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Recent FDA modernization act 2.0 has led to increasing industrial R&D investment in advanced in vitro 3D
models such as organoids, spheroids, organ-on-chips, 3D bioprinting, and in silico approaches. Liver-related
advanced in vitro models remain the prime area of interest, as liver plays a central role in drug clearance of
compounds. Growing evidence indicates the importance of recapitulating the overall liver microenvironment to
enhance hepatocyte maturity and culture longevity using liver-on-chips (LoC) in vitro. Hence, pharmaceutical
industries have started exploring LoC assays in the two of the most challenging areas: accurate in vitro-in vivo
extrapolation (IVIVE) of hepatic drug clearance and drug-induced liver injury. We examine the joint efforts of
commercial chip manufacturers and pharmaceutical companies to present an up-to-date overview of the adop-
tion of LoC technology in the drug discovery. Further, several roadblocks are identified to the rapid adoption of
LoC assays in the current drug development framework. Finally, we discuss some of the underexplored appli-
cation areas of LoC models, where conventional 2D hepatic models are deemed unsuitable. These include
clearance prediction of metabolically stable compounds, immune-mediated drug-induced liver injury (DILI)
predictions, bioavailability prediction with gut-liver systems, hepatic clearance prediction of drugs given during
pregnancy, and dose adjustment studies in disease conditions. We conclude the review by discussing the
importance of PBPK modeling with LoC, digital twins, and AI/ML integration with LoC.

1. Introduction miniature dynamic biofluidic systems termed organ-on-chips. Major ap-

plications of organ-on-chips include cell culture [3], disease modeling

The staggering cost of drug discovery, high drug attrition rates,
ethical concerns related to animal usage in drug development, and poor
translatability of animal models led to the development of more human-
relevant advanced in vitro models in drug discovery [1]. These advanced
in vitro models include a combination of the following: 3D environment,
organ-relevant stem cells/primary cells/pluripotent stem cells, extra-
cellular matrix, signaling factors, mechanical forces, and multi-cellular
arrangement [2]. Many of these factors can be incorporated in

[4,5], drug discovery [5,6], personalized medicine [6,7] and tissue en-
gineering & regeneration [8].

The last 10 years witnessed significant advances in this field with
growing interest from government regulatory agencies, and pharma-
ceutical companies. Several initiatives such as FDA modernization act
2.0, NIH-DARPA Tissuechip program, European organ-on-chip society
(EUROOCS), Japanese agency for medical research and development
(AMED) MPS program, and joint workshop between FDA and

Abbreviations: PHH, primary human hepatocytes; MPS, microphysiological systems; NPCs, non-parenchymal cells; LoC, liver on chips; IVIVE, in vitro-in vivo
extrapolation; MPCC, micro-patterned co-culture; LSEC, liver sinusoidal endothelial cells; ECM, extracellular matrix; iPSC, induced pluripotent stem cells; DILI, drug-
induced liver injury; iHep, induced pluripotent stem cells derived hepatocytes; YAP, yes-associated protein; HGF, hepatocyte growth factor; AAFE, average absolute
fold error; AUC, area under curve; AO, aldehyde oxidase; FMO, flavin-containing monooxygenases; UGT, UDP-glucuronosyltransferase; PNIPAM, poly(N-iso-
propylacrylamide); GelMA, gelatin methacrylate; CYP450, cytochrome P450; CKD, chronic kidney disease; CRO, contract research organization; CoU, context of use;
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pharmaceutical industries (Innovation and quality microphysiological
systems (IQ MPS) Affiliate) catalyzed the development of several organ-
on-chips companies [2].

Improving pre-clinical in vitro liver models has been the prime focus
of the researchers due to four main reasons: (1) central role of liver in
drug clearance and detoxification, (2) metabolic enzyme differences
between human and pre-clinical animal species [9], (3) high drug
attrition rate due to hepatotoxicity (~21 %) [10], and (4) poor predic-
tion rate of human hepatotoxicity from the animal studies [11,12].

Liver-on-chip (LoC) technology represents a promising advancement
in preclinical in vitro science. LoC has five main benefits over conven-
tional suspension culture of hepatocytes and monolayer culture of
hepatocytes-based models: (1) relatively longer metabolic and trans-
porter activities [13], (2) enhanced viability of hepatocytes over an
extended period [14], (3) inclusion of dynamic physiological flow, (4)
ability to incorporate non-parenchymal cells, liver-specific extracellular
matrix components, and in vivo-like multicellular spatial arrangements,
and (5) incorporation of vasculature. The rising interest in this tech-
nology is undeniable from the significant increase in the number of
publications related to LoC in the last 10 years (Figure S1).

