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Abstract

The design and manufacture of an origami-based liver-on-a-chip device are presented, together
with demonstrations of the chip’s effectiveness at recapitulating some of the liver’s key in vivo
architecture, physical microenvironment, and functions. Laser-cut layers of polyimide tape are
folded together with polycarbonate nanoporous membranes to create a stack of three adjacent
flow chambers separated by the membranes. Endothelial cells are seeded in the upper and

lower flow chambers to simulate sinusoids, and hepatocytes are seeded in the middle flow
chamber. Nutrients and metabolites flow through the simulated sinusoids and diffuse between the
vascular pathways and the hepatocyte layers, mimicking physiological microcirculation. Studies
of cell viability, metabolic functions, and hepatotoxicity of pharmaceutical compounds show that
the endothelialized liver-on-a-chip model is conducive to maintaining hepatocyte functions and
evaluation of the hepatotoxicity of drugs. Our unique origami approach speeds chip development
and optimization, effectively simplifying the laboratory-scale fabrication of on-chip models of
human tissues without necessarily reducing their structural and functional sophistication.

Graphical Abstract
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The origami-based fabrication and demonstration of a liver-on-a-chip are presented. Studies

of the liver-on-a-chip demonstrate cell viability, metabolic functions, and hepatotoxicity of
pharmaceuticals. The origami approach speeds chip development and optimization, simplifying
the laboratory-scale fabrication of on-chip models of human tissues while retaining relevant
structures and functions.

organ-on-a-chip; tissue modeling; biofabrication; vascularization

The liver is the largest metabolic organ and plays an important role in several critical
functions such as glycogen storage, lipid and plasma protein biosynthesis, secretion of bile
acid, drug detoxification, and endocrine signaling.lt] Hepatocytes are the primary functional
cells of the liver, comprising ~80% of the liver mass and playing a central role in liver
functions.[1:2] In vitro primary hepatocyte culture methods that closely emulate the in vivo
microenvironment provide a potential platform for evaluating drug toxicity and screening of
therapeutics, which in turn improves the success rate of drug discovery in clinical trials.

In recent years, microfabrication and microfluidic technologies have been employed to
develop in vitro three-dimensional (3D) liver culture models for drug metabolism studies,
including primary hepatocyte monocultures or co-cultures with non-parenchymal cells.
[3-5] These 3D liver culture models include hepatic spheroids,[®7] micropatterned(8-111
or bioprinted hepatic constructs,[12-15] and liver-on-a-chip models [16-19] that facilitate
the recreation of in vivo normal liver physiological or pathophysiological conditions
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and the assessment of drug responses. Microfluidic systems allow the precise control

of physiologically relevant parameters, such as flow rate, nutrients, and oxygen that are
essential for the maintenance of hepatocyte functions in vitro. Nevertheless, the creation
of in vivo-like liver-on-a-chip devices is challenging from both functional and fabrication
perspectives. Functionally, conventional microfluidic chips struggle to replicate the flow
along liver sinusoids in tandem with the transport of species between sinusoids and
hepatocytes (Figure 1a) in a 3D architecture. In addition, the fabrication of liver-on-a-chip
devices usually requires dedicated microfabrication facilities (e.g., soft lithography) and
multi-step processes to realize the proper tissue chip architecture.

Origami-based design and implementation offer a potential solution to both functional and
fabrication challenges. In conventional microfluidic chips, microfabricated layers of a single
base material (e.g. polydimethylsiloxane (PDMS) [20] or thermoplastics such as polystyrene,
[21] polycarbonate,[22] or poly(methyl methacrylate) (PMMA)[23]) are created using soft
lithography or other techniques[?%] and bonded together in stacks to define a network of flow
channels.[24] In the origami-based approach, pre-patterned layers of multiple base materials
are conveniently folded together along pre-defined fold lines into precisely aligned, multi-
material stacks that can define not only a network of flow channels, but also structures that
enable functions beyond simple flow.

Figure 1 shows the integration of two core modes of transport in the liver — continuous
flow along sinusoids and transport between sinusoids and hepatocyte layers — into a
multi-material chip comprising three adjacent folded compartments separated by two
polycarbonate nanoporous membrane layers (Figure 1b). The outermost two flow channels
are vascular chambers that simulate sinusoids. Each simulated sinusoid is bounded on the
outer edge by a solid channel wall and on the inner edge by a nanoporous membrane.

The center channel is the hepatocyte chamber and is bounded by the two nanoporous
membranes. Both nanoporous membranes are seeded with an endothelial monolayer on the
sinusoid side (shown in red in Figure 1c) and with a monolayer of hepatocytes on the
hepatocyte side (shown in blue in Figure 1c). Similar in some respects to the space of Disse
and the fenestrated endothelium in native liver tissue, the nanoporous membrane and its
endothelial monolayer permit diffusion between the simulated sinusoids and the hepatocyte
monolayers while preventing direct flow past the hepatocytes to protect them from shear
stress.

The inlets, outlets, flow connections, perforated fold lines, and in-plane boundaries of

the simulated sinusoids and hepatocyte layers are defined in patterned polyimide tape.

By folding the nanoporous membranes and the nonporous polyimide tapes together into

a multi-material stack, the origami approach integrates both flow channels and diffusion
interfaces between cellular monolayers within a single, rapidly fabricated device. Liver
functions are achieved in this flow-diffusion architecture by seeding the cellular monolayers
on opposite sides of the nanoporous membrane that lies between the sinusoids and the
hepatocyte chambers.

The purpose of this study was to demonstrate that a proof-of-concept origami-based
liver-on-a-chip (oLOC) recapitulates some of the key in vivo architectural and physical
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microenvironmental parameters to support primary hepatocyte culture under physiological
microcirculation. An important feature of our oLOC platform was that it employed a simple
fabrication strategy to enable continuous circulation of medium through the upper and lower
chambers (simulated sinusoids) in close proximity to the primary hepatocytes in the central
chamber in order to refill the cellular microenvironment with nutrients while carrying away
the waste products. By enabling chemical interactions between the two key cell types, the
present study highlighted that the endothelialized liver model described here is conducive

to maintaining cell viability and some of the key hepatocyte functions and demonstrated its
potential applicability for the evaluation of the hepatotoxicity of pharmaceutical compounds.
The results effectively showcase the possible utility of our unique origami method for

the rapid generation of architecturally and functionally relevant organ-on-a-chip models

in the future beyond those of the liver. Although similar levels of device complexity are

also achievable with conventional strategies, conventional fabrication can typically be more
complicated than the present origami approach.

