow and
allowing complete unhindered interstitial flow. Therefore, the predicted shear stress is expected to be a higher bound of what the
cells are experiencing. (b) Distribution of the shear stress on the walls of the MePS experienced by the tissue at increasing flow
rates. (c) Predicted oxygen tension in the cellular compartment and fluidic compartment from the oxygen simulations

(p = 3.2 uls71). The cellular compartment was modeled here as an impermeable volume. Therefore, the predicted oxygen
tension is expected to be a lower bound of what the cells are experiencing. (d) Prediction of the oxygen tension in the cellular

Predicted oxygen levels in tissue (figure 4(c))
ranged from 7.9 to 13.3 kPa with a median value of
10.1 kPa, mirroring oxygen levels of the oxygenated
regions of the hepatic lobule of 8.7 kPa [72]. Péclet
number calculation gave Pé = 214 >> 1 validating
dominance of the convective flux over diffusive flux
in the MePS. The calculation of the Damkholer num-
ber gave Da = 34, which was found to be greater
than other liver MPS operating in the 0.55-2 range
[6] which can be explained in part by the micro-
scopic scale of these other MPS. We also calcu-
lated the Damkholer number of the MePS in the
absence of windows giving Da = 580, indicating
that the nanoporosity of the material alone was not
enough to ensure sufficient oxygenation of the tis-
sue. The numerical simulations validated the mode
of operation of the MePS: its design allowed elev-
ated convective flow through its network of micro-
capillaries while shielding the tissue from dam-
aging shear forces. Careful design and fabrication of
side windows permitted improved oxygen delivery

to the core of the tissue with minimal interstitial
flow.

3.3. Seeding efficiency in MPS and MeP$S

Seeding of 1x10° hepatocytes into the MePS resulted
in dense live tissue in the cellular compartment of
the scaffold as seen from figure 5. Traditional MPSs
usually require minuscule amounts of cells for their
operation [4], but when assembled with their perfu-
sion system, they generally result in devices with a
large media-to-cell ratio far from physiological levels.
Furthermore, protocols usually involve seeding an
excess of biological material, which can bias down-
stream analysis when normalizing to number of cells
seeded. In order to assess the number of remain-
ing cells in the scaffolds, we measured the quantity
of dsDNA in the MPS and our SFF-produced MePS
after 7 days of culture. As seen in figure 6 a, when
seeded at an increasing number of hepatocytes, both
MPS and MePS presented a bell-like curve, indicat-
ing an optimal seeding density for their operations.
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Figure 5. Imaging of hepatic culture within MePS. (a) Stereoscope images of empty mesoscaffold before seeding and after 15 days
of culture after fixation (b). Darkened interstitial volumes within the scaffolds suggest dense, healthy tissue. Damaged area can be
seen during the removal process within the Liverchip (arrow). (c), (d) Live/dead imaging of the MePS (green/red) after 5 days of
culture. Imaging of the scaffold indicates live cells within the cellular compartment of the MePS. Dyes used during the fabrication
process cause auto-fluorescence of the structure in the red channel. (d) Stacked z-projection from fluorescently labelled
LIVE/DEAD hepatocytes reveals (D) cell morphology densely packed between scaffold channels.

For the PS scaffolds, the DNA content peaked at
6 x 10° cells per scaffold with a total dsDNA con-
tent of 3.2 ug £+ 0.3, corresponding to 65% of the
total number of cells at seeding. For our MePS, total
DNA content maxed when seeded at 1 x 10° cells at
6.5 £ 0.3 g per scaffold, corresponding to 82% of the
total number of cells seeded. These results suggested
that our MePS could host a large mass of primary hep-
atocytes with minimal amount of media recirculating
volume (1.4 ml).