As mentioned before, the primary limitation of conventional mono-
layer and suspension cultures of hepatocytes is the rapid loss of meta-
bolic activity over time [15]. Hence, sandwich cultures [16] and
micropatterned models [17] have been developed. However, the 3D
architecture of the liver tissue, cell-cell, and cell-ECM (extracellular
matrix) interactions can be better mimicked by more advanced in vitro
models, including liver spheroids [18], organoids [19], and 3D bio-
printed models [20]. Combining such advanced in vitro models with LoC
maintains three important conditions: (1) dynamic exchange of nutri-
ents and waste products, reported to enhance the survival and functional
activity of hepatocytes [21,22], (2) accumulation of cell-secreted mol-
ecules (for autocrine and paracrine signaling) due to low volume to cell
ratio in microchannels [23], and (3) various gradients including oxygen
gradient to maintain in vivo-like metabolic conditions [24]. One of the
major benefits of culturing hepatocytes under dynamic flow is the pos-
sibility of connecting liver-chip with other organ-chips such as gut-chip
and kidney-chip to predict the pharmacokinetic (PK) profile of the drugs
given orally [25]. Current in vitro assays based on liver microsomes and
2D hepatocytes often underpredict the in vivo drug clearance [26].
Hence, one of the major focus areas of industrial research is the accurate
prediction of the in vivo clearance using advanced LoC systems [27].

Despite the numerous benefits provided by liver-chip cultures, the
industrial adoption of these assays in the regular drug discovery
framework has been low [28,29]. Recently published IQ-MPS survey
results highlighted that the majority of the companies used
liver-on-chips for mechanistic studies and internal decision process [30,
31]. The survey results also demonstrated the cautious approach of the
industries in adopting such models. Furthermore, data derived from
such studies were not included in regulatory filings. Some of the key
challenges have been discussed in the previous papers, including the
lack of standard guidelines from regulatory bodies for organ-on-chips
that can aid in their industrial adoption [32,33]. To address standardi-
zation needs, a group of representatives from pharmaceutical companies
(IQ-MPS) provided a set of criteria against which LoC devices need to be
tested for usage in the safety assessment of compounds in pharmaceu-
tical R&D (Table 1) [34].

We present this review on LoC aimed at evaluating the factors
impeding their widespread adoption in drug discovery and highlighting
the translational aspects of LoC by focusing on collaborative studies with
the pharmaceutical industry. Our emphasis is on two crucial areas: ac-
curate in vitro to in vivo extrapolation (IVIVE) of hepatic clearance and
hepatic toxicity predictions.

For reliable prediction of clearance and toxicity, the hepatic model
should maintain a steady level of functional markers such as albumin
and urea production that correlates with in vivo values [34,35]. More-
over, the stable expression of phase I and phase II metabolic enzymes
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Table 1
Stage I LoC characterization guidelines by IQ-MPS [34].

Functional marker Specifications

Albumin secretion 37-105 pg/day/million cells (should be
stable across 14 days of culture
duration, less than 50 % change over a
14 days period with less than 30 % C.V.
of mean daily production rates)
56-159 pg/day/million cells (should be
stable across 14 days of culture
duration, less than 50 % change over a
14 days period with less than 30 % C.V.
of mean daily production rates)

Phase I enzymes (CYP1A2, CYP2B6,
CYP2C8, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, CYP3A4), phase II enzymes
(UGT1A1, GSTAL), uptake transporters
(SLCO1B1, SLCO1B3, SLC22A1), and
efflux transporters (ABCC2, ABCG2,
ABCB1, ABCB11)

Urea secretion

Gene expression of enzymes and
transporters should be stable over time
(levels should be comparable to
cryopreserved hepatocyte in freshly
prepared suspension)