One of the advantages of the origami platform is the ease and speed with which new

design variations can be implemented in the laboratory from prepatterned materials stored
on the shelf. The demonstrated per-chip time for manual fabrication from laser-cut starting
materials is about 12 minutes. This rapid turnaround time from idea to implementation
enables device customization and optimization to be carried out extremely quickly. A
second advantage of the origami approach is that the folded features are self-aligning.

The perforated fold lines and relatively stiff tape constrain the folding kinematics so that
the tape can only fold one way. The precise alignment happens automatically, without the
equipment required for example to align PDMS layers and without the misalignments that
are inherent in conventional layer bonding. A third key advantage of the origami platform is
its flexibility and ability to create different types of architectures. This flexibility comes in
part from the ability to pattern different geometries into the layers prior to folding, like the
rectangular structures described below and the hexagonal structures shown in supplementary
Figure Sla—c. Another important source of flexibility and customizability is the ability

to pick and choose which portions of the pre-patterned starting materials will be folded

into the final structure. Such customizations are often more complicated with conventional
chip-fabrication methods.

The flexibility to choose which portions of the pre-patterned starting materials are
incorporated into a given device played a pivotal role in the design optimization of the
oLOC. Three generations of oLOC devices were created, all from the same kind of starting
material, and they were used for three successive rounds of testing (one round of flow testing
and two rounds of testing with cells). The three generations are similar, but the precise

layer sequences and assembly processes for the Generation 2 and Generation 3 devices were
refined based on the results from the previous generations.

Figure 2a illustrates typical starting materials, including the strip of 240-pum-thick patterned
polyimide tape (red, dark blue, and gray) and the nanoporous membrane (yellow). The
polyimide tape provides the solid boundary around the channels and comprises two types
of square panels connected by perforated folding joints. The flow panels (F, red, and dark
blue) contain two sets of circular inlets and outlets at the corners (one for the simulated

Adv Mater Technol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xie et al.

Page 6

sinusoids and one for the hepatocyte chambers), a circular central chamber, and tapered
flow channels that connect each central chamber to one of the inlet-outlet pairs. The F
panels are included to enable through-chip flow. The chamber panels (C, gray) contain only
the inlets, outlets, and central chambers, with no connecting channels. The C panels are
mechanically stiffer than the F panels and are included to enable robust, leak-free assembly
of the folded devices. The nanoporous membrane (M, yellow) supports the hepatocyte and
endothelial monolayers and is patterned so that each square includes only the inlets and
outlets at the corners. The M layers prevent leakage flow between the simulated sinusoids
and hepatocyte chamber while permitting diffusion between adjacent chambers across the
membrane; the inlets and outlets are defined at the corners of the M layers to allow flow
into and out of the chambers. The layers are sealed together by the acrylic adhesive of the
double-sided polyimide tape. Acrylic adhesive is chosen for its medical compatibility, and
only its cross-section is exposed to fluid in the chip. Finally, acrylic plates (A, light blue) cap
the stack at the top and bottom and provide fluid connections (top) as shown in Figure 2b.

Because the oLOC devices are built from precisely-designed panels, each patterned with
flow features and connected together in strips by perforated folding joints, it is possible

to store the raw material for many devices on the shelf and fold it easily, as needed, to
form a variety of customized devices. For example, the Generation 1 chips (used for tests
of flow and diffusion functions) have a panel sequence of A-C-F-C-M-C-F-C-M-C-F-C-A
that produces three 720-pum-thick circular chambers, each of which is bounded in the plane
by three folded layers of polyimide tape (Figure S2a,b). This panel sequence is identical

to the sequence patterned into the polyimide tape shown in Figure 2a and represents the
initial device design. Each chip contains three parallel flow paths (upper, middle, and
lower) separated by two nanoporous membrane layers. The upper and lower chambers (the
simulated sinusoids) connect to one inlet-outlet pair, and the middle chamber (the hepatocyte
chamber) connects to the other inlet-outlet pair.

The Generation 2 chips were used for initial testing of the oLOCs with the human
hepatocellular carcinoma (HepG2) cell line. They are identical to the Generation 1 chips,
except that they omit the C panels adjacent to the acrylic plates at the top and bottom

of the stack. This design change represents an effort to simplify the structure by omitting
layers that were believed at the time to be unnecessary, and it thins the simulated sinusoid
chambers at the top and bottom of the stack to 480-um thickness while leaving the 720-
um-thick circular hepatocyte chamber unchanged. The complete panel sequence of the
Generation 2 chips is A-F-C-M-C-F-C-M-C-F-A (Figure S2c,d). However, in some cases the
resulting chamber heights were found to be too small for robust cell seeding.

Based on these findings, the Generation 3 chips (used for the oLOCs with primary

human hepatocytes) increased the thickness of each of the three chambers by 240 pm

(one additional polyimide panel). The increased chamber thicknesses minimize surface
tension effects to reduce bubble formation and increase the number of cells in the chamber
during cell seeding, both of which promote the formation of uniform cell layers. The

panel sequence for the Generation 3 devices is A-F-F-C-M-C-F-F-C-M-C-F-F-A, yielding
two 720-pm-thick circular sinusoid chambers and one 960-pm-thick circular hepatocyte
chamber. To create this new panel sequence from the available starting material, the structure
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was folded piecewise in smaller sub-units, which were then combined to form the final
oL OC chip. Folding the structure in smaller sub-units enabled the inclusion of additional
panels and the increase of the chamber heights, ultimately improving the Generation 3
design. Figure 2c—d illustrates the final layer structure of the Generation 3 chips.