3.4. Elevated OCR in the MePS

Oxygen gradients in hepatic lobule affect hepatic
function both in healthy and diseased states [72]. In
order to monitor hepatic viability and function in
our in vitro system, we measured the OCR (OCR,
figure 6(b)) of the tissues cultured in the standard PS
scaffold and MePS over the course of 7 days at an
increasing number of cells. Raw data can be found

in supplementary data. The OCR in the PS scaffold
gradually declined over the course of the experiment
from 32 to 19 pmol s™! at its optimal seeding dens-
ity of 6 x 10° cells. Conversely, the OCR in the
SFF-manufactured MePS gradually increased over the
course of the experiment. When seeded at 1 x 10°
cells, the OCR rose from 43 to 95 pmol s~! from day
2 to day 6. The differential trajectory of OCR between
the PS scaffold and MePS suggested that in addi-
tion to promoting better long-term health of hepato-
cytes, the tissue in the SFF-manufactured scaffold was
increasing its function over the length of the culture.

3.5. LDH and ALT release

To assess viability of the cells in the MePS, levels
of LDH and ALT were continuously sampled from
the recirculating media to monitor cytotoxicity
and potential liver damage. We used the com-
mercial scaffold made of micromachined PS as a
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Figure 6. The MePS sustain greater cell mass and oxygen consumption with no difference in stress marker. (a) Quantification of
dsDNA in the MPS and MePS after 15 days of culture feature a bell-like curve as a function of seeding density, indicating variable
optimal seeding for each culture format and sub-optimal seeding for higher seeding density. (b) The reading of OCR shows the
dynamical changes of oxygen demand as a function of seeding density. Dashed line in indicates fitted parameter used for the
computational simulation of oxygen consumption. (c) Analysis of LDH cytotoxicity release and ALT release (liver damage)

(d) show no difference after day 5 compared to the established MPS model. Mean £ SEM; *: p < 0.05; **p < 0.01; ***p < 0.001,
*#*%p < 0.000 15 ns = no statistical difference using either t-test. For (b): p-values from two-way ANOVA for the OCR.
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benchmark comparison to our SFF-manufactured
meso-scaffolds. Similarly to other physiological in
vitro cultures of cryopreserved human hepatocytes
[73=75], LDH and ALT secretion rates were elevated
upon thawing for the first 3 days of adaption in both
culture formats as cells adapted to culture conditions.
Levels of LDH in the MePS dropped significantly
after day 5 (figure 6(c)) and remained low to similar
background values as the PS condition. Similarly,
ALT release in the MePS (figure 6(d)) significantly
dropped throughout the first 5 days of culture and
remained low (<0.8 mU ml~!) for the remainder of
the culture (21 days). These drops were concomit-
ant with a rise in the rates of albumin production
(see below). Given the previous characterization of
the commercial PS system in the Liverchip ©[6], the
overall low concentrations of LDH and ALT in the
MePS support the conclusion that cells were viable,
even when seeded with a greater number of hepato-
cytes (1 x 10° cells in the MePS versus 0.6 x 10° cells
in the MPS).

3.6. Albumin secretion and urea synthesis

We measured albumin levels and urea secretion as
canonical indicators of hepatocyte function. The PS
scaffolds served as a benchmark comparison to our
MePS. Both conditions featured an increase of urea

synthesis (figure 7(a)) from the day of seeding to
peak at day 5. Urea synthesis in the MePS remained
stable until the end of the experiment (21 days total)
at elevated levels (>70 pg ml d=! ug DNA), much
greater than the MPS (<32 ug ml d ug~! DNA). Sim-
ilarly, albumin secretion in both conditions increased
drastically from day 0 up to day 7 (figure 7(b)). Albu-
min levels thereafter remained overall constant in the
MePS (~5 pugmld pug~! DNA) at values much higher
than the PS condition, which started to decline after
the 9th day of culture (<3 pg ml day™! ug DNA).
Given the importance of albumin [76] and urea syn-
thesis [77] as benchmark biomarkers of hepatic func-
tion, these results support the conclusion that cells in
the MePS exhibited elevated hepatic function com-
pared to commercial scaffolds. The absolute values
of urea and albumin synthesis also support the con-
clusion that a considerable number of cells particip-
ated in the function of the entire MePS. Furthermore,
the stable levels of urea and albumin synthesis suggest
that long-term culture of 21 days is possible. (n = 6
repeated twice for each donor with n4opor = 2).