Baseline enzyme activity can also be
measured and compared with fresh
hepatocytes (part of stage II guidelines)

and drug-relevant uptake and efflux transporters should be maintained
and match the levels reported in freshly thawed hepatocytes [34,35].
Compared to conventional 2D hepatic models, LoC-based hepatic
models offer several key features such as dynamic flow culture,
co-culture, and in vitro vascularization to enhance and preserve the
aforementioned properties. We first describe the published reports on
LoC to highlight the role of each key feature in improving the func-
tionality of cultured hepatic tissues. Besides, we also compare the
functional parameters of these models against the standard guidelines
given by pharmaceutical industries (IQ-MPS) [34,35]. Once the func-
tional markers are improved and stable, the hepatic clearance and
drug-induced hepatic toxicities can be predicted confidently. However,
LoC models should also be appropriately scaled-down with suitable
design parameters for accurate IVIVE. Hence, we describe various
mathematical scaling approaches to properly design miniature LoC
platforms, that can reliably predict in vivo human hepatic clearance and
drug toxicities. We specifically highlight industry-specific studies of LoC
platforms pertaining to these two areas. We also discuss the emerging
applications of LoC platforms by integrating advanced organoid cultures
and other organ-chips for toxicity, clearance, and bioavailability pre-
diction. Previous reviews provided comprehensive overview of
advanced in vitro liver models [36,37]. This review specifically focuses
on LoC-related industrial studies and discusses unique capabilities of
LoC enabling their adoption in industries. Furthermore, evaluation of
the LoC studies with standard guidelines (IQ-MPS) was lacking in the
previous reports [38-41]. Finally, we discuss few challenges for indus-
trial adoption of LoC assays. We also provide several futuristic appli-
cations of LoC platforms, including the clearance prediction of drugs
given during pregnancy, and other disease conditions that were not
discussed in the previous reviews [38-41]. We conclude the review by
discussing the importance of PBPK modeling with LoC, digital twins, and
AI/ML integration with LoC.

2. Important features offered by LoC platforms
2.1. Improved liver physiological mimicry: the role of fluid flow

Previous reports pointed out three main benefits of microfluidic
dynamic culture: (1) enhanced drug delivery to cultured cells [42], (2)
inter-organ communication through multi-organs-on-chips [43], and (3)
convection-mediated transport of nutrients for longer cellular survival
[44]. In this section, we have explained the role of fluidic flow on liver
tissue maturation using LoC platform.

Increased blood flow after partial hepatectomy leads to hepatocyte
proliferation and regeneration in mice, as shown by previous report
[45]. The release of a paracrine signaling molecule, hepatocyte growth
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factor (HGF) by liver sinusoidal endothelial cells (LSECs) under elevated
shear stress leads to a higher growth rate of hepatocytes (Fig. 1(a)) [46].
Hence, researchers have attempted to recapitulate the effect of shear
stress on LSECs and downstream effect on hepatocytes in microfluidic
devices. Chabbra et al. used spheroids of primary human hepatocytes
co-cultured with human dermal fibroblasts. They detected higher pro-
duction of HGF and hepatic proliferation under a mean shear stress of
3.95 dyne/cm? applied to endothelial cells-lined vessel than static
condition (Fig. 1(b)) [47].

Fenestrated endothelium allows interstitial fluid flow and rapid
transit of macromolecules to the hepatocytes. This allows nearly unim-
peded access to the macromolecules traveling through the systemic
circulation. Researchers have tried to decipher this effect of interstitial
flow-mediated shear stress on primary hepatocytes. Li et al. used a
single-channel microfluidic device seeded with mouse hepatocytes and
found the highest hepatocyte proliferation rate at shear stress of 0.05
dyne/cm2 than lower shear stress values [48]. Further, they also found a
higher albumin production rate under dynamic flow with shear stress of
0.05 dyne/cm? than static culture. They found that p1 integrin-YAP

