Liver-on-a-chip: considerations, advances, and beyond
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Abstract:

The liver is the largest internal organ in the human body with largest mass of glandular tissue.
Modeling the liver has been challenging due to its variety of major functions, including processing
nutrients and vitamins, detoxification, and regulating body metabolism. The intrinsic shortfalls of
conventional two-dimensional (2D) cell culture methods for studying pharmacokinetics in
parenchymal cells (hepatocytes) have contributed to suboptimal outcomes in clinical trials and drug
development. This prompts the development of highly automated, biomimetic liver-on-a-chip (LOC)
devices to simulate native liver structure and function, with the aid of recent progress in microfluidics.
LOC offers a cost-effective and accurate model for pharmacokinetics, pharmacodynamics, and toxicity
studies. This review provides a critical update on recent developments in designing LOCs and
fabrication strategies. We highlight biomimetic design approaches for LOCs, including mimicking liver
structure and function, and their diverse applications in areas such as drug screening, toxicity
assessment, and real-time biosensing. We capture the newest ideas in the field to advance the field
of LOCs and address current challenges.
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1 Introduction

The ability to simulate human physiology outside of the body is invaluable in medical research,
enabling the study of disease mechanisms and drug development. The traditional practice is to use a
conventional two-dimensional (2D) cell culturing system (i.e., cells in a petri dish). 2D culture only
permits cells to grow in a flat monolayer,! but has nevertheless become an essential platform for
studying cellular mechanisms and interactions due to its simplicity and ease of operation.? Despite
their higher controllability and reproducibility, 2D cultures have much lower physiological relevance
and complexity compared to three-dimensional (3D) cultures, as shown in Figure 1.3

Conventional cell culturing methods and organ-on-a-chip (O0C) are both considered in vitro models."
246 A comprehensive analysis between 2D and 3D cultures is presented in Table I. 2D cultured cells
experience nutrient depletion over time since there is no fluid flow.? Replenishment of cell culture
medium is required for the continuous growth of cells. In addition, 2D cell culture often only permits
the study of a single cell type. Compared to the native in vivo environment where cells are normally
located, 2D cell cultures on a flat surface pose a clear disadvantage. In comparison, 3D culturing and
0O0C can encourage cell-cell communications and produce physiologically relevant data.*>”8 OOC s a
microfluidic-based platform that bridges between 2D cell culture and animal models, mimicking the
critical aspects of human physiology. Since the development of the first mechanically actuatable lung-
on-a-chip device in 2010,° there has been a plethora of work on OOC for different organs, such as the
intestine,’® ! brain,> 13 blood-brain-barrier,** ** and multi-organ system.!® 7

In this review, we will focus on liver-on-a-chip (LOC), which is a sub-group of OOC. LOC has attracted
increasing attention over the years, with recent developments aimed at recapitulating the in vivo
tissue structure, functions, biochemical cues, and microenvironment of the liver, which conventional
2D culturing has failed to achieve.® '8 LOC allows the study of drug metabolism in models relevant to
human physiology, and offers an alternative approach to animal models.'® ?° Although animal studies
are still required during drug development to assess drug efficacy and toxicity before human trials,
increasing evidence has suggested that animal models may not sufficiently reflect human physiological
conditions, and numerous failed trials are becoming an increasing source of concern.?2® LOC can be
a solution that minimizes ethical hurdles while producing accurate and high throughput scientific data,
especially in the context of drug toxicity predictions.?>?’ Besides drug development, nanomedicine
toxicity assessment can also be a rising application of LOC.?#32 With mRNA vaccines and lipid-based
nanotechnology for vaccine manufacture, nanomedicine has been brought to the public on an
unprecedented scale.3® However, the lack of policies and protocols for nanotoxicity evaluation has
raised concerns.?? With a handful of Food and Drug Administration (FDA) approved nanomedicine
solutions available on the market; it is time to rethink methods that could safely bring nanomedicine
into critical care.?* LOC could find application in the assessment of nanomaterials and other drugs in
the context of treatment-induced liver injuries.3> 3¢

We will critically discuss these applications and provide fresh insights into the future of LOCs. We will
highlight the recent developments in designing LOCs and fabrication strategies, with a focus on the
various approaches to achieve a biomimetic design of LOCs. Furthermore, our review critically
highlights the gap in evaluating nanomedicine toxicity, and how LOCs can be used to address these
gaps. Finally, we conclude with a forward look into the challenges and novel aspects of the
advancement of LOCs. We hope to provide fresh perspectives and new application ideas for the next
generation LOCs, particularly modeling-based work, such as pharmacometrics, fluid dynamics, and
machine learning-aided designs, which supplements a number of recent reviews on different aspects
of LOC technology.?® 37-3%



Figure 1. Preclinical studies rely on major tools, including 2D or 3D in vitro cell cultures, and in vivo animal
models, for drug development. 2D culture offers a rapid and reproducible way to analyze drug response;
however, they lack the 3D physiological tissue environment. Conventional 3D culture can provide a 3D
environment, but still falls short of controllably recapitulating the in vivo physiology and pathology of the human
body. Animal models enable in vivo analysis, yet the species differences between animal and human
physiological mechanisms and the complexity of in vivo physiology weakens the accuracy and reproducibility of
experimental results. A microfluidic organ-on-a-chip platform that enables controllable cell culture within an
organotypic microarchitectural environment provides a simple yet more physiologically relevant platform to
controllably and systematically interrogate human biology. Figure generated in BioRender (BioRender.com).
Reproduced from Ma et al. with permission from © 2020 Elsevier Ltd.>

2 Development of Liver-on-a-chip (LOC) systems

Cell-cell and cell-extracellular interactions are critical factors in influencing cellular behavior.** %! 2D
cell cultures do not allow many of these interactions and are often ineffective in predicting
physiologically relevant drug efficacy and toxicity profile. This eventually may lead to failure in drug
validation and approval processes for clinical application.*? Thus, it is essential to recognize that
although 2D cell culturing could offer greater flexibility and has been a pivotal part of modern scientific
advances, state-of-the-art technologies such as 3D cultures and OOC platforms are more
physiologically relevant evaluation strategies.? To overcome the drawbacks of conventional culturing

methods, efforts have been made to engineer OOCs that consider the spatial organization of cells.**
43-45

2.1  Invitro cell study methods

Cells in their native environment are intrinsically surrounded by other cells in an interconnected 3D
matrix. 2D cell culture fails to address the complex spatial, biochemical, and mechanical requirements
of in vivo architecture and microenvironments.*® There is growing evidence that 3D cultured cells can
better recapitulate or even completely resemble in vivo cellular responses. One of the advantages of
3D culture is the ability to recapitulate the native tissue environment.?* *3 Such systems permit the
study of cell responses to mechanical cues, cell-cell interactions, and extracellular matrix (ECM)
communication. Unlike 2D monolayer adherent cell culture, 3D cell culture takes into account the
spatial organization of cellular structures.*® This is an extra dimension compared to 2D culture that
significantly impacts molecular signal transduction, allowing physiologically relevant gene expression,
morphological changes, and even directing stem cell lineage in vitro.

Over the last decades, different in vitro models have been developed to simulate liver physiology. One
of these techniques is to produce 3D spheroids. Spheroids are “multicellular spherical structures
composed of aggregated cells that do not adhere to a substrate but adhere to each other”.*” Primary
human hepatocytes (PHH) can give invaluable information for studies on cell metabolism,
inflammation, preclinical drug screening, toxicology screenings, and the development of bioartificial
liver devices.*® Despite the view of PHH as a gold-standard cellular model, its drawbacks include a
short lifetime during in vitro culture, rapid loss of liver-specific function and morphology, the tendency
to undergo fibrosis, and weak proliferation capabilities.** *° It has been shown that cultivation of PHH
in 3D spheroids can more closely recapitulate human liver function. The main advantage of such
methods is the ability to retain cell-cell contacts, cell viability, and mature hepatic phenotypes.>?



In recent studies, the emergence of spheroids and commercially available spheroid culture plates have
led to their use in OOC. The combination of OOC and liver spheroids have shown great promise in
recapitulating liver physiology,®*>* liver pathology,*” >* liver xenobiotic/drug metabolism,® 2> and
liver regeneration mechanism.>” To properly define LOC, there are three characteristic requirements:
1) 3D cell culturing environment;>® 2) the integration of multiple cell types;?” *° 3) the presence of
biochemical and biomechanical forces that are native to the designed organ or tissue.* ®© 00C
systems allows precise, systematic control (intensity, duration, and pattern) and cyclic strains on a cell
culture substrate to mimic the mechanical forces a cell may experience in its native environment.®!
These platforms can be beneficial for studying mechanotransduction, where modular control of
different types of mechanical forces is critical to understanding cellular behavior.5>%* To create a
native niche for liver cells, there are several non-parenchymal cells (non-hepatocytes) that perform
critical functions, which should be included with in vitro cultures of hepatocytes. Many multi-cellular
or co-culturing systems have been developed to recreate such organic interactions between different
cell types to promote crosstalk of cytokines and signaling molecules.

2.2 A brief history of LOCs

The first LOC was reported in 2007 by Philip Lee et al., three years before the first lung-on-a-chip.>?
Much attention was given to Huh et al. due to the novel introduction of tunable mechanical forces in
the lung-on-a-chip design, mimicking human breathing patterns.® The introduction of mechanical
forces was not incorporated in early LOC devices due to the static nature of the liver. Following this,
further understanding of mechanotransduction in cell development and function has broadened the
definition of mechanical forces from macroscopic stretching to microscopic shearing forces.® Recent
LOCs have paid greater attention to such aspects, making them an intricate and desired platform for
pathophysiological, mechanistic, and drug toxicity studies. Typical LOC devices contain the
parenchymal cells (hepatocytes) as the main or sole cell type. It is now generally recognized by the
scientific community that monocellular culturing of hepatocytes does not accurately reflect
physiological conditions,>* or produce accurate results compared to in vivo models.? In recent
advancements of LOCs, many have incorporated multicellular culturing or co-culturing to better
recapitulate the physiological state of the human liver.?> > 6567

Figure 2. Timeline of the development of microfluidics-based liver-on-a-chip (LOC) technology. Evolution of the
field from the early concept of endothelial barrier-like micropillar by 2007 by Lee et al. to the more complex
multi-purpose LOC for drug efficacy study reported by Chen et al. in 2021. (Copyright permissions: 1998 —
Reproduced from Duff et al. with permission from © 1998, American Chemical Society.®® 2007 — Reproduced
from Lee et al. with permission from © 2007 Wiley Periodicals, Inc.>2 2011 — Reproduced from Nakao et al. with
permission from the AIP Publishing.?® 2013 — Reproduced from Lee et al. with permission from © 2013 Elsevier
Inc.”® 2013 — Reproduced from Lee et al. with permission from the Royal Society of Chemistry.”* 2015 —
Reproduced from Kang et al. with permission from © 2015 Wiley Periodicals, Inc.”? 2016 — Reproduced from
Bhise et al. with permission from © 2016 IOP Publishing Ltd.”®> 2017 — Reproduced from Weng et al. with
permission from © 2017 John Wiley& Sons.”* 2021 — Reproduced from Chen et al. with permission from © 2021
Elsevier B.V.”)

As shown in Figure 2, LOC designs have advanced from the simplistic monocellular single-channel
device model to a multiple-chip multi-cellular system for studying anticancer drug metabolism effects.
In 1998, the introduction of poly(dimethylsiloxane) (PDMS) as an elastomer for rapid prototyping
accelerated the field of LOCs and OOCs in general.®® In 2007, Lee et al. published their design of LOC
to encourage biliary formation using a perfusion-based system.>? Then, Nakao et al. took Lee’s model



further to precisely control the number of cells allowed in the channel by modifying the design into
asymmetric patterns.®® Nakao et al. restricted two-line cell seeding in the channel and promoted
biliary formation. Since numerous studies have suggested that 3D scaffolding affects cellular
responses, a 3D hydrogel was designed to study the interactions between liver microsomes and
hepatocytes by Lee et al..”’ They utilized polyethyleneglycol (PEG) pillars within a weaving channel and
rat liver microsomes enclosed in a 3D hydrogel matrix. Seven different substrates were tested for the
P450 reaction in a microsome solution, creating a metabolic liver model. In the same year, another
group showed that a continuous supply of oxygen and nutrients, and removal of wastes using an
osmotic pump could assist the long-term maintenance of hepatocyte spheroids.”® Kang et al. in 2015
co-cultured hepatocytes with endothelial cells, and demonstrated long-term maintenance of normal
cellular morphology and urea production for up to 30 days.”? A direct-write bioprinter was used to
create the bioreactor by Bhise et al. in 2016.73 The tissue-like construct was assessed over 4 weeks in
conjunction with the cellular response of acute acetaminophen (APAP) exposure for predicting drug
toxicity. Rather than making direct interaction with the substrate, a scaffold-free technique that
encouraged the formation of organoids was demonstrated by Weng et al. in 2017.7* This design took
inspiration from liver anatomy where the portal inlets flow radially into the hepatic central outlet,
mimicking the structure of liver lobules. It was found that this biomimicry design approach achieved
the reconstruction of hepatic cord-like architecture and the formation of fenestrated window-like
nanostructures after 7 days of incubation. Recent efforts have been dedicated to drug metabolism
screening with multi-chip systems, such as the work by Chen et al. in 2021.”> The LOC was combined
with a cancer-on-a-chip (PC3, HepG2, A549, and MCF-7) system to study the liver metabolite effects
on cancer cells. Chen et al. observed an improvement in hepatocyte synthesis and metabolism, which
improved the effects of cancer drugs in this multi-chip system. The field of LOCs is moving into a multi-
system, multi-cellular, and integrated sensing era, evidenced by the plethora of works in multi-sensing
platforms of LOCs, which are discussed in Section 5.5.