Figure 2e—j shows photographs of the folding process for the Generation 3 devices. After the
nanoporous membrane was placed on a C panel and punched to define the inlets and outlets
(Figure 2e), the C panels were folded around the membrane to form a sub-unit (Figure 2f).
The second sub-unit comprises two F panels joined together (Figure 2g). Figure 2h shows
the sub-units being stacked on the acrylic bottom plate; the flow panels F are visible on top
of the underlying layers. After the stack was capped with the acrylic top plate, PVC tubes
were adhered in the plate’s inlet and outlet ports (Figure 2i) to form the final oLOC chip
(Figure 2j). The architecture of the separate flow pathways is illustrated in Figure 2k by
passing yellow and blue dye through the outer and middle flow pathways of a Generation 1
oLOC chip.

The oLOC should be free of leakage, and its correct operation depends on the only
transport between the sinusoid chambers and hepatocyte chambers taking place through

the nanoporous membrane. Transport through the membrane is primarily diffusive, with

a much smaller contribution from pressure-driven transport through the porous membrane
under the slightly unequal operational pressures in the sinusoid and hepatocyte chambers.
The device is designed to minimize the potential for leakage between the sinusoid and
hepatocyte chambers; as long as the nanoporous membranes are intact, the only pathway for
leakage flow would be along the adhesive interface to the opposite set of inlet/outlet ports.

Two types of tests confirmed that the sinusoid chambers and hepatocyte chamber are
connected solely via diffusion rather than via direct leakage. In the first set of flow tests,
approximately 16-um-diameter polystyrene microspheres were suspended in ethanol, and
the mixture was flowed through the hepatocyte chambers of the Generation 1 chip. Ethanol
without suspended microspheres was flowed through the sinusoid chambers, and the exiting
flows from hepatocyte and sinusoid chambers were examined under an optical microscope.
Microspheres were observed only in the exiting hepatocyte chamber flow, indicating that
there is no leakage between hepatocyte and sinusoid chambers at the 16-um scale or above.
Images of the exiting flow from the hepatocyte and simulated sinusoid chambers of the
hexagonal structure of Figure Sla—c are shown in Figure S1d,e.

In the second set of leakage tests, water was flowed through the middle flow path
(hepatocyte chamber) of the Generation 1 device while a solution of 0.1% trypan blue

was flowed through its upper and lower flow paths (sinusoid chambers). Direct leakage

and transport across the nanoporous membranes would both be reflected by an increase in
trypan blue concentration in the flow exiting the middle (water) flow path. The mechanisms
can be distinguished by the dependence of concentration change on flow rate. Purely
diffusive transport would obey Fick’s laws of diffusion, with the concentration change
being proportional to residence time (i.e. inverse flow rate). This proportionality would

be expected when there is no direct leakage pathway or pressure difference across the
membrane. In contrast, direct leakage would introduce an additional concentration change
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that is substantially independent of flow rate. Figure 2l plots the change in concentration of
trypan blue in the middle flow vs. inverse flow rate through the middle path for a device

in which there is no pressure difference across the nanoporous membranes; three devices
were tested, and no statistically significant differences were observed among the results.[2°]
The concentration change is linear with inverse flow rate and passes through the origin to
within the uncertainty of the measurement, indicating that the transport is diffusive rather
than driven by leakage flow.

A small pressure difference develops across the nanoporous membranes during operation.
To confirm that the devices remain leak tight under those conditions, the flow was driven
by higher pressures across the upper and lower flow paths and by lower pressures across
the middle flow path to produce a pressure difference across the membrane that was more
than 50X its operational value. No leakage was observed under these conditions. Although
the measured concentration change included a constant superimposed on the previously-
observed proportional relationship (Figure S3), the magnitude of the offset matches Darcy’s
law predictions for pressure-driven flow through the membrane to within the measurement
uncertainty. The measurement was made in three devices, and no statistically significant
differences were observed among the results. This result confirms that all transport takes
place through the membrane (i.e. there is no leakage flow), even when a pressure difference
develops between adjacent flow channels.

Hepatocytes form a critical cell layer and have a uniquely organized structure with a

basal membrane facing liver sinusoidal endothelial cells.[26:27] Maintenance of hepatic
phenotypes and functionality is crucial for evaluating drug-induced hepatotoxicity in vitro.
To ascertain whether the oLOC sustains functional hepatocytes and the endothelial layer,
primary human hepatocytes (primary hepatocytes) and human umbilical vein endothelial
cells (HUVECSs) were perfusion-cultured for 7 days in Generation 3 oLOCs and assessed
for their viability and functions. The viability of primary hepatocytes and HUVECSs within
the endothelialized oLOC with initial cell seeding density of 5 x 108 cells mL~! was
determined at day 3 and day 7 using calcein AM and ethidium homodimer 1 (EthD-1)
staining. Calcein AM is a non-fluorescent cell-permeable compound that is hydrolyzed

into the green fluorescent anion calcein by intracellular esterase in live cells, whereas
EthD-1 is a dead cell-specific red fluorescent dye that binds to DNA. Figure 3a represents
the calcein AM stained live cells (green) and EthD-1 stained dead cells (red) at day

7. Further, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) (MTS) cell proliferation assay was performed for quantification of the cells’
metabolic activity in oLOCs at day 3 and 7. The NAD(P)H-dependent dehydrogenase
enzymes in metabolically active cells reduce MTS tetrazolium compound to produce soluble
and colored formazan product. The quantity of formazan product produced in the culture,
as measured by the amount of 490-nm absorbance, is a measure of the metabolic activity of
cells under given conditions and can to a good extent indicate cell viability. The quantified
metabolic activity of both primary hepatocytes and HUVECs within the oLOC was found
to be approximately 84.1% for primary hepatocytes and 87.0% for HUVECs at day 3 and
89.3% for primary hepatocytes and 89.9% for HUVECs at day 7 (Figure 3b). Similarly, to
evaluate the applicability of the oLOC for the study of liver diseases such as hepatocellular
carcinoma, HepG2 cells were cultured with HUVECSs in Generation 2 oLOCs and assessed
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for cell viability and metabolic activity in a similar manner and duration. The quantified
metabolic activity of HepG2 cells and HUVECSs in the oLOC was found to be approximately
85.9% for HepG2 cells and 82.6% for HUVECs at day 3 and 89.6% for HepG2 cells and
92.6% for HUVECs at day 7 (Figure S4a,b).