(a) Effect of flow on

liver regeneration
partial hepatectomy

Increased proliferation
of hepatocytes

Materials Today Bio 27 (2024) 101143

(yes-associated protein) signaling was responsible for the shear
stress-mediated increase in cell proliferation. The two-channel LoC de-
vice commercialized by Emulate Inc. was exposed to the dynamic flow
on both top and bottom channels separated by a membrane at the same
flow rate (30 pl/h) (Fig. 1(c)) [13]. The study demonstrated comparable
metabolic activity of LoC to freshly thawed hepatocytes. Most impor-
tantly, CYP3A4 activity was maintained higher than freshly thawed
hepatocytes for 7 days in the LoC platform. Due to five-fold higher apical
channel height than basal channel, the shear stress experienced by liver
sinusoidal endothelial cells (LSECs) cultured in the bottom channel was
25 times higher (~11.25 x 10~° dyne/cm?) than hepatocytes (~0.445
x 1072 dyne/cm?) cultured in the top channel. Hence, the design of their
LoC platform correlates with liver physiology wherein LSECs experience
higher shear stress due to direct contact with hepatic blood flow.
However, the shear stress on LSECs was significantly lower than the
reported in vivo values (0.1-0.5 dyne/cmz) [49]. Contrary to Emulate’s
cellular arrangement, a previous study by Du et al. cultured hepatocytes
and stellate cells in a bottom channel and LSECs and kupffer cells in a top
channel separated by a membrane [21]. They found a synergistic effect

(b) Higher HGF production under flow
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Fig. 1. Better liver physiological mimicry: the role of fluid flow (a) Increased shear stress after partial hepatectomy leads to enhanced HGF production and pro-
liferation of hepatocytes. (b) Higher HGF production was recapitulated on a chip with endothelial cells lined vessel subjected to shear stress of 3.95 dyne/cm? (n = 3
devices, Mean =+ SEM, significance level was determined by *p < 0.05, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test). (c)
The two-channel LoC device commercialized by Emulate Inc., operated with the dynamic flow on both top and bottom channels separated by a membrane at the same
flow rate (30 pl/h) for toxicity prediction. (d) Higher functional activity of sandwich cultured hepatocytes in LoC: (i) Species-specific albumin production rates
captured in LoC, which were higher than static plate culture, (ii) Higher CYP3A activity in LoC. CYP3A data was compared with Sidak’s multiple comparisons test (n
= 3~17 independent chips). Albumin data was compared with Sidak’s multiple comparisons test (n = 3~14 independent chips, n = 3~9 independent wells in plate).

Significance level was determined by: *p < 0.05, **p < 0.01, ok

‘D < 0.001, ****p < 0.0001. All error bars were presented as Mean + SEM. Panels (b) is adapted
under terms of the CC-BY license from Ref. [47] Copyright 2022, PNAS. Panel (b) was rearranged and redrawn after removing channel dimensions. Panel (c) is
adapted under terms of the CC-BY license from Ref. [13] Copyright 2022, Nature. In Panel (c), the device designs were redrawn indicating the flow rates. Panel (d) is
reproduced with permission from Ref. [55] Copyright 2019, AAAS.
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of shear stress (applied only on the top channel, 0.1 dyne/cm?) and
co-culture with non-parenchymal cells (NPCs). Albumin secretion, CYP
activity, and HGF secretion were enhanced in the dynamic conditions
than static conditions with NPC co-culture. The device used by Du et al.
[21], differed from the Emulate’s platform [13] in terms of the device
dimensions, cellular arrangement, and shear stress applied. Du et al.
designed both chambers to have a height of 100 pm, whereas Emulate’s
device features a top chamber height of 1 mm and a bottom chamber
height of 200 pm. Additionally, in the Du et al. paper, hepatocytes were
cultured in the bottom channel, while endothelial cells were cultured in
the top channel. This setup contrasts with Emulate’s device, where he-
patocytes were cultured in the top channel and endothelial cells in the
bottom channel. Furthermore, the flow rate and shear stress applied in
the two studies differed significantly. Du et al. applied a shear stress of
0.1 dyne/cm? exclusively to the endothelial cells in the top channel. In
contrast, Emulate applied a shear stress of 0.01125 dyne/cm? to the
endothelial cells in the bottom channel and a lower shear stress of
0.000445 dyne/cm? to the hepatocytes in the top channel.

Induced pluripotent stem cells (iPSC) based hepatocyte (iHep) cul-
tures are gaining popularity, as they don’t suffer from limited avail-
ability of patient-derived liver tissues. Recently, Zhang et al.
demonstrated higher albumin and CYP450 enzymes activity of iPSC-
derived hepatocytes under dynamic culture than static culture in well-
plate [50]. In another study, Wang et al. demonstrated higher func-
tional activity of iPSC-derived hepatic aggregates under dynamic flow
than static culture [51]. Although 3D iHep-based culture models are
promising, their albumin secretion rate remains significantly lower than
in vivo values over 5 weeks under dynamic flow (<1 pg/day/million
cells) [51,52].