Table I. Comparison between conventional two-dimensional cell culturing technique and three-dimensional cell culturing technique.

1-4,46,76

Parameters

Two-dimensional

Three-dimensional

Monolayer Petri Dish Culture

Liver organoids

Liver-on-a-chip

General characteristics

Cell morphologies

Flow characteristics

Signaling molecules and
mass transfer

Cells grow on rigid tissue culture plastic in
monolayer fashion

Unnatural cell spreading, limited ECM
secretion and limited cell-cell interaction

Cannot induce flow parameters; regular
replenishing of culture media is required

Short-range

Usually cultured with hydrogel or as
suspension culture where the cell mass is
clustered

Possess similar hepatic physiological
architecture, excellent cell-cell and ECM
interaction

Can induce flow depending on the design
of the bioreactor

Due to formation of spheroids, inner cell
mass experience limited mass transfer
which could result in cell apoptosis

Gas permeable polymeric membrane
usually used as culturing chamber
material where cells are encouraged to
reconstruct extracellular matrix (ECM);
multicellular interactions can be easily
encouraged

Can achieve close resemblance of
physiological and pathological hepatic
architecture, high level of ECM production
and cell-cell/cell-surface interactions

Controllable flow parameters such as
shear stress and recirculation of
metabolites

Accurate control of signaling molecules
and nutrients spatially and over time.
Incorporations of non-parenchymal cells
can more accurately mimic physiological
conditions and produce clinically relevant
data



High throughput screening
(HTS)

Experimental data

A widespread model for HTS

Ease of operation but single time-point
data

Depending on the platforms used, the
throughput levels may vary

Difficult to obtain homogenous data

Depending on the designed platform, it
could be achieved but is limited by the
technical challenges

Able to perform real-time monitoring of
metabolites over the entire course of the
experiment




3 LOC designs that mimic liver characteristics

As the largest gland in the human body, the liver weighs about 1.4 kg (2.5% body weight) in the
average adult,””7® making it impractical to mimic the liver mass in a LOC device. Nevertheless, blood
flow characteristics provide a practical approach for in vitro hepatic mimicry. Dimensionless
parameters can be used to describe the fluid flow and mass transport characteristics, such as
Reynold’s number (Re, inertial/viscosity),”® Péclet number (Pe, convective/diffusive transport),® and
Damkéhler number (Da, diffusion/reaction timescale).8! LOCs provide the ability to control and
manipulate these dimensionless numbers to mimic human physiological conditions. Unfortunately,
only a handful of studies have specifically reported these parameters, although they are considered
essential for ensuring the reproducibility of LOC designs. Other features of LOCs should also be
reported, such as shear stress (induced by flow over tissue surface), effective culture time,
characteristics of culture media (particularly for co-culture systems), and surface coating of the culture
substrate. We have provided an overview of current studies on LOCs which have reported some of
these essential parameters (Table 1), and hope that this can serve as a guide for future research to
consider the inclusion of such data.

In this section, we discuss the progress of LOC development to mimic different liver characteristics,
including models of different liver lobules and their microstructures.®? This leads into a discussion of
mimicking liver heterogeneity and drug metabolism using LOCs, followed by a discussion of
multicellular co-culturing in LOC designs.

3.1 Blood supply of the liver results in heterogeneity

The liver is supplied with both nutrient-rich and nutrient-depleted blood, and its functions are
supported by interconnected networks of veins and arteries. The liver has an extremely high metabolic
rate and is responsible for nutrient uptake, protein synthesis, detoxification, and bile production. The
minute structures of liver lobules, a hexagonal shape with a central vein in the center, were introduced
in 1833 by Kierman.® The nutritious blood from the hepatic portal vein mixes with oxygenated blood
(from hepatic arteries) in the sinusoids, a conduit for blood flow from the portal tract toward the
central vein. The sinusoids are lined by endothelial cells wherein the space of Disse resides between
the endothelial cells and the hepatic plates (cords of hepatocytes). The hepatocytes secrete bile which
flows to bile ducts and ultimately leaves the liver to travel toward the duodenum.”® These three
components, the bile duct, hepatic artery, and hepatic portal vein, collectively form the portal triad,
which is located at the six corners of the hexagon. Lymphatic vessels could also be observed at this
location, making it the portal tetrad or portal tracts. Two other models have subsequently been
introduced, portal lobules and hepatic acinus lobules. Both are commonly used to define the structural
and functional units of the liver.2* Each of these hepatic models has inspired different types of LOC
designs to replicate liver characteristics.

3.1.1 Portal lobules

The portal lobule can be identified as the basic unit of the liver by centering at the portal triad and
connecting the three adjacent central veins, forming a triangular region (Figure 3-i). The direction of
blood flow at the portal lobule “diverges” from the portal triad to the central vein. Conversely, the
flow of bile “converges” at the center. Such classification of liver units can be particularly useful when
considering the exocrine (bile secretion) function of the cells.®

Ma et al. designed a chip (Figure 3-iii) that simulated the natural complexity of the liver
microenvironment by integrating rapid 3D bioprinting with tissue engineering to construct
physiologically relevant hexagonal units of liver cells and supporting cells (HUVECs and adipose-



derived stem cells).®® This hexagonal pattern directly imitated the classic lobule and portal lobule,
which enabled improvements in the structure and function of hiPSCs-derived hepatic progenitor cells
(HPCs). Both hiPSC-HPCs and supporting cells were found to recognize the designated lobular pattern
and achieve cell-cell interactions in 3D tri-culture mode. The study suggested that this LOC could be
used for early personalized drug screening and in vitro studies of liver pathophysiology.

Figure 3. i) The liver acinus and zonation of metabolic processes. (A) The gross cytoarchitecture of the hepatic
parenchyma. (B) A cross-section of liver tissue along the portocentral axis demonstrates the proposed zonation
of metabolic processes, with the pericentral zone as the primary site of de novo lipogenesis (DNL) and the
periportal zone as the primary site for gluconeogenesis. As indicated by the arrows, blood flows from the portal
area via the sinusoid into the hepatic venule. Bile flows in the opposite direction from hepatocytes to the bile
duct through the bile canaliculi.?” Reproduced from Sanders et al. with permission from © 2015 Biological
Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society. ii) (A) Biochemical
pathways, gradients, and endothelial properties alternation across the zones of the liver lobule. Reproduced
from Ozkan et al. with permission from © 2020 MDPI (B) Distribution of major metabolic pathways. (pp,
periportal; pv, perivenous; AA, amino acids; Cho, cholesterol synthesis; CYP, cytochrome P450 enzymes; Ggn,
glycogen; Lac, lactate; GPX, glutathione peroxidase; GS, glutamin synthesis; GST, glutathione transferase.)?®
Reproduced from Kietzmann et al. with permission from © 2017 Elsevier B.V. iii) (A) Grayscale digital masks
corresponding to polymerizing lobule structure (Left) and vascular structure (Right) are designed for two-step
bioprinting. The white patterns represent the light reflecting patterns for photo-polymerization. (B) Images (5x)
taken under fluorescent showing patterns of fluorescently labeled hiPSC-HPCs (green) in 5% (wt/vol) GelIMA and
supporting cells (red) in 2.5% (wt/vol) GelMA with 1% GMHA on day 0 (Scale bars, 500 um).8 iv) Biomimetic
microfluidic device with liver microarchitecture. (A) Schematic of the biomimetic microfluidic device with a
hexagonal cell culture chamber, (B) morphological images of a single hepatic sinusoid-like structure with HepG2
cells and human aortic endothelial cell line.®® Reprinted with permission from Ma er. Al. Copyright
2016 American Chemical Society. v) A) The microfluidic device prototype with four medium inlets/outlets (ABCD)
and 6 cell culture wells. The width of the cell culture well ranges from 1 mm to 6 mm. B) The top channel of the
microfluidic device prototype was filled with the red dyes. C) The zoom-in picture of the acinus-like culture well
with the multi-row square-pillar PDMS microstructure with the trapped air. D) The design sketch of the three
rows microstructure.’® Reproduced from Shin et al. with permission from © 2013 Springer Nature. vi)
Measurement of oxygen saturation in cell culture medium by fluorescence emitting sensor spots. Top:
Integration of oxygen sensor spots in the microfluidic biochip. Sensor spots were integrated at the inlets (1, 3)
and the outlets (2, 4) of the upper and lower channel systems, respectively. Establishment of a three-
dimensional liver model in a microfluidic biochip. Middle: Cross-section of the biochip-embedded liver model.**
Reproduced from Rennert et al. 2019 with permission from © 2015 Elsevier Ltd. All rights reserved. vii) (A) The
photograph of the fabricated microchip. (B) Scanning electron microscope (SEM) images of the concave
microwell. (C) The scheme of cell aggregation and spheroid formation in the microwell. C1-C6, Cell Culture
Chamber 1-Cell Culture Chamber 6.2 Reproduced from Chen et al. 2019 with permission from the Royal Society
of Chemistry.



Table Il. Summary of the current literature on liver-on-a-chip (LOC): 1) type of device: solid organ chip — does not contain a membrane structure to mimic endothelial
interactions, or scaffold-free, or barrier tissue — contains a membrane structure; 2) chip material; 3) substrate surface coating, 4) co-culturing (YES/NO); 5) cell lines used in
the study; 6) length of the study; 7) operation flow rate and/or shear stress — also contains the values of the dimensionless parameters where mentioned; 6) application.

Substrate Surface Co-culturing Length of Operation Flow Rate
Reference Type of LOC Chip Material Cell Lines Application
P P Coating (YES/NO) Study or/and Shear Stress PP
Bhi tal Multil f 3- 15 mM t
; |se<'e a', . . ultilayers o ' . HepG2 and C3A m'acue
Biofabrication Solid organ chip PDMS and PMMA  (trimethoxysilyl)pro NO soheroids Up to 30 days 200 pL/h acetaminophen
(2016)72 Glass - bottom pyl methacrylate P (APAP) exposure
Top plate: virgin
polystyrene. Cryopreserved
Bottom plate: Upcyte® Human
tical lit H tocyt
Bonanini et al., Solid organ chip opticalquality epa oc.y e . . Vascularisation and
. . 150 pum glass (1H Collagen | Human primary On arocker at + 14° and - 14 . .
Angiogenesis - OrganoPlate® . . YES 7 days o . experimentation of
(2022)°> Graft coverslip Matrigel GFR RFP-labeled inclination every 8 min tissues in vitro
thickness). HUVECs
Microfluidics: (Alphabioregen,
glass, proprietary #RFP4)
polymers
Primary human
liver Spheroids generation on a
Boos et al., 0.1% gelatin microtissues P & Embryotoxic prodrug
. Scaffold free - . rocker at +/- 2 degrees .
Advanced Science . PDMS solution YES Mouse Up to 10 days . cyclophosphamide
04 Hanging drop _ ) Standing stop on a rocker at
(2019) Biolipidure embryonic- study
. +/- 4 degrees
stem-cell line
ES-D3
H thesis testi
Bulutoglu et al., Lab Solid orean chi PDMS 50 pg/mL NO Primary rat Not Not mentioned yzgou?csll\lsA;Lstg
Chip (2019)%° & P Glass slide fibronectin hepatocytes mentioned .
progression
Hepal-6 tumor Cancer cell stellate
Chen et al., Analyst . . PDMS with glass . spheroids . interactions under
Solid organ chi Not mentioned YES 3 days 1 pL/min
(2019)*? & P slide JS-1 stellate ¥ ut/ drug stimulation in a
cells microchannel plate



Chenetal.,
Biochemical
Engineering Journal
(2021)7

Solid organ chip

Chhabra etal.,
Proceedings of the
National Academy
of Sciences - PNAS

(2022)%7

Solid organ chip

Choi et al.,
American Journal of
Physiology-Cell
Physiology (2020)’

Solid organ chip

Corrado et al.,
Biotechnology and
Bioengineering
(2019)°¢

Solid organ chip

PDMS

Not mentioned

PDMS

Glass and
polydimethylsilox
ane

Collagen

ECM

Pluronic F127

Not mentioned

YES

YES

No

NO

Human

prostatic cancer

cell (PC3)

Mouse NIH/3T3

fibroblasts
Human lung
cancer cells
(A549)
Human breast
cancer cells
(MCF-7)
Human liver
cancer cells
(HepG2)
Primary rat
hepatocytes

Human primary

hepatocytes

Primary rat
hepatocytes

HepG2 pTPs
HepG2
spheroids

Not
mentioned

Not
mentioned

Up to 4 weeks

14 days

30 uL/h flow rate
4.7 x 10 ~* dyne/cm? shear
stress

On arocker at +25° at a
frequency of 1Hz
6.21 dyn/cm? shear stress

Static

Not mentioned

Testing for statin
using prodrug
simvastatin and
active drug
atorvastatin testing

Not mentioned

Hepatic functions
improvement

UTPs may be used to
study the cytotoxic
effects of xenobiotics



Delalat et al.,
Advanced
Functional

Materials (2018)%7

Frey et al., Nature
Communications
(2014)%®

Gori et al., PLOS
ONE (2016)%°

Jangetal.,
Biomicrofluidics
(2015)%00

Jang et al., Science
Translational
Medicine (2019)0!