F-actin is the most abundant cytoskeletal filamentous protein. It determines the shape,
stiffness, and movement of the cell surface, and it facilitates the transduction of mechanical
signals as well as generating the intracellular forces required for many cellular functions.[28]
Phalloidin possesses a high binding affinity for F-actin subunits; thus fluorescent derivatives
of phalloidin represent the gold standard for staining and visualizing cellular F-actin
filaments.[29] Fluorescence micrographs of primary hepatocytes and HUVECs stained for
F-actin and nuclei showed that these cells were homogenously distributed within their
respective chambers (Figure 3c) in the oLOC. Similarly, fluorescence micrographs of
HepG2 cells and HUVECS stained for F-actin and nuclei are shown in Figure S4c. Thus,
the endothelialized oLOC represents the hepatic model under dynamic fluid flow through
vasculature that supplies hepatic layers through diffusive transport to substantially mimic
native hepatic tissue architecture.

The functions of hepatocytes were assessed by cytochrome P450 (CYP) 1A1/2 and CYP3A4
(phase | metabolic enzymes) activities, as well as albumin and urea productions.[4:30-32]
Among the more than 50 CYP450 enzymes, CYP1A2, CYP3A4, CYP2C9, CYP2C19,
CYP2D6, and CYP3AS5 enzymes are responsible for the metabolism of 90% of drugs.
[33,34] These enzymes are predominantly expressed in the liver and are involved in most

of the aspects of phase | drug metabolism, including oxidation, reduction, hydrolysis,

and dehydrogenation.[31:3%] Similarly, human serum albumin is the most abundant plasma
protein, representing 50% of circulating proteins in healthy individuals, and it is
synthesized exclusively by hepatocytes.[38] Albumin has important biological functions,
including molecular transport, anti-oxidation, anti-inflammation, endothelial stabilization,
anti-thrombotic effects, and the adjustment of capillary permeability.[37] Reduced serum
albumin concentration and impaired albumin function have been reported in a variety of
liver diseases including cirrhosis.[38] Reduced serum albumin concentration is associated
with decreased albumin synthesis by the hepatocytes and/or dilution due to the retention of
water and sodium in the extracellular space.[38] Impaired albumin function is associated with
post-translational modifications of albumin and oxidative damage resulting in a decrease in
its activity.[37] Similarly, urea synthesis is an essential metabolic function of liver that plays
a critical role in nitrogen homeostasis and is related to functional liver mass. A reduction in
urea synthesis is associated with a decrease in total hepatic mass, decrease in the enzymes
and/or substrates of the urea cycle, and alterations in portal blood flow. Decrease in urea
synthesis in liver results in the accumulation of ammonia and is indicative of compromised
liver functions.[39-41]

The biofunctionality of primary hepatocytes and HUVECSs in the Generation 3 oLOC was
confirmed by assessing the expression of CYP3A4 or CYP1A2 for primary hepatocytes and
CD31 (i.e., endothelial cell adhesion molecule-1) for HUVECSs via immunocytochemical
analyses. At day 7, the cells in the oLOC were fixed, and immunocytochemical staining

of HUVECs with CD31 and VE-cadherin antibodies and of primary hepatocytes with
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CYP3A4 or CYP1A2 antibody was performed. Fluorescence microscopy images of the
immunostained HUVEC layer after 7 days showed the formation of a mature monolayer

of spreading HUVECs with strong expression of CD31 and VE-cadherin, confirming the
formation of the intercellular junctions necessary for proper functioning of the endothelium
(Figure 3d). Similarly, fluorescence microscopy images of the immunostained primary
hepatocytes in the oLOC exhibited strong expressions of CYP3A4 (Figure 3d). Likewise,
fluorescence microscopy images of the immunostained HepG2 cells within the Generation 2
oL OC also exhibited strong expressions of both CYP3A4 and CYP1A2 (Figure S4d).

To investigate whether the oLOC can support acute hepatotoxicity testing of drugs in

vitro, we evaluated the toxicity of two drugs, acetaminophen and tamoxifen, on primary
hepatocytes cultured in the oLOC under conditions of dynamic flow through the vascular
chambers (simulated sinusoids). In separate experiments, the toxicity of these drugs was also
evaluated on HepG2 cells cultured under dynamic flow through the vascular chambers in the
oLOC. Acetaminophen, also commonly known as paracetamol and A-acetyl-p-aminophenol,
is an antipyretic and analgesic drug. High doses of acetaminophen (>4 g per day per

adult person) induce hepatotoxicity and acute liver damage due to the CYP450-mediated
oxidative metabolism of acetaminophen to the highly reactive metabolite, A-acetyl-p-
benzoquinone iminine, that causes intrahepatic glutathione depletion, oxidative stress, and
mitochondrial dysfunctions.[42-44] Most of the studies have used >5 mM of acetaminophen
to assess the hepatotoxicity of the drug.[4>-47] The acute toxicity of acetaminophen on
hepatic cells, both primary hepatocytes within the Generation 3 oLOCs and HepG2 cells
within the Generation 2 oLOCs, was assessed by measuring the viability and metabolic
activity of hepatocytes perfused with different concentrations of acetaminophen for 48 h.
Hepatotoxicity of acetaminophen on primary hepatocytes is presented in Figure 4a as live/
dead staining images. Similarly, Figure S5a shows the cytotoxicity (live/dead staining)

of acetaminophen on HepG2 cells. A significant acute toxic effect of acetaminophen

on primary hepatocytes was observed at both 10-mM and 20-mM concentrations with
metabolic activity significantly decreased to 14% and 3%, respectively (Figure 4b). In
comparison, the metabolic activity of HepG2 cells was decreased to 70% at 10 mM and was
significantly decreased to 10% at 20 mM (Figure S5b). Thus, it was observed that primary
hepatocytes cultured in the Generation 3 0LOC were more sensitive to acetaminophen
treatment at both 10 mM and 20 mM concentrations as compared to the HepG2 cells
cultured in the Generation 2 oLOC. It should be noted, however, that the cell shedding

upon drug treatment was more significant in the primary hepatocyte group than in the
HepG2 cell group, also indicating their reduced adhesion to the surfaces when treated with
acetaminophen. The hepatotoxicity of acetaminophen was further studied under normal
(static) cell culture conditions for equal populations of both primary hepatocytes and HepG2
cells. The metabolic activity in the oLOCs and the metabolic activity under static culture
conditions were similar for both cell types under acetaminophen treatment (Figures 4b and
S5h).