3.7. Cytochrome P450 activities
We measured the activity of two prominent cyto-
chrome P450 enzymes (CYP3A4 and CYPI1A2,
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Figure 7. Human primary hepatocytes in MePS feature elevated biological function and decreased inflammation markers. The
PSs (MPS) serve as a reference point for comparison and were seeded using the protocol provided by the supplier using its most
optimal loading capacity (6 x 10° cells). All MePS conditions were seeded with 1 x 10° hepatocytes at its most optimal seeding
capacity. Full media change was performed every 2 days, and supernatant was collected for downstream analysis. (a) Urea
synthesis is significantly increased by about two folds in the MePS, suggesting increased biological function. (b) The secretion of
albumin (negative acute phase protein) is also significantly increased and sustained over a 21 days period in the MePS while
slowly declining in the MPS. Metabolic activity of cytochrome P450 enzymes 3A4 (c) and 1A2 (d) remain statistically greater in
MePS. CYP3A4 activity increases from Day 7 to Day 15 while decreasing in the PS model. (e) Multiplex assay of cytokine secretion
after 15 days of culture indicates lower pro-inflammatory cytokine profile in the MePS compared to the MPS. Mean + SEM; *:

P <0.05; ** p <0.01; ***p < 0.001, ****p < 0.000 1; ns = no statistical difference using t-test (n = 12 (a)—(d)). For (e) q-values
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figures 7(c) and (d)) which account for 40% of xeno-
biotic activity [78] of the liver to assess the metabolic
activity of the cells in the MePS. The PS scaffolds
served as a benchmark comparison. CYP3A4 activity
in the MePS increased from day 7 to day 15 while
decreasing in the PS condition. Normalized CYP3A4
activity in the MePS showed enhanced conversa-
tion rate (7.4 pmol h ug=! DNA at day 15), much
greater than in the PS condition (2.7 pmol h ug™!
DNA at day 15). Similarly, cells in the MePS showed
elevated CYP1A2 activity (1.4 pmol h pg~' DNA
at day 7, figure 6(f)) compared to the PS condition
(0.83 pmol h pug~!' DNA at day 7). Both scaffolds
featured a decrease of CYP1A2 activity from day 7 to
day 15, which is expected as CYP1A2 is often elevated

in stress [79, 80]. Given the importance of CYP3A4
and CYP1A2 enzymes in vivo, these results showed
that culturing hepatocytes in the MePS can improve
metabolic activity for a long time.

3.8. Cytokine production

Systemic inflammatory crosstalk is important in
many diseases [81] including those afflicting liver,
hence basal inflammation profiles are useful in
determining physiological conditions for in vitro dis-
ease models [82]. Thus, we measured secretion rates
of multiple cytokines, chemokines and growth factors
(C/C/GFs) in order to establish the inflammation
profile of the cells in the MePS in comparison to
the PS condition. Out of the 37 C/C/GF analyzed
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(figure 6(e)) in the media, only 14 were at detectable
levels after 48 h. From these 14 cytokines, 5 (MMP2,
PDGF-AA, IL-7, IL-8, and PDGF-CC) were signific-
antly decreased in the MePS compared to the PS con-
dition and none were elevated when normalized for
DNA content. We reiterate here that tests of represent-
ative C/C/GF for interaction with the meso-scaffold
(figure S9) indicate that loss due to protein absorp-
tion to the scaffold is negligible. These results sup-
port the conclusion that the MePS enables a more
physiological culture of hepatocytes compared to the
commercial PS system, with a lower inflammation
profile at basal levels.