Solid organ chip

Scaffold-free -
Hanging drop

Solid organ chip

Solid organ chip

Solid organ chip

Silicon and silicon
dioxide

PDMS

PDMS

OrganoPlate from
MIMETAS and
Leiden University

Not mentioned

Potassium
hydroxide

trichloro(1H,1H,2H,
2H-per-
fluorooctyl)silane

Not mentioned

Matrigel

ECM

NO

YES

NO

NO

NO

11

Rat primary
hepatocytes

Human
colorectal
carcinoma cells
(HCT-116)
Primary cell
isolates from rat
liver

HepG2

HepG2

Primary rat,
human, or dog
hepatocytes
Sinusoidal rat,
human, or dog
liver endothelial
cells with or
without Kupffer
and/or stellate
cells

4 weeks

Not
mentioned

8 days

3 weeks

14 days

90 pL/h

Maximal shear stress of 1.2

mPa
Flow rate 10 pL/min
Drop height 0.5 mm

18 ulL/day
Negligible shear stress

0.3 dyn/cm? shear stress

10 pL/h

Microtrenches allow
for maintenance of
hepatocytes

Not mentioned

Development of on-
chip non-alcoholic
fatty liver disease

(NAFLD) models

Cultivation of HepG2
cells

Not mentioned



Kang et al.,
Biotechnology and
Bioengineering
(2015)72

Khetani et al.,
Nature
Biotechnology
(2008)102

Kimetal.,
Biomedicines
(2021)%08

Leeetal.,
Biofabrication
(2019)04

Leeetal.,
Biotechnology and
Bioengineering
(2007)%2

Solid organ chip

Scaffold free -
Micropatterned

Scaffold-free -

culture plate

Solid organ chip

Solid organ chip

PDMS

Tissue culture—

treated
polystyrene

omnitrays (Nunc)

PMMA

PMMA

Acrylic - top
PDMS - middle
Glass - bottom

Collagen |
30% (v/v) Matrigel
for RAMECs

Collagen |

Pluronic127

Gelatin and liver
dECM

Collagen | (10
ug/well) for
mutiwell
No coating for the
LOC

YES

YES

YES

YES

NO

12

Rat primary
hepatocytes
and Endothelial
cells (primary
rat adrenal
medullary and
bovine aortic)

373-J2
fibroblasts :
Primary rat
hepatocytes =
4:1

HepG2
HS68 fibroblasts
Primary HUVEC

Human HepaRG
cells
Human
umbilical vein
endothelial cells
(HUVEC)

Rat and human
primary
hepatocytes

Up to 30 days 30-40 pL/h

Up to 6 weeks Static

Mimetas Rocker kept at 7°

Up to 7 days angle and six rotation cycles

per hour
Not
? 25 pL/min final flow rate
mentioned
10-20 nL/min

Re <0.01

Up to 7 days ©

Pe =56 in flow channel
Pe = 0.8 in the barrier channel

Urea synthesis using
diacetylmonoxime
Viral replication for
hepatotropic
hepatitis B virus
(HBV) and analysis

Hepatic functions
improvement

Pro-inflammatory
protein, IL-1f3, used
to induce
inflammation

APAP used to check
hepatotoxicity

Hepatotoxicity of the
anti-inflammatory
drug diclofenac



Lee et al., Enzyme
and Microbial
Technology
(2013)7°

Leeetal., Labona
Chip (2013)7*

Li et al., Lab Chip
(2018)105

Mazari-Arrighi et
al., Scientific
Reports (2022)0¢

Moya et al., Lab on
a Chip (2018)%7

Solid organ chip

Solid organ chip

Barrier tissue

Scaffold-free -
cell fibres

Barrier tissue

PDMS - top
PEGDA-
microsomes -
middle
Glass - bottom

PDMS

Polyethylene
terephthalate -
middle
Glass - bottom

Glass
Bovine Collagen |
10% Matrigel
1.0% Na-alginate
100 mM CacCl,
3% w/w sucrose
solution

Glass - bottom

Not mentioned

3% (w/v) BSA
Collagen |

Fibronectin (100

ug/mL)
Collagen (100

ug/mL)

Not mentioned

Collagen

NO

YES

NO

NO

13

Rat primary
hepatocytes

Rat primary
hepatocytes
and HSCs

Human primary
hepatocytes
Human dermal
microvascular
endothelial cells
Human stellate
cells

Primary rat
hepatocytes

Rat and human
hepatocytes

Not
mentioned

Up to 13 days

Not
mentioned

Up to 30 days

Not
mentioned

Tilt angle not mentioned
5 uL/min flow rate of
substrate solution
Pe > 1000

5.53 mm/h flow speed

80 pL/hr in heptic channel
100 pL/hr in vascular channel

20 pL/min in the core
80 pL/min in the shell
3.6 mL/min in the sheath

Not mentioned

PA50 reaction with
microsome in
solution phase tested
with different
substrate
concentrations
ranging from 2 uM to
80 uM

Live/Dead assay
Albumin and urea
secretion analyzed by
measuring
concentration in
medium

Induction of
inflammation in liver
diseases

Hepatotoxicity of the
drugs
acetaminophen and
diclofenac

0OO0C devices
including printed
sensors allowing for



Nakao et al.,
Biomicrofluids
(2011)%°

Rennert et al.,
Biomaterials
(2015)°?

Roth et al.,
Materials Science
and Engineering: C

(2018)%08

Weng et al.,
Advanced Materials
(2017)74

Solid organ chip

Solid organ chip

Scaffold free -
Micropatterned

Scaffold-free -
micropatterned

PDMS - top
Glass - bottom

Multi-Organ-
Tissue-Flow
(MOTIF) biochip
Cyclic olefin
copolymers (COC)
- TOPAS

Polystyrene
micropillar and
microwell chip by
MBD Korea

PDMS

Collagen
Matrigel
(150pg/ml)

COC-TOPAS®

Plasma treatment

0.01% (w/v) PMA-
OD attached
PuraMatrix spots
onto a micropillar
chip

Collagen

NO

YES

No

NO
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Rat primary
hepatocytes

HepaRG cells
HUVECs
Peripheral
Blood
Mononuclear
Cells (PBMCs)

Human
hepatoma
(Hep3B)

Primary liver
cells (PLCs) and
Primary HSCs

Up to 4 days

Up to 4 weeks

Up to 3 days

Up to 14 days

1.36 mm/s at center of
medium flow channel
No flow in cell culture area
1.3 Pa (shear stress) in
medium flow channel
No shear stress in cell culture
area

50 mPa-(0.5 dyn/cm?) shear

stress

50 pL/min perfusion rate

Static

30 uL/min

real-time
physiological
measurements

CDF excreted into
bile canaliculi by
MRP2 protein

Not mentioned

Adenoviral
transduction and
drug toxicity

APAP-induced
hepatotoxicity



PDMS - top Top - Vascular

Gl li I
Yuetal, assds c:thIe;;p 3,4-dihydroxy-L- Bott(c:;ls Rat Not Alternating flow
Biomicrofluidics Barrier tissue meni)br\a/ne phenylalanine YES rimar mentioned 0.1 mL/h microfluidic assisted
(2020)%0° . (DOPA) P Y co-culture model
middle hepatocyte
Silicon - bottom spheroids
Worki : bet 0.06
Yuetal, Scientific Solid organ chi Glass/silicon chip Collagen 1 (40 pL) YES Rat hepatocyte 24 days > mgarr?giez r:L;\I{leen Not mentioned
Reports (2017)° & P PDMS/glass cover & a spheroids y . '
Optimum flow rate: 0.1 mL/h
Apt -based
PDMS - top and Stellate cells p amer-base
Zhou et al., Lab on . . . . . biosensors for
. 8 Solid organ chip middle Collagen 1 YES Rat primary Up to 3 weeks Not mentioned .
a Chip (2015) detecting secreted
Glass - bottom hepatocytes o
proteins in parallel
List of abbreviations from the table:
APAP — acetaminophen LOC - Liver-on-a-chip
BSA - Bovine serum albumin NAFLD — Non-alcoholic fatty liver disease
CDF - 5-(and-6)-carboxy-2’,7'-dichloro-fluorescein PDMS — Poly(dimethylsiloxane)
COC - cyclic olefin copolymers PEGDA — Poly(ethylene glycol) diacrylate
dECM — Decellularized extracellular matrix PMA-OD - Poly(maleic anhydride-alt-1-octadecene)
ECM — Extracellular matrix PMMA — Poly(methyl methacrylate)
GFR — Growth factor reduced RAMECs — Primary rat adrenal medullary endothelial cells
HBV — Hepatitis B virus MUTPs — Microtissue precursors

HSCs — Hepatic stellate cells
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3.1.2 Zoning of hepatic acinus

In 1954, another classification of liver units called hepatic acinus was proposed by Rappaport.® The
hepatic acinus is identified by connecting central veins of two adjacent classic lobules with the
adjacent portal triad, forming a diamond structure. Despite the apparent homogenous appearance on
the histological level, the hepatic acini are regarded as heterogeneous at the subcellular level, as well
as for biochemical and physiological functions. The hepatic acinus can be zoned into three tiers, Zones
[, I, and Ill. The zonings are categorized by their proximity to the portal triad. Zone | is the closest to
the blood supply, the first zone for receiving oxygen, nutrients, and toxins. Zone lll is the furthest to
the blood supply and the closest to the terminal hepatic central vein. Zone Il lies between Zones | and
lIl. The possibility of creating chemical gradients in LOCs to better recapitulate liver physiology inspires
many designs.

Due to large variations in the distances of hepatocytes to the portal triad, a chemical and nutrient
gradient can be observed in the hepatic acinus (Figure 3-ii-A). Variations such as enzyme activity and
the size and number of cytoplasmic organelles are observed between Zone | and Ill. Cells in Zone Il
have intermediate functional responses and morphological characteristics compared to those in Zones
I and lll. Cells in Zone | are more resistant to the effects of nutritional deficiencies or circulatory
compromises.!! Upon circulation impairment in the hepatic lobules, cells in Zone | are the last to die
and the first to regenerate. However, after bile duct occlusion (bile stasis), these cells are the first to
show morphological changes.!'? Zone | is primarily responsible for ammonia detoxification and glucose
metabolism processes.!** Under reduced perfusion, cells in Zone Il are the first to exhibit centrilobular
necrosis and accumulate fat.*

Zonal differences could be seen in liver sinusoidal endothelial cells (LSECs). With the aid of
transmission electron microscopy (TEM), the features of fenestrae were determined (Table I11).1141%7
Wisse et al. reported the diameter of fenestrae to be around 107 + 1.5 nm on the endothelial
surface.’'” 118 However, Zapotoczny et al. showed that different treatment of the tissue sample might
affect the measured sizes. Most studies have shown that the average diameters of fenestrae in Zone
| are higher than in Zone lll, and the number of fenestrae increases from Zone | to Zone lll. The exact
measurements are unknown due to technical difficulties, such as limited access to tissue samples and
changes in the diameter and number of fenestrations after treatment with various agents (hormones,
drugs, toxins). Despite this, the zonal variations of fenestrae are proven to play critical roles in gene
therapy.!'® These physical measurements could be a guide for constructing in vitro models of the
fenestrae of liver sinusoids.

Table Ill. Compiled data from various sources on the measurement of fenestrae.

Density
Diameter (nm)
(Per area, pm?) Sample Reference
Zone | Zone Il Zone | Zone Il
Gebhardt 1992
150-175 NA 9 13 Unknown
Pharmacol. Ther.'*®
Wisse et al. 1985
111 £0.25 105 £0.22 9 13 Rat liver

Hepatology'?°
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Human liver; Hornetal 1987

NA NA 19 23 )
Non-alcoholic Hepatology?!
Human liver: Hornetal 1987
NA NA 8.5 12 . ’
Alcoholic Hepatology!?!
Wisse et al. 2008
107 +£1.5 NA NA NA Human liver
Gene Ther.118
Zapotoczny et al. 2017
180 £ 41 NA NA NA Murine liver

Sci. Rep.122

In 2013, Shih et al. designed a gradient microphysiological system that mimicked liver acinus by
adopting three mechanisms.®® First, PDMS was used to host the cells as a hydrophobic and gas-
permeable material. Second, cell-cell interaction was encouraged by reducing the drag force during
cell seeding, where the chip contained a multi-row square pillar (Figure 3-v) to balance the shear stress
and mass transfer perfusion of the culture medium. Third, a reduced flow speed was enabled by
connecting the top and bottom flow channels to achieve a concentration gradient. A non-linear
concentration gradient was achieved by semi-circle flow design where the crossflow and the
expansion phenomenon were balanced. Shih et al. inspired the creation of the biomimicry approach
for LOCs.