Evaluation of the specific functions (albumin and urea syntheses) of primary hepatocytes
showed a total 48-h secretion of 1.5 ng of urea and 95 ng of albumin at day 7 in the absence
of drug treatment. The urea and albumin secretion levels in the oLOC were compared

with those for an equal population of cells under 2D static culture conditions, and it was
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found that the primary hepatocytes cultured in the oLOC produced higher levels of urea
(Figure 4c) and albumin (Figure 4d) than those in 2D static culture. Urea and albumin
secretion by HepG2 cells cultured in the oLOC also exceeded secretion by those cells in

2D static culture (Figure S5c—d). Urea and albumin syntheses were also measured at day

7 after acetaminophen treatments for 48 h under dynamic flow in the vascular chamber

of the oLOC. The total amount of urea secreted by primary hepatocytes over 48 h was
measured at 1.2 ng at 10-mM acetaminophen treatment and was decreased to 0.04 ng at
20-mM acetaminophen treatment, whereas total 48-h albumin secretion was decreased to
55 ng at 10 mM and to 33 ng at 20 mM of acetaminophen (Figure 4c,d). These results
indicated the marked impairment of primary hepatocyte functions at higher concentrations
of acetaminophen due to acute hepatotoxicity. The hepatotoxic effect of acetaminophen on
urea and albumin syntheses was further assessed under static culture conditions. The toxic
effect of acetaminophen on albumin synthesis by primary hepatocytes was shown to be more
sensitive in the oLOC’s perfusion culture than in static culture (Figure 4d). These results
indicated that the hepatocyte functions (urea and albumin syntheses) were significantly
improved and maintained in the oLOC as compared to static culture.[48] Similar results
were obtained for HepG2 cells under no drug treatment and under acetaminophen treatment
conditions (Figure S5c,d), with a more pronounced toxic effect on urea synthesis observed
for the HepG2 cells as compared with the primary hepatocytes.

In addition, the hepatoxicity of tamoxifen in the oLOC was assessed. Tamoxifen is

a non-steroidal antiestrogen drug that has been used alone or as an adjuvant for the
treatment and prevention of estrogen receptor-positive breast cancer at a dose of 20 mg

per day.[49:50] Tamoxifen is actually a prodrug that is converted into active metabolites,
4-hydroxytamoxifen and endoxifen, in the liver by the CYP enzymes CYP2D6 and
CYP3A4.[5152] studies have reported various side effects of tamoxifen on liver including
hepatotoxicity, hepatitis, hepatic steatosis, hepatic cirrhosis, hepatic injury, and even
hepatocarcinoma.[®3:54] These adverse side effects of tamoxifen have been attributed to

the overproduction of reactive oxygen species during metabolic activation of tamoxifen and
to the impaired mitochondrial B-oxidation of fatty acids.[54-56] The toxicity of tamoxifen
on hepatic cells, both primary hepatocytes cultured in the Generation 3 oLOC and HepG2
cells cultured in the Generation 2 oLOC, was evaluated by measuring their viability and
metabolic activity when perfused with 10-uM and 20-uM tamoxifen for 48 h. The toxic
effect of tamoxifen on HepG2 cells is presented in Figure 5a. Similarly, Figure S6a shows
the toxicity of tamoxifen on primary hepatocytes. The metabolic activity of HepG2 cells
was decreased by only 10% at both 10-uM and 20-uM tamoxifen (Figure 5b). Thus,
tamoxifen treatment on HepG2 cells, at both 10-uM and 20-uM concentrations, did not show
significant toxic effects on metabolic activity. In contrast, the metabolic activity of primary
hepatocytes decreased to 56% at 10-uM tamoxifen and to 36% at 20-uM tamoxifen (Figure
S6b). These results demonstrated that the metabolic activity of HepG2 cells cultured in the
oLOC was less sensitive to tamoxifen than was the metabolic activity of similarly-cultured
primary hepatocytes. No significant differences were observed between metabolic activity in
the oLOCs and metabolic activity under static culture conditions for either cell type under
tamoxifen treatment (Figures S6b and 5b).
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Urea and albumin syntheses were also measured after tamoxifen treatment for 48 h under
dynamic flow in the simulated sinusoids of the oLOC. The effect of tamoxifen treatment on
the synthesis of urea by HepG2 cells was not statistically significant (Figure 5c), whereas
the total 48-h secretion of albumin by HepG2 cells was decreased from 1.00 ng at 0 pM

t0 0.18 ng at 10 uM and to 0.36 ng at 20 uM of tamoxifen at day 7 (Figure 5d). The

slightly increased albumin level at 20 uM of drug treatment was likely within the biological
error since no statistical significance was found between the 10-uM and 20-uM groups. For
primary hepatocytes the effect of tamoxifen treatment on the synthesis of urea was also

not statistically significant (Figure S6c). However, the total 48-h secretion of albumin by
primary hepatocytes was decreased from 95 ng at 0 UM to 32 ng at 10 uM and to 30 ng

at 20 uM of tamoxifen at day 7 (Figure S6d). These results indicated that for both HepG2
cells and primary hepatocytes, albumin synthesis was more sensitive to tamoxifen than was
urea synthesis. The hepatotoxic effect of tamoxifen on urea and albumin syntheses in static
culture conditions was further assessed for both HepG2 cells (Figure 5c¢,d) and primary
hepatocytes (Figure S6c,d). No significant difference was observed between the sensitivity
of urea synthesis in the oLOC and the sensitivity of urea synthesis in the static culture under
tamoxifen treatment for either cell type. For primary hepatocytes, no significant difference
was observed between the sensitivity of albumin synthesis in the oLOC and the sensitivity of
albumin synthesis in static culture under tamoxifen treatment (Figure Séc,d).