3.9. Insulin-resistant model in hepatic
mesophysiological MePS

Finally, we investigated as a proof of concept whether
this new system could recapitulate features of hep-
atic insulin resistance, a clinical features of type 2 dia-
betes (T2D) and NAFLD [58, 83] as we describe in
more detail elsewhere [62]. We tested the effect of long
term culture media on primary hepatocytes in the
MePS for 15 days: a physiological media (figures 8(a)
and (b)) with glucose and insulin levels similar to
portal levels in vivo (5.5 mM and 200 pM respect-
ively [84, 85]), and an hyperinsulinemic and hyper-
glycemic media (thereafter referred as T2D media) in
which levels of insulin and glucose where intended
to mirror postprandial values of patients exhibiting
hyper insulin secretion (11 mM and 1000 pM respect-
ively). Full composition of both media can be found
in supplementary data.

We measured the rate of insulin cleared from the
media in the two conditions (figure 8(c)) across mul-
tiple timepoints. The insulin clearance remained con-
stant throughout the experiment in the physiological
media, with a total clearance rate after 48 h of cul-
ture around 75%. On the contrary, the hepatocytes
in the T2D media started losing the ability to clear
insulin starting from day 9, steadily declining from
76% at day 5 down to 49% at day 15; this finding is
consistent with data from additional donors cultured
in the standard MPS as reported elsewhere [62]. We
also tested for CYP450 activity, as clinical data have
reported a reduction of CYP3A4 and CYP1A2 activ-
ity in diabetic patients. We found that the activity of
both enzymes (figures 8(d) and (e) in both media
were at comparable levels at day 7, but the activity
of both CYPs in the T2D media was dramatically
reduced compared to the physiological media at day
15. CYP3A4 activity was reduced by 2-3 folds in the
T2D media and by 48% for the CYP1A2.

A critical function of the liver regarding T2D is its
ability to both store and release glucose de novo (gluc-
oneogenesis) when exposed to low levels of insulin in
the serum (<0.1 nM) [58]. This function is altered in
diabetic patients when the liver is excessively exposed
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to a high amount of insulin. We measured glucon-
eogenesis capacity of PHH when exposed to increas-
ing concentrations of insulin (0, 0.1 and 10 nM)
after being conditioned in the two different media
(figure 8(f)). Glucose production of the cells main-
tained in physiological media behaved as expected
from healthy in vivo data: the cells secreted 160 M
of glucose in the absence of insulin, and the secretion
was totally inhibited at the highest concentration of
insulin. In stark contrast, the cells maintained in T2D
media produced a greater amount of glucose, close
to 400 uM in the absence of insulin, and this secre-
tion could not be inhibited by a high level of insulin
(10 nM) with a resulting glucose output of 180 uM.
These three features together (the decline of
insulin clearance, the diminished CYP activities, and
the overproduction of glucose even at an elevated
level of insulin) suggest that the hepatocytes in the
MePS have established an insulin resistant-like phen-
otype recapitulating some clinical features observed
in T2D. The gradual decline over time of the insulin
clearance and the difference of CYP activity between
day 7 and 15 seem to indicate that this phenotype
required long term exposure to hyperinsulinemic and
hyperglycemic levels for the phenotype to progress.

4, Discussion

The results obtained in this study demonstrate that
PuSLA printing can be used to fabricate mesoscale
scaffolds with microscale 3D fluidic networks, allow-
ing sustained 3D primary liver cultures. One of the
driving motivations for this work was the need to
create a mesoscale system to bridge the gap between
in vitro microsystems operating with limited biolo-
gical material (~10°~10* cells) and in vivo macrosys-
tems with cell numbers orders of magnitude higher
(~10 cells), resulting in off-target allometric when
considering the amount of medium required for cell
culture and in applications such as hosting small liver
metastases [15, 21].