3.1.3 Metabolic zonation

The concept of “metabolic zonation” was formally acknowledged by the work of Jungermann and
Sasse in 1978.12 This was derived from previous studies of carbohydrate metabolism, suggesting
opposing metabolic pathways such as gluconeogenesis (or glucogenesis) and glycolysis are
simultaneously occurring in hepatocytes in the periportal and perivenous regions, respectively.!!® 124
126 Key chemical/metabolic gradients are present across the three zones (Figure 3-ii). For example,
oxygen and nutrient concentrations decrease from Zone | to Zone lll, directly impacting the liver's
functional adaptation to meet the various nutritional and energetic requirements for supporting
metabolic pathways. Ma et al. described a biomimetic design to recapitulate the liver’'s metabolic
zonation, by mimicking the hepatic cord network and hepatic sinusoid network (Figure 3-iv).%° Using
hepatic enzyme assay, it was found that the chip maintained high basal CYP-1A1/2 and UGT activities,
indicative of great drug metabolism capacity. The chip also successfully predicted potential adverse
reactions from clinical pharmaceuticals causing drug-induced liver injury, suggesting an application in
the in vitro assessment of drug-induced hepatoxicity.

3.2  Multicellular co-culturing

A rich population of specialized cells supports the functions of the liver, classified into two categories:
parenchymal cells (hepatocytes) and non-parenchymal cells (all other cells).? To build more
physiologically relevant LOCs, co-culturing of parenchymal and non-parenchymal cells has been
established for liver function evaluation and mechanistic studies. Monocellular culturing of
hepatocytes can lead to shortened preservation of cellular morphology and functionality, finite
perfusion duration, diminished ECM-derived biochemical signals, and loss of cell polarity. The inclusion
of non-parenchymal cells creates biomimetic tissue structures that allow hepatocytes to be subjected
to native biophysiological-biophysical cues, enabling better modeling of liver homeostasis and
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functions.!® Multi-cellular seeded chips have been shown to provide a more realistic physiological or
disease model of the liver, and higher accuracy in predicting toxicity.®> >

To overcome the rapid loss of hepatocyte cell polarization and unwanted differentiation in static
culture, Rennert et al. established a Multi-Organ-Tissue-Flow (MOTIF) perfusion microfluidic system
together with co-culturing (Figure 3-vi).® By incorporating HUVECs (to mimic liver sinusoidal
endothelial cells), monocyte-derived macrophages (to mimic Kupffer cells), and immortalized human
hepatic stellate cells (LX-2) with HepaRG (immortalized hepatic cell line), the perfused liver organoid
showed close resemblance to the morphological and functional characteristics of the human liver. This
system could provide a continuous supply of oxygen and nutrients, and real-time monitoring of
cellular oxygen consumption through the use of luminescence-based sensor spots. The oxygen
consumption of HepaRG cells was studied at different media perfusion rates (1-3 pL/min), and found
to increase at higher perfusion rates. These dynamic responses suggested that the MOTIF biochip
could mimic in vivo conditions, making it a valuable tool for studying liver physiology, metabolism, and
underlying molecular processes.

It has been reported that HSCs are a major component of the hepatic tumor microenvironment, and
play critical roles in cancer progression as well as drug resistance. To elucidate the effects of HSCs (JS-
1) on hepatic tumor spheroids (Hepal-6), Chen et al. developed a microchannel plate-based co-culture
model, and used it to study drug resistance and cellular interactions.®> The in vivo tumor
microenvironment was set up using 3D concave microwells, recapitulating epithelial-mesenchymal
transition and chemoresistance. The design incorporated a concentration generator to study the
spatial and temporal stability of the LOC (Figure 3-vii). This system facilitated the formation of hepatic
tumor spheroids with simultaneous ability to monitor cell morphology, behavior, and other
physiological changes under continuous flow.

4 Fabrication Techniques for LOC

To benefit readers from a wide range of disciplines interested in self-fabricating LOCs, we have
provided a summary of the general procedures in fabricating LOC devices, drawing on recently
published protocols and other comprehensive reviews. We hereby provide a graphical overview in
Figure 4, including recent advances in lithographic techniques and LOC-specific procedures. For
detailed protocols, readers are encouraged to seek further details in other reviews. 3% %127

4.1 The general procedure to produce LOC devices

LOC devices have been combined with biosensors to achieve real-time monitoring of hepatocyte
morphology and functions.'? 1% For continuous monitoring, LOCs need to sustain the phenotype of
hepatocytes, particularly primary cells, and liver-specific functions in long-term culture.’® In most LOC
devices, multi-cellular or co-culturing has seen better and more accurate responses to drug testing
and toxicological evaluations compared to 2D in vitro models.’®® The versatility of designing
microfluidics patterns meets the needs of different research focuses, such as pathological studies and
drug development.>>>° In this section, we give an overview of the common procedures for fabricating
LOC devices. Then, we specifically discuss emerging trends in cell fabrication techniques that have
been incorporated for LOC technologies.

The general procedure for producing LOCs devices is outlined below:

1) Create the desired pattern using computer-aided design (CAD) software with consideration of
positive or negative imprint.

2) Use photolithography techniques to create a master (or mold). The alternative method,
maskless lithography, is discussed in Section 4.2.
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3) Adopt the soft lithography technique to create a polymer-based LOC.

4) Device bonding by plasma treatment.

5) Microfluidics device evaluation and testing.

6) Surface treatment of the materials for cell culturing to provide a functional LOC.

Figure 4. A general procedure for creating a microfluidic LOC device in six steps. Step 1 is pattern creation, usually
performed using computer-aided design software, such as AutoCAD. Step 2 is creating a master template on a
silicon wafer where there is a choice of mask photolithography or maskless photolithography. Step 3 is the
fabrication of the device by soft lithography. Step 4 is the plasma bonding of the chip materials. Step 5 involves
the tube insertion and testing of the device before cell culturing. Step 6 shows the coating of the chip channels
and the seeding of cells.

4.2 Photomask lithography and maskless lithography

Photomask lithography is solely dependent on the use of photomasks. Hereby, we summarized the
different types of photomasks and their characteristics in Table IV. The typical costs of a photomask
can range from the most expensive quartz (~USD$500, 5") down to the least expensive plastic film
(~UsSDS$100, 9" x 12") per photomask. The cost increases with size and resolution, as well as other
handling expenses such as shipping (also extends the time needed for such fabrication process). One
photomask may accommodate multiple designs at once, thus bringing down the cost per design.
Typically, several iterations are required to produce an optimal LOC device. With any modification to
the design, a new photomask needs to be procured. Efforts have been made to shorten the processing
time and lower the cost by adopting techniques mentioned in other studies and reviews.'3*13% Here,
we discuss a recent advance in photolithography using a maskless aligner, which completely abandons
the use of photomasks.

Table IV. Comparison between the types of photomasks and their pros and cons.3¢ 137
Type of photomask Advantages Disadvantages
High resolution (>= 1.0 um) Could break
Very stable Very expensive
Low thermal expansion coefficient Time consuming
Quartz photomask
Easy to clean
Non-restricted wavelength range (> 180
nm)
Cost-effective solution Fragile
Glass (soda lime) Stable Limited wavelength range (> 350 nm)
photomask Easy to clean Time consuming
High resolution (>= 2 pm)
Cheapest option of all Weak stability

Plastic photomask Very easy to handle
Rapid prototyping method

Low resolution (> 6 um)
Limited wavelength range (> 350 nm)
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Flexible
Thin

With advances in instrumental designs, maskless lithography has become an option to perform rapid
prototyping of microfluidics.’®*® Maskless lithography relies on the use of a maskless aligner (MLA),
such as Heidelberg MLA150.1* The MLA150 can pattern features down to 0.6 um with topside and
backside alignment features. The maximum exposure area of MLA150 is 150 mm x 150 mm. Using
MLA150, microfluidic devices can be fabricated without the need to produce or outsource
photomasks. In a recent study by Kasi et al.,*** maskless photolithography was used to produce an
OO0C device capable of culturing human-induced pluripotent stem cell (hiPSC)-derived vascular cells
and neuron cells. They also achieved a cleanroom-free microfabrication process, one step closer to an
accessible and practical method for making microfluidic devices. Rapid prototyping with maskless
photolithography offers opportunities for researchers to adopt it as a regular practice to produce high-
fidelity and high-resolution microfluidic devices with shortened time frames and without the expenses
of photomasks. The use of MLA is ideal for rapid prototyping during design-testing iteration cycles.

4.3 Soft lithography and surface functionalization

Duffy and Whiteside et al. introduced soft lithography in 1998.%8 This procedure is defined as
micromolding an elastomeric polymer to generate a pattern, by replica-molding from a
microfabricated master typically produced by photolithography. Hence, soft lithography is an auxiliary
microfabrication technique to produce microfluidics devices.%% 14142 Soft lithography is endorsed by
researchers as an inexpensive way of fabricating microfluidics.

Over the years, PDMS has become one of the most commonly used materials in soft lithography. PDMS
can achieve fidelity of below 0.1 um.**® Since PDMS is optically transparent above 240 nm, it is a
suitable material for optical detection between 240 nm to 1100 nm. PDMS is considered an insulator
that allows circuits to be embedded, and its elasticity is tunable with a typical value of ~750 kPa. Due
to its excellent biocompatibility, PDMS is the preferred material for rapid prototyping of microfluidic
devices. Nevertheless, PDMS can absorb hydrophobic biological molecules and be incompatible with
certain organic solvents.* To overcome these issues, alternative elastomers have been adopted, such
as polyester elastomers, tetrafluoroethylene-propylene elastomers, and thermoplastic elastomers.*

The general steps to produce a microfluidic chip using soft lithography are described as follows: (i)
PDMS casting and thermal annealing at 40 — 70 °C or at higher temperature for a shorter curing time;
(ii) PDMS chip peeled off from the mold and cut into the desired shape; (iii) creation of inlets and
outlets of the assembled device using biopsy puncher; (iv) sealing the device by plasma bonding where
different layers of design and a glass slide are joined together.'?” PDMS can be sealed to another PMDS
block or other surfaces reversibly or irreversibly, making multi-layered device design possible. An
alternative method, such as corona discharge, can be performed to achieve the same result.'#®

Surface treatment of the device may be necessary to promote cell adhesion or other processes such
as spheroid production, enhance biocompatibility, and reduce chemical diffusion into the polymer
material. In 3D spheroid cultures, pluronic acid is usually used to prevent undesired spheroid
dissociation due to potential cell attachment to the surface. Other coatings such as proteins and ECM
can promote cell attachment to the surface. Readers are encouraged to seek further information from
other recently published reviews.3% 147,148
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4.4 Long-term cell culturing techniques

Primary human hepatocytes are considered the gold standard for in vitro cell culture to study liver
characteristics and function. However, they are prone to rapid death in vitro in 2D culturing platforms.
A key characteristic of LOCs is to achieve long-term culture of hepatocytes (over two weeks of
continuous culturing) to address common issues such as contamination, clogging, and bubble
accumulation in the chips, which can cause deterioration of cell function. This section reviews some
of the current techniques to enable long-term cell culture in LOCs.

4.4.1 Production of 3D Spheroids

As conventional spheroid culture is performed in static conditions, the depletion of nutrients around
the spheroid periphery is inevitable, causing cell death at the center of the spheroids. Liquid overlay
techniques have been used to produce a non-adherent surface for cells to form 3D spheroids, such as
the use of poly-2-hydroxyethyl methacrylate (Poly-HEMA),* pluronic acid,**° or 1-2% agarose coating
on the substrate surface.’®® To improve the throughput, spheroids have been cultured with various
techniques and in conjunction with LOCs. Spheroid LOCs can be realized by two general approaches:
1) produce spheroids using cell culturing techniques and then transfer the cell aggregates into LOCs;
2) direct production of spheroids in the LOCs. Several methods have been explored to produce
spheroids, such as the use of ultra-low attachment (ULA) surfaces, bioreactors, hanging drops,
microarrays, and the most recent developments in microfluidic spheroid formation chips - a technique
for on-chip formation of spheroids.*?

Kim et al. designed and fabricated a polymethyl methacrylate (PMMA) based hemispherical well-
shaped cell culture chamber that was functionalized with a pluronic coating (1% w/v in water) to
encourage cell aggregation (Figure 5-i).1°2 The hepatocyte cell line HepG2, primary human umbilical
vein endothelial cells (HUVECs), and fibroblast cell line H368 were adopted in the ratio of 5:4:1. The
spheroids, with dynamic fluid flow caused by a rocker at 7 degrees tilt and a rate of six rotations per
hour, were exposed to IL-1B (1, 5, 10, and 20 ng/mL) over 5 days to cause cellular stress and produce
an inflammatory disease model. Although this model demonstrated the possibility of simulating the
hepatic microenvironment and human liver physiology in disease, there was lack of control over the
dynamic fluid flow. Precise control of fluid flow could be introduced by the use of syringe pumps,
peristaltic pumps, pressure controllers, or other types of fluid control devices.

In an early study by Tostdes et al.,*>® a perfusion-stirred tank bioreactor was used to promote the

formation of primary human hepatocyte spheroids (81 + 4 um diameter, week 2) during the first 72
hours of culture. With proper controls, the bioreactor (Figure 5-iii) achieved convective mass transfer
and environmental control appropriate for the robust formation of hepatic-like microtissue units. In
this study, the primary human hepatocyte spheroids could maintain hepatic liver-specific synthesis,
drug-metabolizing enzyme gene expression and activity, and liver-like architecture inside the
spheroids for 2-4 weeks.