These results show that origami-based design and creation of liver-on-a-chip can
successfully reproduce a sufficient level of architectural complexity (e.g., replicating flow
along sinusoids as well as the transport of species between sinusoids and hepatocytes)

by reducing fabrication challenges (e.g., the need for multistep processes in dedicated
microfabrication facilities). The oLOC devices were fabricated from strips of pre-patterned
panels connected by perforated folding joints and stored compactly in the laboratory. The
constrained kinematics of the perforated folding joints ensured correct alignment of the
layers after the manual folding process. Although the materials were pre-patterned, the
flexibility of the origami platform enabled the devices to be customized rapidly, simply

by altering the folding sequence, ultimately yielding the successful Generation 3 oLOC
devices. The Generation 3 chips demonstrated high viability of primary human hepatocytes
and HUVECs in homogeneously-distributed layers in an endothelialized oLOC system
that mimics native hepatic tissue architecture and functions. Urea and albumin syntheses,
together with the expression of metabolic enzymes, demonstrated that the hepatocytes retain
their differentiated functions to a decent degree in the oLOC environment. Hepatotoxicity
testing with acetaminophen and tamoxifen in the oLOC with primary hepatocytes and
HUVECs reproduces hepatotoxicity, demonstrating that the oLOC can possibly support
acute hepatotoxicity evaluations. These results offer the potential opportunity for future
origami-based fabrication, optimization, and practical application for pharmaceutical
screening not just of liver-on-a-chip devices, but also of other origami-enabled organ-on-a-
chip or multi-organ-on-a-chip systems.
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Experimental Section

Materials

Double-sided Kapton® polyimide tape with 240 um of thickness and acrylic adhesive was
purchased from McMaster-Carr (IL, USA) and patterned by Micron Laser Technology (OR,
USA) using a 355-nm laser tool. Acrylic sheets with 1/16” (1.59-mm) thickness, Loctite 430
Instant Bond Adhesive, Gorilla quick-set epoxy structural adhesive, and Clear Masterkleer
soft PVC plastic tubing with 1/32” (0.79-mm) inner diameter (ID) and 3/32” (2.38-mm)
outer diameter (OD) were purchased from McMaster-Carr (OH, USA). Nanoporous
membranes (87x12” or 200 mmx300 mm sheets of Whatman 113506 Nuclepore hydrophilic
membrane with 0.2-um pore size) were purchased from VWR (PA, USA). Polystyrene
microspheres with approximately 16-um diameter were purchased from Polysciences (PA,
USA). Trypan blue 15250-061 was purchased from Gibco (Dublin, Ireland). Bovine serum
albumin (BSA), fibronectin, acetaminophen, tamoxifen, triton X-100, dimethyl sulfoxide
(DMSO0), and urea assay kit were purchased from Sigma-Aldrich (MO, USA). Dulbecco’s
modified Eagle medium (DMEM), Dulbecco’s phosphate-buffered saline (DPBS), fetal
bovine serum (FBS), penicillin/streptomycin (P/S), antibiotic-antimycotic solution stabilized
(Anti-Anti, 100X), DAPI, formalin (10% w/v), Live/Dead® Viability/Cytotoxicity Kit,
Alexa Fluor® 594-phalloidin, mouse CYP3A4/CYP3A5 antibody, mouse anti-CYP1A2
antibody, and dialysis membrane (M,, cutoff: 12,000-14,000 Da) were obtained from
Thermo Fisher Scientific (MA, USA). Primary hepatocyte medium was obtained from
ScienCell Research Laboratories (CA, USA) and EGM™-2 Endothelial Cell Growth
Medium-2 BulletKit™ (EGM-2) was purchased from Lonza (Basel, Switzerland). Human
albumin ELISA kit, anti-CD31 [P2B1] antibody, anti-VE-cadherin antibody, and Alexa
Fluor® 594- and Alexa Fluor® 488-conjugated secondary antibodies were obtained from
Abcam (MA, USA). The CellTiter 96® AQueous One Solution Cell Proliferation Assay
solution was obtained from Promega (WI, USA). All other chemicals used in this study were
obtained from Sigma-Aldrich unless otherwise mentioned.

Fabrication of the chips

The polyimide tape was laser-patterned to define contiguous strips of 20-mm-square
folding panels with flow features and perforated fold lines. Nanoporous membranes were
cut to form 20-mm-wide folding strips (Generation 1 devices) or 20-mm-square panels
(Generation 2 and Generation 3 devices). The acrylic top and bottom plates and the
connection ports in the top plate were laser-cut from 1.59-mme-thick acrylic sheets using
a 30-W Epilog Zing laser.

To fabricate the Generation 1 devices, the patterned polyimide tape was folded at 90 degrees
to a strip of unpatterned nanoporous membrane (Figure 2a,b). Upon completion of folding,
a 2-mm-diameter punch was inserted into the four 2-mm-diameter inlet and outlet ports at
the corners of the chip, and holes were punched through the nanoporous membrane layers.
To fabricate the Generation 2 and Generation 3 devices, smaller sub-units of patterned
polyimide tape were folded and then stacked to create the final device. First, two C panels
were folded around a nanoporous membrane, which was trimmed to the 20-mm-square

size of the folded polyimide and punched to create the inlet and outlet holes (Figure 2¢,f).
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Next, two F panels were joined to create a double layer (Figure 2g). It is necessary for this
double layer to be well-enough adhered to prevent leakage, but it also needs to be able to be
separated at the end of each experiment for analysis of the cell layers within the device. The
pristine adhesive layers bond too strongly for device disassembly for cell characterizations,
S0 one tape-to-tape interface within each chamber was intentionally weakened by contacting
it with a glove prior to assembly. The folded subunits were then stacked (Figure 2h) to
create the full device. The acrylic plates were adhered to the top and bottom of the device
using the tape’s adhesive layer. Tubes with 50-mm length and 2.38-mm outer diameter were
inserted into the upper acrylic plate (Figure 2i,j) and retained in place first with Loctite

430 Instant Bond Adhesive, then with a Gorilla quick-set epoxy structural adhesive later

for additional strength. The oLOC chips were autoclaved prior to use; autoclaving did not
appear to negatively impact the device integrity.