Sandwich cultures are known to maintain hepatocyte polarity in
culture. However, increasing evidence suggests that static well-plate-
based sandwich culture models eventually dedifferentiate as shown by
reduced albumin, urea, and metabolic activity within 2 weeks [53].
Dynamic fluidic flow improved the functional markers of sandwich
model such as albumin production, urea production, and CYP enzymes
expression under a shear stress of 0.6 dyne/cm? than the static sandwich
model in 14 days culture [54]. Similarly, Jang et al. captured
species-specific (human, dog, rat) albumin production rates in dynamic
LoC (Emulate) platform, that were significantly higher than static
sandwich cultures [55]. The albumin production reached ~60
pg/day/million cells on day 7 in their study for human sandwich
cultured hepatocytes (Fig. 1(d-i)). CYP3A activity was also higher than
static cultures and comparable to freshly isolated hepatocytes during 14
days in dynamic culture (Fig. 1(d-ii)).

High throughput is necessary for rapid industrial adoption of LoC
assays. However, microfluidic technology is generally considered low-
throughput. To address limitations related to throughput, Tan et al.
introduced 96 well-plate-based dynamic LoC platform and found higher
albumin, VEGF secretion, HGF secretion, and CYP3A4 activity than
static sandwich cultures [56]. One of the reasons for the higher func-
tional activity of sandwich cultures under dynamic flow can be higher
proline-induced collagen secretion of hepatocytes, as suggested by
Hegde et al. [57].

Rubiano et al. from center for drug evaluation and research (US FDA)
used CN Bio’s dynamic microphysiological system (MPS) and demon-
strated higher albumin and CYP3A4 activity than static 3D spheroids
and sandwich culture models derived from primary human hepatocytes
(PHH) [29]. Further, functional activity was observed for a longer
duration (>2 weeks) in the MPS than spheroid culture (12 days) and
sandwich culture (7 days). The albumin production in MPS peaked on
day 15 (~50 pg/million cells/day), which fell within the range provided
by IQ-MPS guidelines. The CN Bio system has on-chip pump for recir-
culating the media through ECM-coated scaffolds containing
self-assembled 3D hepatic microtissues.

Recently, the fluidic flow has also been shown to significantly
enhance the culture longevity, metabolic activity, and albumin secretion
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of organotypic liver tissues (core-needle biopsy samples of the liver)
than static well-plate-based culture [58]. Albumin secretion could be
observed for 31 days in chip whereas well plate-based culture only
supported culture up to 72 h. Similar results with enhanced functional
markers were demonstrated by Rennert et al. under dynamic conditions
for HepaRG cells [59].

Overall, culturing 3D spheroids, sandwich models, 3D microtissues,
and organotypic models in LoC platforms has demonstrated marked
improvement in hepatic functionality than conventional tissue plate
cultures. Next, we discuss the role of co-culture in better physiological
mimicry of liver in LoC platforms.

2.2. Improved liver physiological mimicry: the role of co-culture

The liver is majorly composed of hepatocytes (parenchymal cells),
stellate cells, kupffer cells, hepatic biliary epithelial cells, and liver si-
nusoidal endothelial cells. All of them play a key role in liver regener-
ation after partial hepatectomy by secreting important growth factors,
well-documented in previous literature [60,61]. Briefly, hepatocyte
growth factor (HGF) produced by stellate cells and endothelial cells
during regeneration is known to induce proliferation of hepatocytes.
Moreover, kupffer cells start producing tumor necrosis factor a (TNFa)
and IL-6. Hepatocytes produce pro-angiogenic factors (fibroblast growth
factor 1 (FGF-1), and vascular endothelial growth factor (VEGF)) to
induce vascularization. Hence, co-culture can be an effective way to
induce liver maturation in vitro. Co-culture can be implemented by
direct methods such as 3D spheroids, organoids, and micro-patterned
co-culture or more complex strategies with 3D bioprinting and
liver-on-chips.