Traditional fabrication techniques for OOC
are often complex, multi-step, and hard to repro-
duce in situ. The culture of 3D tissues is still one
the most challenging tasks of tissue engineering,
and many vascularization approaches are being
investigated [86, 87]. Specifically, the culture of
primary hepatocytes is challenging due to its relatively
high metabolic rate, leading to diffusion barrier
length of 30-100 pm [88] and requiring a very dense
vascular network for efficient oxygen delivery in vivo.
Some strategies focus on the perfusion system itself
and thereafter relying on the embedding of tissues in
gel structures. While this approach has generated sig-
nificant advances and shed light on emerging proper-
ties of biological systems [10, 86], the use of matrices
inherently limits the amount of post-mitotic cells that
can be introduced due to the lack of dense vasculature
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Figure 8. High levels of insulin and glucose induce insulin-resistance phenotype in hepatocytes in the MePS. Hepatocytes in the
MePS were exposed to two media (a) mirroring physiological values of insulin and glucose or hyperinsulinemia and
hyperglycemic levels. (b) Cultures were fed conditioning media for 15 days with full media change every 2 days (down arrows)
followed by glucose starvation in order to measure glucose output at final day. (c) Insulin clearance (measured at 8, 24 and 48 h
after every media change) declines past day 9 in culture in the hyperinsulinemic condition while remains stable for the
physiological condition. CYP1A2 (d) and CYP3A4 (e) activities also decline when exposed to hyperinsulinemia compared to
physiological medium at day 15. (f) Glucose production by hepatocytes spikes for culture conditioned with high levels of glucose
and insulin, indicating the loss of inhibition of glucose production. Mean £ SEM; *: p < 0.05; ** p < 0.01; ***p < 0.001,

at the time of seeding. In this work, our approach was
inspired by hollow fiber bioreactors, and we focused
on the fabrication and implementation of scaffolds
with pre-existing vascular-like networks to provide
nutrients and oxygen efficiently to the cells while
shielding them from damaging shear.

Even though the field of OOC has provided
numerous new methods for 3D culture, only a few
options have been commercially successful [79, 80].
Two major challenges facing these emerging tech-
nologies are the cost of production and the need

to establish reproducible, user-friendly protocols
[89, 90]. In this work, we showed that the PuSLA was
a useful manufacturing technique to create biological
scaffolds for 3D culture. Compared to traditional SLA
techniques working in a point-by-point fashion, the
PuSLA cures materials in a layer-by-layer manner,
therefore dramatically increasing the manufacturing
speed while conserving micrometric resolution and
allowing the complete fabrication of MePS within
only 3 h. The field of 3D printing is a rapidly grow-
ing discipline with commercial printers constantly
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evolving, and with the rise of new technologies such
as holographic volumetric 3D printing [91], we spec-
ulate that even more rapid printing of MePS will be
achieved in the future. Furthermore, in addition to
only requiring off-the-shelf material for the fabrica-
tion, all post-printing processes were developed to be
performed batchwise in solution at room temperat-
ure, therefore ensuring sterility and preventing failing
points in traditional microfluidics such as the form-
ation of bubbles and tearing of the microchannels by
manual handling [90].

Careful design of the material chemistry allowed
the creation of nanopores for increased oxygen
exchange between the fluidic and cellular compart-
ments. The resulting material also featured relatively
high elasticity with a Young’s modulus of 310 kPa:
harder than typical hydrogels made with bioprinters
but softer than hard polymers used in commercial 3D
printers. Although SLA has been reported to fabric-
ate materials with Young’s moduli as low as 420 Pa
[48], these resulting hydrogels typically swell once put
in isotonic solutions which was also observed when
we replaced our monomer (HDDA 226 MW) with
a monomer of higher molecular weight (polyethyl-
ene glycol dimethyl acrylate, 750 MW) as the mater-
ial underwent swelling once put in PBS (data not
shown), therefore deforming critical microfeatures of
the 3D MePS.