Figure 5. i) Schematic of 3-well array for gravity-based spheroid culture.'® Reproduced from Kim et al. 2021 with
permission from © 2021 MDPI; ii) Microfluidic multi-tissue hanging-drop platform. a) The microfluidic network
is patterned on the surface of a PDMS substrate. Photographs of the chip show its operation in hanging-drop
and standing-drop configuration. Scale bar: 5 mm. b) The chip layout consists of four individual lanes of nine
interconnected drops.’* Reproduced from Boos et al. with permission from © 2019 John Wiley& Sons iii)
Experimental design of the induction of the CYP450 enzymes in primary cultures of hepatocyte spheroids in the
bioreactor (left). Scale bar = 50 um. Immunofluorescence microscopy of liver-specific antigens in human
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hepatocyte spheroids after 2 weeks of bioreactor culture (right).?>> Reproduced from TostBes et al. with
permission from © 2011 John Wiley& Sons Copyright; iv) Schematic of the process flow aside photomicrographs
taken at each step. A reusable PDMS stencil is seen consisting of membranes with through-holes at the bottom
of each well in a 24-well mold. Primary hepatocytes selectively adhere to matrix-coated domains, allowing
supportive stromal cells to be seeded into the remaining bare areas (hepatocytes labeled green and fibroblasts
orange; scale bar is 500 um).1°2 Reproduced from Khetani et al. with permission from © 2007, Springer Nature
v) Numerically simulated streamlines and flow velocities of a perfused drop containing a 400-um-diameter
spheroid (applied flow rate is 1 ul min~!, hanging drop has maximal size and a height of 1.75 mm). The same flow
rate is applied at the outlet. Grey areas indicate contact walls with no-slip condition (v=0 um s7%). a) Layout of
the four-by-four drop array, showing the added features for array reconfiguration (marked in red). c) Three
handling steps are required during an experiment (close-up views show key areas).® Reproduced from Frey et
al. with permission from © 2014, Springer Nature vi) Schematic representation of the micropillar and microwell
chip platform for use in Hep3B cell encapsulation in PuraMatrix and compound toxicity assessment.!0®
Reproduced from Roth et al. with permission from © 2018, Elsevier vii) Encapsulating primary rat hepatocytes
within core—shell hydrogel microfibers by applying cell fiber technology. (a) Schematic drawing of the fabrication
of core—shell hydrogel microfibers encapsulating freshly isolated rat hepatocytes through a double co-axial
microfluidic device. (b—g) Representative dark-field images (n =12 cell fibers for each group) of primary rat
hepatocytes encapsulated in cell fibers before culture and after 48 h of culture in three experimental groups
possessing different initial cell seeding densities: 2.5, 5, and 9 x 107 cells mL™. Scale bars; 100 um.*% Reproduced
from Mazari-Arrighi et al. with permission from © 2022, Springer Nature viii) Design principles of tissue
incubator. a—d) Schematic diagram of design principles. e) Photo of entire device. f ) Schematic diagram of radial
flow. g) LOC shows good cell viability with Calcein AM staining (green). °* Reproduced from Weng et al. with
permission from © 2017 John Wiley& Sons ix) The OrganoPlate Graft allows for the generation of robust
microvascular beds. A) Top and bottom views of the OrganoPlate Graft with 64 microfluidic units positioned
underneath a 384 microtiter plate. Each microfluidic unit makes use of a 2 x 3 array of wells from the microtiter
plate (insert image). B) Sequence of steps for generating a microvascular bed. 7* Reproduced from Bonanini et
al. with permission from © 2022, Springer Nature x) Developed micropatterned devices. (a) Schematic of the
microgrooves-based platform with pink: liver compartment and grey: tumor compartment; (b) picture of the
microgrooves-based device and stamp for micropatterning; (c) concept of the valve-based platform with pink:
liver compartment and grey: tumor compartment. In the zoom is shown the valve operating principle; (d) a
picture of the valve-based device.’® Reproduced from Ferrari et al. with permission from © 2022, IOP
Publishing, Ltd

4.4.2 Hanging Drop for LOC
The hanging drop method is an elegant use of the Young-Laplace equation.>®

rp=% (1)

r

Where p denotes the pressure, y denotes the interfacial energy (air-liquid), and r denotes the
droplet's radius. This cell fabrication technique relies on accumulating cells at the liquid-air interface
to develop spheroids. There is an emergence of commercial hanging drop plates (HDPs) on the market,
allowing the streamlined production of spheroids.’®® Disadvantages of such methods include the
inability to use large liquid droplets (>50 pL) and the inability to change media without adversely
affecting the spheroids.

To tackle the inability of media exchange during spheroid formation, Frey et al. presented a highly
versatile analytical platform for forming multi-cellular spheroids.®® The microfluidic system is
composed of hydrophobic rims and circular chambers. Capillary forces drive the liquid from the inlet
to the outlet, and as the pressure increases, the droplet builds up in size. As the bottom surface is the
liquid-air interface, gas exchange and fluid dynamic profiles differ from closed microfluidic channels.
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The maximal flow velocity was found at the liquid-air interface (Figure 5-v). This configuration offers
the advantage of washing away unwanted single cells and debris. Frey et al. also achieved parallel
spheroid formation by designing connecting ports (capillary valving), enabling the liquid flow without
crossover. By introducing a small volume of liquid, the capillary valve broke, and the liquid would
infuse together to create connected streamlines. By incorporating gradient microfluidics, different cell
culturing media could be prepared. This array configuration allowed the rapid production of individual
hanging drops with metabolic cross-communication between spheroids. They successfully
demonstrated the ability to culture primary rat liver microtissues (rLiMT) in parallel with human colon
cancer cell line HCT-116.

In a recently developed device by Boos et al.,** the hanging drop method produced embryonic bodies
(EBs) and primary human liver microtissues (hLiMTs) to integrate liver metabolism into the embryonic
stem cell test (EST). The hanging-drop-network (Figure 5-ii) was used to co-culture EBs with hLiMTs in
immediate proximity to each other, named “metaEST.” During EB formation, hLiMTs were
disconnected from EB due to the presence of the hydrophobic rim and capillary valve under static
culturing conditions. After 24 hours, the wetting of the capillary valve established liquid exchange
between the compartments, and fluid flow was induced by slightly titling the chip by £2° every 15 s
with an average turnover of 4.5 uL per tilting cycle for 5 days. On day 5, the chip was flipped upside-
down to obtain a standing-drop configuration and tilted at +4° every 15 s with an average medium
turnover of 8.7 ulL per tilting cycle. Due to different coatings of the substrate, hLiMTs remained
spheroids, whereas the EBs adhered and spread on the adhesive surface. As proof of concept, the
drug cyclophosphamide was used, which showed a 4-fold lower ID50 concentration after
biotransformation, demonstrating the metaEST as a promising tool for EST.

4.4.3 Microarrays

Another emerging technique to produce spheroids for LOCs is using microarrays. The aforementioned
techniques for spheroid production by ultralow attachment 96-well plates and hanging drops have
the disadvantages of low throughput, challenging operations, and being labor intensive.®” 158 To
improve throughput, a microwell microarray has been proposed by Chao et al. by engineering the cell
attachment surfaces with agarose gel.’>® A negative mold with microwell patterns of 250 pm diameter
and 400 um center-to-center spacing was created; approximately 160 microwells could fit into the
bottom surface of a single microwell of the plate. A PDMS stamp with microarrayed pillars was created
using the mold and subsequently set in the molten agarose over GelBond film (Lonza, 53761) for 15
minutes. By removing the PDMS mold, an array of microwells was created. The agarose gel was
clamped between a 96-well bottomless plate and a glass plate while the cell loading was done. With
the removal of the 96-well bottomless plate, the patterned agarose microwell microarray trapped
HepG2 cells and encouraged the formation of HepG2 spheroids within 1-2 days. With this technique,
Chao et al. further modified the assay to show that intact HepG2 spheroids cultured in microwells
could be electrophoresed to reveal the extent of DNA damage following exposure to inflammatory
chemicals, such as H,0, and SIN-1.

The use of hydrogel scaffolding can accelerate and maintain cell growth in microarray systems. For
instance, incorporating hydrogels on top of the micropillars in the microarray can improve their
surface chemistry. Key advantages of coating the pillars with hydrogels are the improved high-
throughput screening of potential drug candidates, diffusion of nutrients, and imaging of cells. Roth
et al. explored the use of PuraMatrix as the hydrogel matrix,’°®® which made the study of viral
transduction possible (Figure 5-vi). The surface chemistry of micropillars was optimized by a coating
of poly(maleic anhydride-alt-1-octadecene) (PMA-OD, 0.01% w/v in ethanol) and subsequently

printed PuraMatrix (0.25% in water) using the S+ microarrayer at 60 nL/micropillar. Six model
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compounds, acetaminophen, lovastatin, rotenone, tamoxifen, menadione, and sodium citrate, were
tested on 3D-cultured Hep3B cells for rapid toxicity assessment by obtaining ICso values. With the
improved surface chemistry, Roth et al. demonstrated the suitability of the PuraMatrix hydrogel for
3D cell encapsulation, gene expression, and rapid toxicity assessment.

4.4.4 Microfluidic spheroid formation chips (uSFCs)

UMSFCs refer to microfluidic chips that could promote the formation of spheroids in chips with the
additional ability to maintain the culture of spheroids.'>? uSFCs have shown the ability to prolong the
lifetime of hepatic cell lines (such as HepaRG, HepG2, Fa2N-4) in culture and help preserve their
phenotype, making them a promising in vitro model for evaluating hepatic metabolism and
cytotoxicity.'® To exploit the use of 3D spheroids in constructing LOC, Choi et al. produced a
microfluidic device with a microstructured floor, containing pyramidal wells to promote primary rat
hepatocytes in forming uniform assemblies of hepatic spheroids (~100 um in diameter).” Two different
sizes of pyramidal wells, a small size (4.25 pL with 100-um headspace) and a large size (40 pL with
1,600-um headspace), and a 2D culturing platform were used, showing that hepatic spheroids in LOCs
can enhance cell phenotype and function. More importantly, Choi et al. demonstrated that the
geometry and mass transport of the cell culture system played an unequivocal role in the
accumulation of autocrine signals and maintenance of primary hepatocytes. It was found that small-
volume spheroid cultures were more robust. Compact spheroids formed over the course of 24-48
hours showed significantly higher production of albumin, higher cytochrome P450 2A1 expression,
and the formation of bile canalicular networks within individual spheroids in small-volume microfluidic
spheroid culture.

Another bottleneck in modeling human hepatic tissues in vitro is the ability to produce vasculatures
in liver organogenesis and regeneration models. Bonanini et al. presented a viable approach to
promote vasculatures for in vitro models, using an innovative design combining spheroids and a
microfluidic vascular bed.?® They created an OrganoPlate Graft, comprising patterned 64 microfluidic
chips underneath a standard 384-well plate. Each chip had two perfusion channels and a gel channel
(Figure 5-ix). Two phaseguides at the bottom of the microfluidic channel served as a capillary pressure
barrier and assisted in the filling of ECM gel. Collagen | was used to pattern the phasedguide at inlet
A2 (Figure 5-ix-B) for improved cell viability. A four-step procedure was adopted for in vitro tissue
grafting, which achieved co-culture of HUVECs and cryopreserved Upcyte® human hepatocytes.

4.4.5 Matrix embedding

Hydrogels are the most common choice for cell scaffolding in constructing LOC because of their space-
filling ability, controllable porosity and topography, and biocompatibility.® 130 161. 162 Noye| methods
such as electrospinning nanofibers have also been studied. 3D scaffolds made from a range of natural
and synthetic materials have been used to help promote hepatocyte growth.!6* 1% Using native ECM
is another method for mimicking the native microenvironment of hepatocytes,’®® such as a
decellularized liver scaffold by removing hepatocytes and non-parenchymal cells.'®® Studies have
shown that decellularized ECM could provide a physiologically relevant environment with suitable
biophysical and biochemical factors to encourage hepatocyte growth and function.>% 167- 168

To improve the longevity of primary hepatocytes during in vitro culture, Mazari-Arrighi et al.
developed cell-laden core-shell hydrogel microfibers, named ‘cell fibers’, that could maintain primary
rat hepatocyte viability and liver-specific functions for up to 30 days in culture.'® The cell fibers were
generated using a double-coaxial laminar-flow microfluidics device, where the core contained both
cells and ECM proteins (mixture of collagen | and Matrigel), while the shell was an alginate hydrogel.
By varying the initial cell seeding concentration, cellular clusters would vary their morphology,
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whereby a lower cell density increased the likelihood of the cell cluster becoming spheroid shaped
(Figure 5-vii). Mazari-Arrighi et al. tested the performance of cell fibers in detecting drug
hepatotoxicity using acetaminophen and diclofenac. Cell fibers allowed accurate estimation of the
50% inhibitory effect (IC50) for up to 30 days for these two drugs, representing a significant
improvement compared to cells cultured in a 24-well plate. These cell fibers showed the possibility of
offering scalability and handleability over long culture periods.