HepatoPac (micro-patterned co-culture (MPCC)) is an excellent
example of a direct co-culture system wherein the co-culture of fibro-
blasts with primary human hepatocytes enhances the culture longevity
up to 6 weeks than hepatocytes monocultures [17]. Further, co-culture
with fibroblasts is also known to improve the morphology and func-
tionality of iHep [62]. However, HepatoPac offers limited spatial control
over the cellular arrangement to mimic liver sinusoids. Further, the
HepatoPac system usually lacks other non-parenchymal cells such as
kupffer cells and liver sinusoidal endothelial cells that are known to play
a significant role in drug-induced liver injury (DILI) mechanisms [36].
Bioprinting based approaches are popular to realize precise spatial
arrangement of multiple cells to mimic hexagonal liver lobule struc-
tures. Using DLP (digital light processing), Ma et al. precisely deposited
iPSC derived hepatocytes surrounded by non-parenchymal cells such as
endothelial cells and adipose stem cells in a hexagonal shape [63]. They
found the tri-culture model expressed higher albumin, urea and CYP3A4
activity compared to monoculture of iHeps.

3D liver spheroids can be co-cultured with non-parenchymal cells to
enhance the functional activity, investigate drug-induced liver injury,
and construct liver disease models [64]. InSphero’s hanging drop
technology ensures matrix-free assembly of multiple cells including
hepatocytes, biliary epithelial cells, kupffer cells, endothelial cells and
stellate cells in 3 days with bile canaliculi formation [65-67]. Usually,
co-cultured kupffer cells and stellate cells were observed throughout the
spheroids in InSphero’s model [66]. However, biliary epithelial cells
were located in periphery due to adhesion-dependent cell sorting [67].
Additionally, co-cultured spheroids with iHeps and endothelial cells
demonstrated capillary like network formation and higher functional
activity than monoculture of iHep spheroids [68].

Recently, Harrison et al. demonstrated that induced pluripotent stem
cells derived liver organoids contained the non-parenchymal population
including kupffer cells, cholangiocyte and stellate cells [69]. Moreover,
liver organoids also included vascular luminal structures, confirming the
presence of sinusoidal endothelial cells. Additionally, in contrast to
spheroids, organoids demonstrated partial zonation shown by single cell
RNA sequencing analysis in their study.

Similar to 3D spheroids and organoids models, microfluidic devices
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incorporating kupffer cells, stellate cells, and endothelial cells along
with hepatocytes, have been reported to mimic the overall liver micro-
environment. In contrast to 3D spheroids and organoids models, liver-
on-chips can mimic spatial arrangement of cells in accordance with
the liver sinusoidal structure. Ewart et al. co-cultured hepatocytes with
all NPCs and captured idiosyncratic DILI due to trovafloxacin-mediated
kupffer cells activation [13]. Further, the albumin production rate
reached 25 pg/day/million cells on day 7 but it was slightly lower than
the IQ MPS guidelines [34]. Besides, the device also failed to culture
stellate cells in a space of Disse-like ECM environment. Despite the two
drawbacks, the device successfully flagged hepatotoxic drugs with 87 %
sensitivity. In another report, Du et al. demonstrated neutrophil
recruitment through ICAM-1 expressing LSECs in a similar membrane
based two compartment liver-chip using lipopolysaccharide (LPS)
stimulation [21]. Such platforms can be potentially used to predict
immune-mediated DILI of compounds.

Co-culture with NPCs enhances functional markers of hepatocytes.
Recently, a study in collaboration with Sanofi and Merck demonstrated
co-culture of iHeps with NPCs enhanced albumin secretion, urea
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secretion, and CYP3A4 activity than monocultured iHeps in high-
throughput 384 well format Organoplate developed by Mimetas [70].
However, the albumin production rate was <20 pg/day/million cells,
which is lower than in vivo values. In another study, liver spheroids
co-cultured through fluidic connection with hepatic stellate cells on a
microfluidic platform demonstrated higher albumin, urea secretion, and
CYP450 activity than monoculture [71].