In this work, we capitalized on the already exist-
ing Liverchip” as an attractive perfusion device for
our system, as the recirculating motion of the media
allowed for small operating volumes at robust flow
rates. The cell culture method used here has sev-
eral practical and fundamental advantages that dis-
tinguish it from other OOC devices. The recircula-
tion of a low volume medium (1.4 ml) with respect to
the number of cells (1 x 10°) reaches levels closer to
physiological values than other devices. Furthermore,
the absorption of biological compounds to lipophilic
materials used for MPS fabrication, such as PDMS
[92], can dramatically alter experimental interpreta-
tions. Our photopolymerizable material and bioinert
bioreactor avoid such issues (see figure S9).

The optimization of the MePS design via numer-
ical simulations allowed the generation of 3D struc-
tures that could operate despite small fabrication
defects inherent to any manufacturing methods. We
focused on the oxygenation and shear forces exper-
ienced by the tissue as the two critical parameters
working against each other but were critical for liver
function and viability [93, 94]. This approach per-
mitted the prediction of the ideal range of flow rates
and the scaffold geometry adjustment. The MePS
behaves like hollow fibers in a bioreactor, but with a
capillary density close to the diffusion limit of oxy-
gen (~120 pm). Nonetheless, conversely to hollow
fibers made of highly permeable materials, our 3D
printed material was not permissive enough for com-
plete oxygenation of the tissue, therefore requiring the
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fabrication of lateral windows to artificially increase
mass transfer. While the windows accounted for 23%
of the total surface area of the scaffold, the numer-
ical simulations only predicted an interstitial flow of
13.8% in the worst case scenario, which was only
possible due to the nonlinear dependency between
hydraulic diameter Dy and hydraulic resistance Ry
(Ru ~ 1/Dy*) [95].

The biological characterization of the hepatocytes
cultured in the MePS showed improved health and
function compared to the commercial PSs made of
hollow microconduits. The quantification of dsDNA
in the MePS, which was previously reported to cor-
relate with cell content in culture [61], indicated that
most of the 1 x 10° cells introduced in our system
remained after 7 days of culture (>82% of total cells
seeded). The direct measurement of OCR revealed
that the hepatocytes in the MePS consumed more
oxygen over time, from 52 at day 1-94 amol/cell/s at
day 7, within the reported range 10-120 amol/cell/s
previously reported for primary hepatocytes [26, 96],
which indicated that the culture increased its meta-
bolic activity. The cells in the MePS released low levels
of cytosolic enzymes (ALT and LDH), similar to val-
ues in the PS scaffolds, confirming that they retained
high levels of viability throughout the operation of the
cell culture. Low levels of these cytosolic enzymes in
the cell culture medium have previously been correl-
ated with low hepatocyte death [97]. The cells in the
MePS also presented elevated ureagenesis and albu-
min secretion in comparison to the PS system indicat-
ing increased hepatic activity. Furthermore, sustained
albumin secretion was achieved from day 9 to day
21. The activity of the CYP450 enzymes CYP1A2 and
CYP3A4 also was higher in the MePS compared to the
PS scaffolds, indicating elevated metabolic activity of
the tissue. The analysis of cytokine secretion in the
MePS showed reduced secretion of cytokines, notably
the decreased secretion of IL-8 which has previously
been reported to alter the production of acute phase
protein in hepatocytes in vitro [98].