4.5 Other techniques

The fabrication of microfluidics devices is complicated and requires state-of-the-art facilities, such as
a cleanroom, increases the relative cost of a LOC. Additive manufacturing including 3D printing allows
complex structures to be built from various materials, for example, through layer-by-layer deposition
of material ink.% Building up from this, 3D bioprinting enables the production of microfluidic devices
incorporating cells in a one-step procedure.’® 17! This dramatically reduces the cost per chip and
shortens the production time, making 3D bioprinting an attractive technique for rapid prototyping and
proof-of-concept validation in constructing LOC.

Recent advances in 3D bioprinting allow the direct printing of viable cells with 3D tissue structures in
a single continuous procedure with great accuracy.'’>73 3D bioprinting techniques can be categorized
further into stereolithography, inkjet, extrusion, and laser-assisted bioprinting. Different techniques
can achieve varying degrees of cell viability, resolution, and printing speed. Two-step fabrication has
been recently reported where the microfluidic chip is fabricated using a conventional microfabrication
technique, followed by bioprinting cells into the prefabricated chip. Different bioinks have been
developed to accommodate various OOCs including LOCs, as captured in recent reviews.’4 17>

Bhise et al. provided a novel model where human HepG2/C3A spheroids encapsulated in a hydrogel
scaffold were bioprinted into a microfluidic device for hepatotoxicity testing.”® The primary device
comprised PDMS and PMMA, and spheroids were formed using microwell technique followed by
suspending the cell clusters in gelatin methacryloyl (GelMA) hydrogel scaffold. Unlike other devices,
this platform could be easily disassembled and reassembled during the experiment to allow access to
the cells in culture. The tissue-like construct was assessed over 4 weeks, in conjunction with cellular
response to acute acetaminophen exposure over 1 week for predicting drug toxicity. Results indicated
a significant decrease in metabolic activity over 6 days in cultures with acetaminophen, similar to the
hepatotoxicity response reported in animal models. This device was thought to provide a 3D culture
environment to study drug-induced toxicity in vitro, with high throughput and prediction capability
comparable to in vivo conditions.

To reproduce the biliary system of the liver, Lee et al. used 3D bioprinting to create a fluidic structure
with decellularized ECM bioink.** The device consisted of an upper channel for nutrient supply and a
lower channel for bile salt secretion and waste removal. HepaRG cell line was used for the
differentiation of hepatocytes and liver biliary-epithelial cells. HUVECs were incorporated to create
liver sinusoids in the 3D bioprinted structure between the two channels. This LOC device was able to
incorporate multiple cell types and create biomimetic vascular and biliary systems, and also showed
an effective drug response when evaluated using acetaminophen.

Despite the potential of 3D bioprinting in creating biomimetic LOC designs, the success of this
technique is limited by the printing resolution. More complex features, such as capillary networks,
could be a challenging feature to be incorporated into the bioprinted structure. Increasing the printing
resolution would also extend the printing time, and a balance needs to be considered to ensure cell
viability during a prolonged printing process. Although high-fidelity 3D bioprinters exist, they could be
expensive, which might defeat the purpose of rapid and economical prototyping.’® Y7 Further

25



advances in cell sources and printing technologies are required to realize the full potential of using
bioprinting to create LOCs.

Recent developments in micropatterning also show promise as an alternative method for OOC
fabrication. Khetani and Bhatia used an elastomeric PMDS stencil to culture human liver cells in multi-
well format.12 The stencil contained 300-um-thick membranes with through-holes at the bottom of
each well in a 24-well mold. The multi-well mold was sealed against a polystyrene plate. After applying
collagen | to the exposed polystyrene plate, the stencil was removed, and the coated area could
selectively support the growth of hepatocytes. After varying the diameter of collagen islands over
several orders of magnitude, hepatocyte functions were found to be maximized using 500 um islands
with 1200 um center-center-spacing (Figure 5-iv). The microscale architecture, where the hepatocytes
were surrounded by fibroblasts, remained stable for several weeks in culture. Dose- and time-
dependent chronic toxicity was demonstrated using troglitazone, characterized by TCso (the
concentration that produced a 50% reduction in mitochondrial activity after acute exposure) and
morphological changes. This study successfully showed that micropatterning could be used for drug
toxicity screening.

To further investigate the micropatterning capability, a multi-organs-on-a-chip was developed by
Ferrari et al. based on the micropatterned technique proposed by Khetani and Bahtia.'>* Ferrari et al.
created a micropatterned dual-compartment microfluidic device to co-culture human Caucasian
hepatocyte cell line (HepG2) and murine embryonic fibroblasts (NIH-3T3) in the liver compartment
and colon cancer cell line (HCT-166) in the tumor chamber, as shown in Figure 5-x). Instead of a stencil,
plasma ablation was used to create the coating patterns of collagen | (50 pg/mL, 300 pL) on glass slides
using a PDMS stamp mask. Two different systems were developed, microgrooves (5 um high, 3 um
wide, 1 mm long, and inter-channel gap 30 um) and a valve system actuated by vacuum. Tegafur, a
prodrug of 5-fluorouracil, was injected into the liver compartment to test the dual-compartment
systems. This platform reproduced the metabolism of Tegafur in the liver and demonstrated the killing
of colon cancer cells.

Using a different approach, Weng et al. developed a scaffold-free model by introducing primary
hepatic stellate cells (HSCs) as a physiologically relevant organotypic culture (Figure 5-viii).”* The cells
synthesized physiological ECM within a specially designed tissue incubator device made using PDMS,
which was later removed, enabling the construction of scaffold-free multiscale and hierarchical tissue
structures. The formation of tissues showed close resemblance to natural hepatic morphogenesis.
Nevertheless, these tissues lacked biliary structures which were essential for studying metabolic
mechanisms.

5 Applications of LOCs as models of liver functions

The translation of new drugs can often fail during clinical testing due to the absence of physiologically
relevant and cost-effective models to predict drug toxicity and therapeutic effects. From data
collected in the United States in 2014, the high failure rate of drug development at a striking 90%
amounted to a cost of USD 2.59 billion,'”® due to inadequate screening in preclinical trials.!” LOC could
be a solution that mimics liver function to enable adequate preclinical testing of hepatic drugs. In this
section, we surveyed recent advances in LOC designs for measuring drug metabolism and assessing
nanotoxicity, and as pharmacokinetic models and multi-component sensing platforms for hepatic
biomarkers.
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5.1 Pathophysiological models

A number of LOCs were developed over the years as models to study liver pathophysiology. In one of
the first models, Lee et al. designed a biomimicry microfluidic device that modeled hepatic sinusoids
using primary rat and human hepatocytes .2 It could use 100 times less cells per experiment compared
to macroscopic hepatic organoids, and achieve improved hepatocyte viability over 7 days. Endothelial-
like barriers were designed to reduce shear stress by preventing direct fluid flow to the hepatocytes
(Figure 6-i-A). This device encouraged cell-cell interactions and allowed mass transport of liver
sinusoids to be closely studied. This study guided the design of future devices.

Nakao et al. focused on mimicking the microscopic structure of hepatic cords.®® As freshly isolated
human hepatocytes rapidly lose membrane polarity, they proposed a new technique for maintaining
the cells based on Lee’s design. The cell culturing channel was altered to become asymmetric and
promoted the cells to self-organize into two lines (Figure 6-i-B), creating a separate channel for bile
secretion. This system was considered by the authors to have flow distribution similar to in vivo
structures.

In an improved design by Jang et al., separation of cell culture area and perfusion flow was achieved
without physical barriers using OrganoPlate™, developed by MIMETAS and Leiden University (Figure
6-ii).1°° This microfluidic device had 40 culture chambers, where each chamber consisted of three lanes
separated by phaseguides, allowing the generation of continuous passive perfusion without the need
for an extra pump or tubing. Improved function of HepG2 cells was observed in the microfluidic chip
compared to static 2D and 3D cultures. Capillary force directed the flow of HepG2 and Matrigel
mixture in the inner channel along the phaseguide, which ultimately formed hepatic spheroids. The
system was capable of preserving cellular viability and integrity for at least 15 days, demonstrated by
the constant low lactate dehydrogenase activity in the cells and substantial increase of albumin
production over this time. The LOC showed higher sensitivity for measuring the toxicity of
acetaminophen than the monolayer control.

Other than mimicking physiological liver structure, LOCs can be used to create hepatic disease models.
A prime example is non-alcoholic fatty liver disease (NAFLD), affecting millions of people worldwide.&
This chronic disease can range from simple steatosis to non-alcoholic steatohepatitis, which may even
progress to cirrhosis and eventually hepatocellular carcinoma (HCC).'®! The underlying cellular and
molecular mechanisms of NAFLD pathogenesis and progression remain largely debatable, and having
LOCs which provide a reproducible and accurate disease model would accelerate discoveries of
potential treatments.

To this front, Gori et al. followed the work of Lee et al. (2007) and designed LOCs with an augmented
cell culture chamber.%® HepG2/C3A cells (CRL-10741) were seeded, and subjected to fluid flow of 18
uL/day for 8 days through a gravity-operated mass transport channel (Figure 6-iii). To induce steatosis,
cells were treated with free fatty acids (FFAs), palmitic acid (PA; 16:0), and oleic acid (OA; 18:1 cis-9)
in methanol. This model maintained higher hepatic cell viability and minimal oxidative stress
compared to 2D static cultures. This was one of the first in vitro LOC models of human NAFLD in a
sinusoid-like fashion.

To systematically study different microenvironmental conditions and their impacts on cell behavior in
liver disease, single channeled LOCs presented above can become laborious and impractical. Bulutoglu
et al. utilized a microfluidic gradient generator, shown in Figure 6-iv, to create highly reproducible
chemical gradients that allowed continuous media flow.*® In this model, Metabolic Patterning on a
Chip (MPOC) platform with the ability to generate five defined gradients of FFA concentrations was
used. The platform was capable of inducing oxygen deprivation in incremental changes. Using rat
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primary hepatocytes, the oxygen gradient was shown to impose the highest effect on fat storage at
the lowest FFA concentration. This LOC was useful for simulating a spectrum of disease progression,
as well as aiding in dissecting the effects of spatial heterogeneity, which previous models have not
been able to achieve.

5.2 Models for studying drug metabolism and nanotoxicity

LOCs have been developed to mimic the metabolic functions of the liver, for instance, the two phases
of drug metabolism.’®2 Phase | (non-synthetic) involves oxidation, reduction, hydrolysis, and
hydroxylation, while Phase Il (synthetic) is the conjugation with an endogenous ligand (e.g., glycine,
glucuronide, glutathione, or sulfate).’® When a drug undergoes metabolism in the liver, it could
experience one of the two phases or a combination of the two. Phases | and Il are performed mainly
by hepatocytes. Cytochrome P450 (CYP) family enzymes from phase | and transferases from phase |l
could transform the insoluble toxic substances from phase | into less toxic and soluble substances.!
Thus, the measurement of CYP could be a biomarker for high metabolic activity of hepatocytes. Long-
term hepatic cell culture is an important tool for studying drug metabolism in vitro. The use of a
microfluidics device or perfusion-based device can collect and recirculate hepatic biomarkers, which
was impossible to achieve using conventional methods. LOC platforms can help sustain the phenotype
of hepatocytes and liver-specific functions in long-term culture.*°

The primary cause of drug attrition in preclinical testing is drug-induced liver injury. For this reason, it
is essential to develop a reliable, accurate and reproducible in vitro hepatic platform for predicting
drug toxicity. The current method of characterizing absorption, distribution, metabolism, excretion,
and toxicity of new drugs relies on animal models, which often fail to predict human responses due to
species-specific differences in drug metabolism pathways.'®> 18 As an example, a study led by the
company Emulate (Figure 6-v)'%! showed species-specific drug toxicity responses when modeled using
a Liver-Chip, highlighting the need to use human primary cell lines in the model. The Emulate chip had
an interesting design that could further benefit from incorporating organ-specific features. For
instance, the membrane structure could have been replaced with other types of barrier structures,
such as pillars, to encourage biliary structure formation. Another consideration was to vary the
membrane pores sizes to simulate fenestrae structures as listed in Table Ill. Furthermore, an
investigation of the changes in dimensionless numbers with different flow conditions and channel
geometry designs could be beneficial to better understand the mechano-responses of liver cells in
vitro.

In another study, Corrado et al. developed a LOC with HepG2 cell line that showed prolonged
functional performance and capacity to be used as a predictive platform for studying the cytotoxic
effects of xenobiotics and drugs (Figure 6-vi).?® They evaluated the distribution of oxygen under a flow
rate of 5 uL/min in the chip, showing close to 100% of oxygen equilibrium concentration (0.22 mol/m?3)
in the first compartment with progressively lower percentage and the lowest at 55% (0.124 mol/m?3)
in the final compartment. As a proof-of-concept study, ethanol (100 and 300 mM) was used to study
alcoholic liver injury for 2 or 4 days. Through damage quantification (albumin and urea decreased
production), the system was shown to be suitable for sensing hepatotoxicity.