Characterization of inter-chamber transport

Cell culture

Transport between adjacent chambers was characterized by flowing deionized water through
the middle flow path of the Generation 1 device as a target solution while flowing a 0.1%
solution of trypan blue in deionized water through the device’s upper and lower flow paths
as a source solution. In the first set of tests, the target and source solutions were dispensed
at equal flow rates from 0.8 mL/min to 3.2 mL/min using a Chemyx Inc. (TX, USA) syringe
pump, and samples of the target flow exiting the device were captured during steady state
operation at each flow rate. In the second set of tests, the target solution was again dispensed
at flow rates from 0.8 mL/min to 3.2 mL/min, while the source solution was dispensed at
1.365X higher flow rates. Three devices were characterized in each set of tests, and the
experiment was repeated between 3 and 5 times at each flow rate. The light absorbance
values of the exiting target flow were measured at 580 nm using a 96 well plate and a
BioTek Instruments PowerWave XS plate reader spectrophotometer (VT, USA). Each well
contained 200 pL of the sample, and absorbance values of each sample were measured in 3
different wells. Trypan blue concentration in the exiting target flow was calculated from the
measured absorbance values and standard samples with known concentration of trypan blue
(Figure S7).

Primary human hepatocytes were obtained from ScienCell Research Laboratories, HUVECs
were obtained from Lonza, and the human hepatocellular carcinoma cell line (HepG2 cells)
was obtained from American Type Culture Collection (VA, USA). Primary hepatocytes
were cultured in the primary hepatocyte medium supplemented with Hepatocyte Growth
Supplements, 5% (v/v) FBS, and 1% (v/v) P/S, whereas HepG2 cells were cultured in
DMEM supplemented with 10% (v/v) FBS and 1% (v/v) P/S or anti-anti. Similarly,
HUVECs were cultured in the EGM-2 medium. The cells were incubated at 37 °C and

5% CO> in a 95% humidified cell incubator until 70-80% confluence. The respective culture
medium was changed every 3™ day.

Cell seeding in the oLOC

Adherent primary hepatocytes, HepG2 cells, and HUVECs were trypsinized, centrifuged,
and resuspended in respective medium at 5x10° viable cells mL"1. The semipermeable
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polycarbonate nanoporous membrane within each origami chip was pre-coated with
fibronectin (200 ng mL™1) overnight at 4 °C. A volume of 100 pL of primary hepatocytes

or HepG2 cell suspension was seeded in the circular liver chamber, and 100 pL of HUVECs
were seeded in the vascular chamber. The oLOC device was incubated at 37 °C in a cell
incubator. After 1 h of incubation at 37 °C, the oLOC was flipped upside down and the

liver cells (primary hepatocytes or HepG2 cells) and HUVECs were seeded again in their
respective chambers, followed by another incubation at 37 °C in a cell incubator. The oLOC
was then connected to medium reservoirs, with the endothelialized chamber connected to

a reservoir containing the EGM-2 medium and the hepatic chamber connected to 4 mL of
primary hepatocyte medium or DMEM. The EGM-2 medium was continuously circulated
at 14 pL/min using a MP2 micro peristaltic pump (Elemental Scientific, NE, USA). The
oLOC was placed in a cell incubator at 37 °C for up to 7 days for downstream analyses. The
culture media were replaced with fresh media every 3™ day and at the start of hepatotoxicity
studies.

Cell viability and morphology assessments

The Live/Dead® Viability/Cytotoxicity Kit was utilized to evaluate cell viability at day 3
and day 7 according to manufacturer’s instructions. Briefly, cells within the chambers of the
oLOC were washed with DPBS and incubated with 100 uL per well of the combined Live/
Dead assay reagents (2 UM of calcein AM and 4 uM of EthD-1) for 20 min at 37 °C in a cell
incubator. The cells were washed three times with DPBS. To permit direct visualization, the
chips were disassembled at the interface that was prepared during device fabrication to be
separable. The cells were then observed under a Zeiss Axio Observer inverted fluorescence
microscope (Zeiss, NY, USA). Percentages of viable cells were determined by using the
Image J software (National Institutes of Health, MD, USA). Further, the quantification of
viable cells and their metabolic activities within oLOC was measured by MTS proliferation
assay using the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit at day 3
and day 7.

The morphology of both primary hepatocytes and the HUVECs within the oLOC was
assessed by F-actin staining of the cells at day 7. The cells were washed with DPBS, fixed
with 10% formalin for 15 min and permeabilized with 0.1% (v/v) Triton X-100 in DPBS
for 30 min at room temperature. The cells were then blocked with 5% (v/v) goat serum in
DPBS for 1 h, followed by F-actin staining by incubating the cells with either Alexa Fluor®
594-phalloidin or Alexa Fluor® 488-phalloidin (1:200 dilution in blocking buffer) for 1 h
at room temperature. After washing three times with DPBS, nuclei were counter-stained
with DAPI (1:1000) for 5 min at room temperature and the cells were observed under

a fluorescence microscope. The images were pseudocolored to the same colors to enable
visual consistency.

Functional analyses of cells in the oLOC

The functionality of the cells within the oLOC was assessed by immunostaining of the cells
at day 7. The cells were washed with DPBS and fixed with 10% formalin for 30 min at room
temperature. After washing with DPBS, the cells were incubated with the permeabilization
buffer (0.1% (v/v) Triton X-100 in DPBS) for 1 h and blocked with 5% (v/v) goat serum in
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DPBS for 2 h at room temperature. The cells were then incubated with mouse cytochrome
P450 3A (CYP3A4/CYP3A5 monoclonal) antibody or mouse anti-CYP1A2 antibody for
primary hepatocytes and mouse anti-CD31 and mouse anti-VVE-cadherin antibodies for
HUVECs (1:200 dilution) overnight at 4 °C. The cells were washed three times with DPBS
and incubated overnight at 4 °C with the relevant secondary antibody (either Alexa Fluor®
594-conjugated goat anti-mouse secondary antibody or Alexa Fluor® 488-conjugated goat
anti-mouse secondary antibody) at 1:200 dilution. Finally, the nuclei were counterstained
with DAPI after washing with DPBS and examined under a fluorescence microscope. The
images were pseudocolored to the same colors to enable visual consistency.