The low release of cytotoxic markers, the
increased oxygen consumption by the cells, the elev-
ated secretion of urea and albumin, and the increased
activity of cytochrome P450 enzymes in the MePS
compared to the MPS indicate that the tissues behave
differently at a cellular level. Several features of the
MePS may contribute to these differences. First, the
median shear stress predicted in the MePS (0.9 mPa)
was significantly lower than in the MPS (1.6 mPa).
While the field has established the detrimental effects
of excessive shear forces above 500 mPa [20], the
data linking a lower range of shear stress and hep-
atic function has been inconsistent, due in part to
different culture formats, model interpretations, or
donor variability, with some studies showing a bene-
ficial effect of shear on hepatocytes at low values
(<33 mPa) [43, 97, 99]. Second, the predicted oxy-
gen tensions in the MePS and the PS scaffolds were
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drastically different, with median values of 10.1 kPa
and 16.2 kPa, respectively, which could support the
idea that physiological tension levels could contrib-
ute to the phenotypic difference observed between
the two systems. Great advances have been made in
understanding the role of oxygen gradients in hep-
atic function in vivo through hepatic zonation [33],
but in vitro data are still inconclusive regarding the
optimal oxygen tension required within the tissue for
a culture format [100]. While some successful cul-
tures of primary hepatocytes require culture at 95%
oxygen saturation (~96 kPa) [101], more recent stud-
ies [102] have shown a deleterious effect of an excess
of oxygen with regard to hepatocyte dedifferentiation
and obtained healthier culture at physiological levels
of oxygen tension (5 kPa). We suspect that a crit-
ical aspect to elucidate these contradicting facts was
to account for the active transport of oxygen to the
tissue, and that oxygen tension at the cellular level
was more informative than the oxygen input of the
system. Third, the scaffold design fosters favorable
cell—cell contacts such as those known to promote
liver function [103]. Local cell density and accumu-
lation of autocrine factors may also contribute.
Owing to the tissue’s mesoscopic scale in our
MePS and its elevated metabolic activity, we rep-
licated in vitro some clinical features of T2D as a
proof of concept that the MePS can be used to study
metabolic disorders physiologically and quantitat-
ively. Type 2 diabetes is a complex multisystemic
disease characterized by insulin resistance in which
multiple organs come into play, leading to the over-
production of insulin at a basal level [104]. T2D
has also been associated with metabolic syndrome
defined in part by hyperglycemia, which can be
used to predict T2D onset. While canonical culture
media for primary hepatic culture generally contain
extremely high concentrations of insulin and glucose
compared to physiological levels, we wanted to test
the hypothesis that cells in our culture system would
respond differently when exposed to either physiolo-
gical or T2D levels of insulin and glucose. When
exposed to physiological medium, the cells had a
stable phenotype regarding insulin clearance, cyto-
chrome P450 activities, and glucose output. How-
ever, when exposed to hyperglycemic and hyperinsu-
linemic levels over the course of 15 days, the cells in
the MePS started to deviate from the physiological
condition from day 9, exhibiting a drop of insulin
clearance from 74% to 49% and a complete loss of
gluconeogenesis inhibition at high level of insulin.

5. Conclusions

This work reports, to the best of our knowledge,
the first long-term culture of primary hepatocytes at
mesoscale in an 3D printed scaffold. The fabrication
of the MePS at high-throughput was made possible by
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projection micro-stereolithography capable of print-
ing centimetric scaffolds with micrometric resolu-
tion. The design of the MePS allows an even distribu-
tion of flow throughout the scaffold for the enhanced
delivery of oxygen and other nutrients to the cellu-
lar compartment. The liver culture in our system fea-
tures elevated albumin and urea synthesis, CYP activ-
ity, and low inflammation profile over 21 days. This
model can establish chronic insulin-resistant culture
for the study of metabolic disorders in vitro at scales
closer to in vivo samples. Furthermore, by decoup-
ling the perfusion system to its scaffold, the MePS
can be scaled from its functional unit and be integ-
rated into various human-on-chip platforms to inter-
act with multiple organs. We believe that mesoscopic
physiological systems will help to bridge the gap
between in vitro MPS and in vivo animal models by
improving the scaling of tissue culture. Future work
will include the co-culture of hepatocytes with resid-
ent immune cells to elucidate inflammation mechan-
isms during type 2 diabetes onset.
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