Figure 6. i) (A) SEM image depicting the microfluidic sinusoid unit. Scale bar represents 50 um. Microfluidic
culture of hepatocytes.>? (Copyright © 2007 Wiley Periodicals, Inc.); (B) Results of cell alighment and culture.
Left, aligned cells in two lines similar to a hepatic cord. Bile canaliculi were formed randomly in the well plate.®®
Reproduced from Nakao et al. with permission from AIP Publishing. ii) Schematic presentation of the microfluidic
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device. (a) The microfluidic structure is embedded on the bottom of 364-well plates. (b) Each culture chamber
has three lanes with an inlet and an outlet, respectively. (c) Culture model for HepG2cells in an extracellular
matrix separated from flow without any physical barrier using phaseguides. HepG2 cells have indirect contact
to flow. Reproduced from Jang et al. with permission from the AIP Publishing. iii) Phase contrast micrographs
of HepG2 cell growth inside the microfluidic sinusoid over a week in culture (Day 0, 1, 3, 5 and 7 are shown).
Scalebar: 100 um. On the right, fluorescence micrograph of live/dead assay performed at Day 8 (living cells in
green, calcein dye; dead cells in red, EthD-1 dye; scalebar: 50 um).%® Reproduced from Gori et al. with permission.
iv) Schematics of NAFLD development process and the gradient microfluidics with the corresponding
concentrations.’® Reproduced from Bulutoglu et al. with permission from the Royal Society of Chemistry. v)
Schematic of the Liver-Chip that recapitulates complex liver cytoarchitecture. Primary hepatocytes are grown in
the upper parenchymal channel in ECM sandwich format, and non-parenchymal cells are grown on the opposite
side of the same membrane in the lower vascular channel.1! Reproduced from Jang et al. with permission from
Copyright © 2019, The American Association for the Advancement of Science. vi) Representation of the HepG2-
UTPs loading procedure and fluid dynamic simulation.®® © 2018 Wiley Periodicals, Inc. vii) 3D HepaTox Chip for
the simultaneous administration of multiple drug concentrations. (A) Microfluidic design and assembly of the
linear concentration gradient generator and multiplexed cell culture chip. (B) Magnified view of a single cell
culture channel of the multiplexed cell culture chip. An array of 30x50mm micropillars separated the channel
into 3 compartments. (C) Characterization of concentration gradient profile in the 3D HepaTox Chip coupled to
alinear concentration gradient generator. ¥’ Reproduced from Toh et al. with permission from the Royal Society
of Chemistry. viii) Functional maintenance of rat hepatocytes cell line (H-4-1I-E) at a density of 1 x 10° cells mL™
on silicon microtrenches (11 mm in length x 10 mm in width) with different depths of 10 and 20 um, with and
without heparin coating, under static conditions. Representative bioartificial liver (bottom).”” © 2018 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim ix) Schematic of the perfusion-incubator-liver-chip (PIC) chip. (a) 3D
view with the PIC. (b) bottom view of the chip’s layout illustrating the microfluidic circuit, the cell culture
chamber, the bubble trap and the heater, (c) cross-section of the PIC illustrating the structure of the bubble trap.
It consists of a 70 um-thick PDMS membrane (gas permeable) bonded to a PDMS molded chamber with pillars
that support the membrane. (d) Top and bottom view of the PIC.'° Reproduced from Yu et al. with permission
from Scientific Reports. x) Vascular-liver PIC: (a) photo of the PIC, showing the glass—silicon chip, connectors,
tubing, and media reservoirs and (b) cross-section schematic of the cell co-culture chamber. (c) Schematic of the
bidirectional perfusion culture testing setup.'® Reproduced from Yu et al. with permission from AIP Publishing.
xi) Model of molecular interactions in SHEAR. Cytokine stimulation combined with flow and IL-1f stimulates
endothelial cells to produce PGE2, which plays an important role in the signaling cascade that leads to primary
human hepatocyte cell-cycle entry in SHEAR devices. >’ Reproduced from Chhabra et al. with permission from
© 2022 PNAS.

A microfluidic 3D hepatocyte chip (3D HepaTox chip) with a different design was used to recapitulate
in vivo liver functions for in vitro assessment of drug toxicity (Figure 6-vii).?¥” Toh et al. designed this
chip with eight parallel cell culture channels independently controlled by a concentration generator.
Each cell culture channel was separated into three distinct compartments by an array of elliptical
micropillars, with one central cell culture compartment and two side perfusion compartments. The
HepaTox chip accurately predicted hepatotoxicity using five model drugs in a dose-dependent
manner. The ICso values obtained using this in vitro platform showed a positive correlation to in vivo
experiments, suggesting its usefulness in drug testing and screening. However, the study also noted
that the required volume of conventional assays for cytotoxicity testing exceeds the typical operating
volume of the chip, and a highly sensitive micro-biosensor was needed to accurately reflect the ICsg
value using this LOC.

In another interesting design, 3D heparin-coated microtrenches were produced to mimic the
architecture of hepatic sinusoids (Figure 6-viii).”” This design recapitulated 3D microarchitecture, cord-
like arrangement of hepatocytes, and physiological microcirculation, with an optimal microtrench of

29



20 um depth. This model was able to maintain cell viability and hepatocyte function over 4 weeks,
verified by measuring basal levels of cytochrome P450 activity. The model also produced ICso values
for the model drugs acetaminophen, tacrine, and chlorpromazine in agreement with LDso values in
vivo, suggesting its capability for evaluating liver response to hepatotoxins.

A typical problem faced by OOCs including LOCs is air bubble contaminants, which could cause
detrimental effects once they burst. Although a bubble trap can prevent large bubbles from entering
the culture chamber, the accumulation of tiny bubbles or the formation of dissociated gas is difficult
to suppress. To overcome this problem, Yu et al. created a perfusion-incubator-liver-chip (PIC), which
maintained hepatic cell viability over 3 weeks and their functions over 2 weeks (Figure 6-ix).!'° The
design criteria for this chip to be used in chronic liver toxicity testing were: organotypic 3D cellular
architecture, good mass transfer, maintenance of mechanical forces and limited shear stress to the
cells, stable cell culture conditions, and ease of handling cells and replenishing media. A hydrophilic
surface of the microfluidic elements prevented rapid adsorption of proteins and drug molecules. The
use of silicon structures with good thermal conductivity helped to maintain uniform media
temperature. The PIC operated at an optimal flow rate of 0.1 mL/h, and showed higher sensitivity in
evaluating chronic drug response to repeated dosing of diclofenac and acetaminophen compared to
the static culture control.

To further improve the performance of the PIC, Yu et al. recirculated the culture media in a follow-up
study to better predict drug toxicity due to the accumulation of metabolites in the solution (Figure 6-
x).1%° The PIC was a parallel culturing chamber where the top had human pluripotent stem cells (hPSC)-
derived vascular cells, and the bottom hPSC-derived hepatocyte spheroids. Better attachment of
hPSC-derived endothelial cells was achieved by modifying the PDMS surface using 3,4-dihydroxy-L-
phenylalanine (DOPA). This recirculating perfusion chip co-culturing system demonstrated superior
performance over the conventional static culture platform.

LOCs have also found interesting applications in nanotoxicity evaluation as another type of metabolic
study. The increasing use of nanomedicine therapeutics, such as mRNA vaccines, can undergo
different routes of clearance depending on their (organic or inorganic) compositions.!® Synthetic
nanomaterials might introduce nanotoxicity during their clearance and biodegradation by the body,
largely through the liver. For instance, nanoparticles (NPs) with a hydrodynamic diameter (HD) less
than 5 nm are found to result in rapid renal clearance, but the same clearance mechanism is prohibited
with NPs over 15 nm in HD.'® New nanomedicine therapeutics have faced barriers to translation partly
due to the potential of nanomaterials to trigger immune responses or accumulate in the mononuclear
phagocyte system.3> % Currently, our knowledge of the long-term toxicity responses of new
nanomaterials remain limited, giving rise to a growing concern about the health risks of using
nanotherapeutics or medical implants that produce nanoparticles from wearing. Animal models do
not always provide accurate or reliable prediction of human physiological response in the assessment
of nanotoxicity due to inter-species differences.?> 11 LOCs could provide a solution to fill this gap,
which can be constructed with human cells for screening the safety of nanomedicine, and provide
physiologically relevant data to predict in vivo behavior of nanomaterials as well as associated
biological response.

In a recent study, Li et al. developed a 3D hepatocyte chip that recapitulated key physiological
responses in the hepatotoxicity response of superparamagnetic iron oxide nanoparticles (SPION).?°
Rat hepatocytes were freshly isolated and used for tissue culture with collagen gel. Three-day (short-
term) and one-week (long-term) liver-specific functions were evaluated in the presence of different
doses of SPION. Analyses performed using the LOC suggested that cumulative exposure to
nanoparticles resulted in more dramatic hepatocyte damage. Surface patterning is another technique

30



that can be used to maintain long-term cell culture.'® To evaluate the safety of silver nanoparticles
(AgNPs), Liu et al. developed a LOC culturing system with patterned electrospun poly-DL-lactide
fibers.1%® They investigated the impacts of flow rates on hepatocyte viability and found the optimal
flow rate to be 10 puL/min, which was able to maintain cells for up to 15 days. Primary rat hepatocytes
were cultured in the perfusion system and exposed to 120 ug/mL AgNPs for 24 hours. The damage
induced by AgNPs was assessed by measuring the activity of lactate dehydrogenase. The LOC system
showed a higher sensitivity for measuring AgNPs induced toxicity compared to cells grown under static
conditions. After treatment with AgNPs, 50% of cells died after 24 hours, which was in agreement with
the findings of Faedmaleki et al., who reported an AgNPs ICs value of 121.7 pug/mL in primary rat
hepatocytes.’® In these studies, LOCs provided a robust platform for investigating the hepatotoxicity
profiles of nanomaterials, which could provide important data for their translation into clinical use.

5.3 Pharmacokinetic models

In recent developments, LOCs have been integrated with other OOC systems (e.g., gut, lung, kidney)
to form microphysiological systems (MPS) for quantitatively analyzing and predicting human drug
pharmacokinetics (PK) in vitro, specifically drug absorption, distribution, metabolism, and excretion.
Compared to traditional animal models and cell cultures that often fail to correctly predict drug
toxicity and efficacy due to inter-species differences,'*> 1% MPS offers human multi-organ models with
greater physiological relevance, yielding results that better match with human clinical data.>”- 197-200 A
multi-species (rat, dog, human) LOC system has also been reported, where Jang et al. incorporated
hepatocytes, sinusoidal endothelial cells, Kupffer cells, and hepatic stellate cells for predicting species-
specific drug metabolism and toxicity.%!

A recent study has found that the quantitative prediction of PK parameters for oral nicotine can be
achieved by computational simulation of fluidically coupled gut, liver, and kidney organ chips with an
arteriovenous reservoir for drug mixing.!® The whole system is modeled as a set of ordinary
differential equations (ODEs) that describe drug transport across different compartments. The general
transport equation for the drug is defined as

L +V@we) = V(DVC) +5 2)

Where C, D, v, S denote the drug concentration, diffusion coefficient, fluid velocity, and the source
term, respectively. Eqn. [2] is further derived into a set of fluxes equations for each model
compartment:

dc

Vg df = Qp(Cpin-Cg)+Jp-m (3)
dc

Vm d_lf =Jm-a — JB-m (4)
dc

VA_d? = Qa(Cain-Ca)+Ju-a (5)

Where the subscripts B, M, and A refer to the basal channel, membrane, and apical channel,
respectively. J represents the transmembrane diffusive fluxes, and Q is the flow rate in the
microchannels. The predicted maximum concentration of nicotine (0.050 uM) showed a close match
with the clinically measured value in patient blood (0.052 uM). Moreover, this model showed a better
fit to human PK parameters than ones measured from rodents.

In addition, a multi-organ model has been proposed that integrates seven organ-chips, including the
brain, heart, pancreas, liver, lung, gut, and endometrium to study the PK parameters of diclofenac.'®
The predicted drug concentration using this model agreed with experimentally measured values. The
reader is referred to a review on more multi-organ chip studies for PK of certain drugs.?%!
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5.4 Multi-component sensing platforms

LOCs can be used in conjunction with sensors for real-time monitoring and analysis of in vitro hepatic
responses. In one of the first studies in this area, Schober et al. incorporated biosensors in conjunction
with LOC to study in vitro cell culture.?’? AlIGaN/GaN nanosensors were used due to their high
sensitivity, chemical stability, biocompatibility, and label-free detection. Albumin was used as the
metabolic marker to compare the in vitro cultures and their in vivo counterparts. More recently, Zhang
et al. constructed a platform for accurate drug screening using LOCs, seeded with Hep-G2 (liver cancer
cells).?2 They incorporated a real-time monitoring system consisting of electrochemical impedance
and near-infrared spectroscopy measurements over five days, which provided quick sensing of liver
state turn-over. The system maintained 100% viability of hepatocytes over seven days, and allowed
continuous real-time sensing of responses to paracetamol during drug resistance testing. More
sophisticated designs have been reported,?°*2% and practical guides on fabricating integrated sensors
for LOCs are captured in a recent protocol.?"’