Hepatotoxicity testing with the oLOC

Stock solutions of acetaminophen and tamoxifen at 0.5 M were prepared by dissolving the
acetaminophen and tamoxifen powder in DPBS:ethanol (1:1 v/v) and DMSO, respectively.
Cells were cultured in the oLOC as described above for 5 days and then treated with 0,

10, or 20 mM of acetaminophen or 0, 10 or 20 pM tamoxifen by replacing the medium in
the vascular medium reservoir. After 48 h of drug treatment, the media were collected for
albumin and urea production assays, and the hepatotoxicity was assessed by cell viability
assay using the Live/Dead® Viability/Cytotoxicity Kit as described above and the MTS
proliferation assay using the CellTiter 96® AQueous One Solution Cell Proliferation Assay
kit, according to the manufacturers’ instructions. Briefly, the media were removed, and

the constructs were incubated with MTS assay solution for 2 h at 37 °C in the dark. The
absorbance was measured at 492 nm with a microplate reader (Tecan, Austria), and the
results were expressed as percentages of the control.

Albumin and urea production assays

Albumin secreted by the hepatic cells within the oLOC was measured using the albumin
ELISA kit according to the manufacturer’s protocol. Briefly, all the reagents were brought to
room temperature before starting the assay. A 50-puL volume of the standard or sample was
added to each well of the albumin ELISA plate and incubated for 1 h at room temperature.
Each well was then washed three times with 200 uL of the wash buffer (1X). A 50-uL
volume of the biotinylated albumin antibody was added to each well and incubated for 30
min. Each well was washed again three times with 200 L of the wash buffer (1X), and 50
uL of the 1X SP conjugate was added to each well. After incubation for 30 min followed by
washing, 50 pL of the chromogen substrate was added per well and incubated for 20 min.
Finally, 50 pL of the stop solution was added to each well, and the absorbance was read at
450 nm on a microplate reader.

Similarly, urea produced by the hepatic cells within the oLOC was measured using a urea
assay kit, according to the manufacturer’s instructions. Briefly, 0, 1, 2, 3, 4, and 5 nmol

of urea standards were prepared by diluting 100-nmol urea standard solution with the urea
assay buffer. A 50-uL volume of the standard or sample was added to each well of a
flat-bottomed 96-well plate. Then 50 pL of the freshly prepared reaction mix was added to
each well and mixed quickly by gently rocking the plate. The plate was incubated at 37 °C
for 1 h, and absorbance was measured at 570 nm on the microplate reader.
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Statistical analyses

All of the experiments were done in triplicates for each data point and were repeated

three times, except for the characterization of inter-chamber transport, for which some
experiments were repeated five times. Results were expressed as means * standard errors of
the means (SEMs) of three (or five) independent experiments, and statistical comparisons
were performed using the two-way analysis of variance (ANOVA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) 3D architecture of liver, liver lobule, and sinusoid structure; (b) conceptual schematic

cross-section of an oLOC, showing a semipermeable membrane that has been folded, seeded
on opposite sides with hepatocyte and endothelial cell monolayers, and capped with top

and bottom plates to define upper and lower flow channels (vascular chambers) that mimic
sinusoids and a central static chamber that contains hepatocyte monolayers on the upper

and lower membrane surfaces; (c) schematic diagram of the implemented oLOC, showing
membrane layers (black and white speckle), flowing medium pathways (red), static medium
pathway (blue), hepatocytes (purple), endothelial cells (maroon), and how it simulates liver
structure with functions of flow (red arrows) and transport via diffusion (white arrows).
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Figure 2.
(a) Schematic diagram of the laser-patterned polyimide tape and nanoporous membrane

oriented for cross-folding; (b) exploded schematic diagram of the folded structure of the
oLOC (gray, red, dark blue, and yellow) and its top and bottom acrylic caps (light blue);

(c) schematic and (d) cross-sectional cutaway diagrams of the completed oLOC,; (e - j)
photographs showing the fabrication process for the Generation 3 devices, including (e) hole
punching and trimming to pattern the nanoporous membrane, (f) folding the nanoporous
membrane between chamber panels to form origami sub-units, (g) layering flow panels to
form additional sub-units, (h) stacking the origami sub-units on top of the solid acrylic base
plate to form the device’s flow structure, (i) capping the stack with an acrylic top plate
(laser-cut with four inlet/outlet ports) and adhering PVC tubing into ports, and (j) final
Generation 3 device structure after assembly; (k) flow pattern of Generation 3 device shown
by flowing yellow dye through the simulated sinusoids and blue dye through the hepatocyte
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chambers; (1) plot of concentration of trypan blue in the flow exiting the middle flow path
as a function of inverse flow rate when a 0.1% solution of trypan blue in deionized water is
flowed through a chip’s upper and lower flow paths and deionized water is flowed through
its middle flow path with no pressure difference between flow paths.
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(a) Viability of primary hepatocytes and HUVECs assessed using calcein AM (green) and
EthD-1 (red) staining on day 7 of culture; (b) quantified metabolic activities of primary
hepatocytes and HUVECSs at different periods of culture; (c) F-actin and nuclei staining
of primary hepatocytes and HUVECs at day 7 of culture; (d) immunostaining of primary
hepatocytes for CYP3A and HUVECs for CD31 and VE-cadherin at day 7 of culture.
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Figure 4.
(a) Cytotoxicity of acetaminophen on primary hepatocytes shown via cell viability assay

using calcein AM (green) and EthD-1 (red) staining after 48 h of acetaminophen
treatment; (b) quantified cell metabolic activity of hepatocytes at different concentrations
of acetaminophen; (c) quantified 48-h urea production by hepatocytes at different
concentrations of acetaminophen; and (d) quantified 48-h albumin production by
hepatocytes at different concentrations of acetaminophen. Asterisk represents significant
difference between the dynamic culture group and the static culture group using two-way
ANOVA (p<0.05).
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Figure5.
(a) Cytotoxicity of tamoxifen on HepG2 cells shown via cell viability assay using Calcein

AM (green) and EthD-1 (red) staining after 48 h of tamoxifen treatment; (b) quantified cell
metabolic activity of HepG2 cells at different concentrations of tamoxifen; (c) quantified
48-h urea production by HepG2 cells at different concentrations of tamoxifen; and (d)
quantified 48-h albumin production by HepG2 cells at different concentrations of tamoxifen.
Asterisk represents a significant difference between the dynamic culture group and the static
culture group using two-way ANOVA (p=<0.05).
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