Figure 7. i) a) Schematic of the OOC system with modifications to incorporate the control with external
elements and the spring load for the connectors on the top plate b) cross-section of the bioreactor showing the
position of the three DO printed sensors, and c) real picture of the ExoLiver system with all fluidic and electrical
connections.'%” Reproduced from Moya et al. with permission from the Royal Society of Chemistry. ii) (a)
Measurement setup with microsensor device placed in the 96-well cell culture plate. (b) Close-up scheme of
microsensor tip with electrode layout.?°® Reproduced from Weltin et al. with permission from © 2016 Elsevier.
iiif) Design, fabrication, and control of the automated microfluidic EC biosensor. a) Photograph of the
Electrochemical (EC) microfluidic chip bonded with a microelectrode. b) Labeling of the microfluidic channels
and the valves with corresponding flowing solutions for fully automated biosensing measurements. c) Three-
layered microfluidic chip consisting of the microfluidic channel, a thin membrane, and the valve channel layer.
d) Schematic of the microfluidic EC biosensing system integrated with organ-on-a-chip for continual monitoring
of a target biomarker in an automated manner. e) A schematic illustration for immobilization of antibodies using
streptavidin on the surface of the microelectrodes.?®® Reproduced from Shin et al. with permission from © 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim iv) (A) Design of reconfigurable microfluidic co-culture
system. (B) A typical microfluidic device used in a co-culture experiment. The wall separating microchannels was
lowered to demonstrate the food dye did not mix. (C) Principle of TGF-B detection. The binding of cytokine
molecules causes aptamer molecules to change conformation.® Reproduced from Zhou et al. with permission
from the Royal Society of Chemistry.

Oxygen concentration in LOCs is a critical parameter that should be monitored in most applications,
important for regulating cellular behavior and influencing cell differentiation and function.?* #8123 182
210 However, the enclosed nature of microfluidic chips makes monitoring oxygen concentration in the
culture media difficult. Although open microfluidics can provide easy access to cultured cells, it also
requires precise and reliable liquid pumping equipment.?®® Changes in oxygen tension above
(hyperoxia) or below (hypoxia) the physiological level, or complete absence (anoxia) need to be closely
monitored and controlled. Moya et al. presented an integrated amperometric oxygen sensor in a LOC
system using an ultrathin porous cell culture membrane, achieving in situ real-time oxygen monitoring
of the cell culture chamber (Figure 7-i).1%7 As proof-of-concept, three electrochemical dissolved oxygen
(DO) sensors were integrated with the porous membrane of the LOC device (ExolLiver). In cultures of
primary rat and human hepatocytes, the DO sensors could detect an oxygen gradient up to 17.5% and
32.5% for respective cell populations. This study also demonstrated the feasibility of inkjet printing in
sensor fabrication for use with LOCs, which could be extended for applications in other OOCs.
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Other metabolic biomarkers can be important to characterize using LOCs for mechanistic studies. For
instance, there is a strong need for high-resolution real-time analysis of biochemical and metabolic
activities of living cells in LOCs. Weltin et al. demonstrated the use of an electrochemical microsensor
that achieved label-free, in situ and continuous measurement of lactate and oxygen levels from single
human HepaRG (HPR116) hepatocyte spheroids (Figure 7-ii).>°® The lactate sensor was immobilized
with lactate oxidase in a hydrogel matrix and showed a sensitivity up to 134 nA/mm?. This design
sustained up to 70 hours of continuous metabolite monitoring. To further test the sensor
performance, cells were exposed to antimycin A, which suppressed the aerobic metabolic pathway,
and Bosentan, a dual endothelin receptor antagonist that could induce liver injury. Measurements
showed clear dose-dependent metabolic behavior, confirming the ability of this LOC system for
continuous monitoring of hepatocyte metabolism and toxicological applications.

In a similar approach, Shin et al. focused on monitoring albumin and GTS-a using electrochemical
sensors (Figure 7-iii).?% They developed on-chip valves to manipulate the fluid flow, and the ability to
perform repeated measurements and surface cleaning cycles in an automated fashion using a WAGO
controller. The metabolic activity of primary human hepatocyte spheroids was measured for up to 7
days. The limit of detection was 0.09 ng/mL for albumin and of 50 ng/mL for GTF-a. This could be a
unique universal strategy for constructing automated microfluidic-based sensors for continuous
monitoring of drug toxicity using OOCs.

Liver injury is a complicated process that involves secreted signaling molecules, such as cytokines and
growth factors, which could be impractical to measure in co-cultured cells grown in conventional cell
culture. LOCs can be designed to have actuating compartments for studying individual cell-secreted
signaling molecules. Zhou et al. recently presented reconfigurable microfluidics integrated with a
miniaturized aptamer-based biosensor (Figure 7-iv).2 The LOC contained a pneumatic actuatable wall,
which could be raised or lowered to create different device configurations. The reconfigurable
compartments were used to co-culture primary rat hepatocytes with human stellate cells (LX2). This
model revealed that alcohol injury would cause hepatocytes to secrete FGF-B molecules and trigger
neighboring stellate cells to release more. Similar designs could be useful for studying other hepatic
paracrine signals.

6 Summary & future perspectives

LOCs have provided new means for studying liver physiology, disease progression, and associated
mechanisms, as well as been used in a variety of applications related to drug screening. With
continuous developments in nanomedicine, LOCs are gaining increasing value as platforms for
nanotoxicity studies to advance the translation of new nanotherapeutics. By providing a more
physiologically relevant and cost-effective in vitro model of liver responses, LOCs may accelerate the
progression of policymaking and approval of nanomedicine strategies.?!* Multi-chip LOC systems could
further accelerate drug development and provide insights to a multi-organ or cross-species response,
bringing immense economic benefits. It was estimated that the utility of OOCs, and especially LOCs in
pharmaceutical industries and preclinical development could lead to a 26% reduction in research and
development cost for new medical therapeutics.?'? Furthermore, OOC technology in general offers
the hope to replace, reduce, and refine (the ‘3Rs’) the use of animal models in research, which is
particularly important for LOCs since the majority of studies relating to the liver are still performed
using animal models. Nevertheless, many gaps and challenges remain.> %213 Here, we provide further
insights into potential future developments in LOCs for their broader applications.
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6.1 Fit-for-purpose LOC model

Although multi-organ chips have been used in preclinical studies of drug development to test toxicity
and PK in vitro (discussed in Sec 5.5), one of their primary disadvantages is that such models need to
be tuned to suit specific target drugs or species. This is time-consuming and not cost-effective but can
be potentially overcome by developing a unified OOC system that could be implemented in screening
different drugs without redefining the overall modeling of the system,10> 200,214

Li et al. developed an adaptable model of the liver acinus using a glass-based microfluidic device, which
could be customized by tuning the shear stress and flow rate to optimize liver zonation.!®> Other
efforts have been taken to mimic the architectural features of the liver organization and provide
adaptable models that could potentially be incorporated into multi-organ chip systems.?> 216
However, further work is required to fully deliver a model that could accurately depict the portal triad,
central vein, sinusoid, and bile canaliculi.

6.2 Recapitulation of liver heterogeneity

Zonal differences exhibit clinical significance in drug-induced liver injury.?” Thus, the ability to
recapitulate hepatic zonal physiology is critical for predicting drug toxicity using LOCs. Current models
have not been able to fully capture complex and multifaceted hepatic physiology, especially in long-
term culture. Drug-induced hepatotoxicity and zonal effects need to be studied using improved LOCs,
for instance, using a modular system that couples biochemical and biophysical cues, and incorporates
the essential roles of mechanical forces in cellular development and signal transduction.?!8

6.3 Maechanistic study of liver regeneration

The liver is unique as it is the only organ in the human body that has a high regenerative capacity and
still performs complex functions. Loss of liver mass will trigger liver regeneration, which occurs in all
vertebrate organisms from fish to mammals.?!® Stable liver function is critical for optimal brain
function, otherwise leading to chronic “hepatic encephalopathy” and eventual coma.??° The liver also
dynamically responds to changes in physiological conditions by changing its size.??! For example, the
liver increases in size during pregnancy and decreases in size from severe loss in body weight.

To understand liver regeneration and these complex physiological processes using an in vitro model is
inarguably difficult. Recently, Chhabra et al. designed LOCs which successfully mimicked hepatocyte
regeneration, using a microfluidic model named structurally vascularized hepatic ensembles for
analyzing regeneration (SHEAR).>” SHEAR captured the flow-dependent paracrine aspects of human
liver regeneration by linking a parenchymal compartment and a biomaterial lumen (Figure 6-xi). The
parenchymal compartment consisted of 3D spheroids composed of primary human hepatocytes and
human dermal fibroblasts, while the lumen of the channel was embedded within an extracellular
matrix and lined with human endothelial cells. Using this model, they identified IL-13 as a key molecule
that could be responsible for initiating hepatocyte proliferation.

A few improvements may be made to the above model to more accurately capture physiological liver
regeneration, such as: (i) using natural ECM-derived biomaterials that better replicate liver
physiological conditions; (ii) investigating the effects of fluid flow on various pathways implicated in
liver regeneration, as well as pathological changes involved in cirrhosis, and (iii) adding physical
perturbation (e.g., heat) or hepatotoxins to the model for studying liver regeneration in response to
injury.

6.4 Real-time biosensing
OO0C devices have been coupled with a variety of biosensing approaches to track the temperature, pH,

cell metabolism, and responses to the external environment. Apart from recent developments in LOC-
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integrated biosensing platforms discussed in Section 5.5, LOCs could also be used in multi-organ
sensing systems for studying liver injury induced by factors such as environmental pollution or
pesticides.??? 22 Additionally, OOC sensing systems have been used to perform long-term (28 days)
monitoring of different cell functions.??* A future goals for LOC sensing platforms would be to integrate
multi-sensors with multi-organ chips to create a unified system for detecting various parameters such
as metabolic indicators (e.g., oxygen concentration), physical activities (e.g., cardiac beating rates),
and biomarkers, for in vitro drug screening and disease modeling. Since different types of sensors
(electrical, electrochemical, and optical) are needed for monitoring different biochemical activities,
the main challenge of such a system would be the miniaturization and integration of various
biosensors into a single platform with minimal interference among them. The complexity of output
data from a multi-sensor system could create obstacles in design, which might benefit from machine
learning algorithms for data analysis. 22>2%/

6.5 Human-on-a-chip systems

Human-on-a-chip refers to the total mimicry of human physiochemical responses using OOC
technology, often considered the ultimate in vitro model for drug screening and disease studies.?28 229
The human body is intricate and functions through closely interconnected organ systems, with many
organ functions being highly dependent on each other. Studying individual organs using in vitro
models will not provide the same physiological relevance as a systematic model, which is the greatest
shortcoming for OOC devices modeling specific organs compared to animal models. By incorporating
LOC devices with other organs of interest, such as gut,?° skin,®! cardiac-muscle-neuronal,?*?
pancreas,”* 23 Jung,?* and kidney,?> human disease models could be more readily recapitulated
through in vitro systems to produce highly relevant physiological data. The main advantage of
connecting these MPS is that complicated modeling of drug absorption, distribution, metabolism and
excretion (ADME) and physiological-based pharmacokinetics could be achieved,?® ultimately serving
as a predictive tool for drug development.?*” A prime example is the study by Sung and Shuler,?3®
where a LOC device was fabricated to mimic multi-organ interactions by co-culturing liver cells
(HepG2/C3A), tumor cells (HCT-116), and bone marrow cells (Kasumi-1) in separate chambers. The
pharmacokinetic and pharmacodynamic profiles of the anticancer drug, Tegafur, were analyzed. This
system was able to metabolize tegafur into its active component which led to cell death, proving the
physiological relevance of such MPS platforms.

LOC devices may perform more accurately than animal models in toxicity assessment in the early
stages of drug development, but it is currently impossible to entirely replace animal testing using
isolated LOCs or those integrated into more complex multi-organ or human-on-a-chip systems.
Nevertheless, LOCs have already exhibited potential to dramatically reduce the number of animals
used in preclinical testing, particularly for drug toxicity assessment and preclinical screening.20% 23

6.6 Numerical simulation and machine learning aided design

In silico modeling of microfluidics devices by COMSOL has been widely used in designing microchannel
geometries and investigating fluid behavior for achieving optimal performance.?*® Computational
simulation can reduce the design cost and shorten the design cycle by virtually testing the system with
a combination of parameters before actual fabrication.?*> 242 In OOC devices, COMSOL has been used
to analyze the impact of changes in microchannel dimensions and flow rate on the wall shear stress
and fluid velocity, which may impact cell responses.?* This software can be similarly utilized to
quantitatively monitor the metabolic function of cells within LOC devices.?** Building the 3D model in
COMSOL and tuning the parameters to achieve the desired outcome can complement or validate the
experimentally-obtained data.

35



Machine learning has taken off tremendously in recent years due to rapid advances in computing
power, which could aid in creating intelligent structural designs of microfluidic chips.?** For instance,
machine learning could be used to validate microfluidic designs prior to fabrication, or used to
calculate the required flow speed for the media to achieve physiologically relevant experimental
conditions.?*2*” The adoption of machine learning into OOC design requires data training and
collaboration across multiple fields, which hopefully in the future will inform desired model chip
parameters such as the number of cells per channel, shear force on cells, cell density, and cell type.*®
249 Adapting existing algorithms to produce intelligent designs for OOCs or specifically LOCs could be
an incredibly cost-effective approach to generate physiologically relevant models of organ function.?*°
This could be an emerging strategy to create new LOC devices that may also contribute to the
development of automated human-on-a-chip, enhancing the throughput of future drug development,
disease studies, and personalized medicine at a low cost.
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