Co-culturing is an effective way for improving the functional matu-
rity of hepatic tissues in LoC, as discussed in this section. Various design
strategies have been implemented to allow spatial patterning and co-
culture of cells in microfluidic platforms such as: (1) capillary pinning-
based organ-on-chips (Fig. 2(a)), including micro-posts-based three
channel devices (Fig. 2(a-i)) [72], and phaseguide-based three channel
devices (Fig. 2(a-ii)) [73], (2) sacrificial material [74] or non-sacrificial
material (needle) based strategy [47] (Fig. 2(b)). In 2nd strategy, a
hollow space is generated inside a hydrogel material using either
sacrificial material printed with bioprinting (Fig. 2(b-i)) or a
needle-based strategy (Fig. 2(b-ii)). The tubular space can be endothe-
lialized or epithelialized for dynamic perfusion culture of tissues, (3)

(b) Sacrificial or non-sacrificial materials based

(ii) Needle based

[ hydrogel hydrogel
—— Q
3D bioprinting with Needle inside

hydrogel

Removal of needle —I

making a tube in gel

(c) Milli-compartments or micro-compartments based

(i) Transwells based

Transwel

Tissue epithelium

—

Porous membrane Tissue endothelium

(ii) 3D scaffold based

Flow
3D scaffold

Flow

(d) Membrane-based compartmentalization

Porous membrane Tissue epithelium

Top channel

Bottom channel

Flow

Tissue endothelium

Fig. 2. Various design strategies implemented to allow spatial patterning and co-culture of cells in microfluidic platforms: (a) Capillary pinning based: (i) Microposts
based, (ii) Phaseguides based. (b) Sacrificial or non-sacrificial materials based strategy: (i) 3D bioprinting based strategy wherein hollow space is created inside
hydrogel by removal of bioprinted sacrificial material, (ii) Needle based strategy wherein hollow space is created inside the hydrogel. In both (i) and (ii) the hydrogel
can contain cells and hollow space can be endothelialized or epithelialized. (c) Milli-compartments or micro-compartments based strategy: (i) Transwell-based
dynamic organ-on-chips, (ii) 3D scaffold-based dynamic organ-on-chips. (d) Membrane-based compartmentalization strategy. Figure (c-i) is adapted under terms

of the CC-BY license from Ref. [75] Copyright 2022, Springer.
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Milli-compartments or micro-compartments based strategy (Fig. 2(c)),
wherein standard transwells can be inserted and tissue epithelium and
endothelium can be cultured on opposite sides of transwell’s membrane
under flow (Fig. 2(c-i)). These chambers or compartments can also
include 3D scaffolds. 3D scaffold-based strategy involves co-culturing
various organ specific cells that are attached to 3D scaffold and each
other under dynamic recirculating flow (Fig. 2(c-ii)). The devices in 3rd
strategy can contain multiple organ compartments connected through
recirculating flow, induced by on-chip micropump. Hence, they can be
used for multi-organ cultures. Furthermore, they can also be used to
culture multi-cellular 3D spheroids, 3D sandwich cultures, and 2D
monolayers under recirculating flow. (4) membrane-based compart-
mentalization strategy ((Fig. 2(d)) [13]. In the 4th strategy the two
channels can be controlled independently while maintaining the
cross-talk between them through the micro-porous membrane sand-
wiched between the two channels. Table 2 lists several typical applica-
tions of each of these design strategies for liver organ modeling. Next, we
discuss the strategies to incorporate vascularization in LoC models.

2.3. Improved liver physiological mimicry: vascularized models & bile
ducts-on-chips

One of the major drawbacks of the current 3D models is the lack of
vascularization, which starts during embryogenesis to ensure adequate
nutrient supply during the later stages of organ development [84]. Given
that the liver is a highly vascularized organ, the development of in vitro
vascularized 3D models could be crucial for accurately mimicking the
intricate processes of drug distribution and clearance in the liver.

One of the main benefits of organ-on-chip cultures is the ability to
integrate vascular networks with organ parenchyma. Several methods to
form vascularized organ-on-chips have been employed: (1) endotheli-
alization of the hollow tube created by sacrificial inks (Fig. 2(b-i)) [74]
or needles Fig. 2(b-ii)) [47], (2) facilitating confluent blood vessel for-
mation covering the microfluidic channel by gravity-assisted adhesion
to hydrogel and dynamic flow (Fig. 3(a-i)) [85], (3) endothelial lining at
the interface of tissue epithelium separated by a membrane in middle
(Fig. 3(a-ii)) [55], and (4) incorporation of endothelial cells with sup-
porting matrix, and pro-angiogenic factors to allow natural sprouting
(Fig. 3(a-iid)) [77].

On-chip vascularization has been reported to increase cell prolifer-
ation and viability of 3D culture models [86]. Using the sacrificial ink
approach, on-chip vascularization has been able to support culture of 1
cm thick tissues for 6 weeks, which is unlikely with passive diffusion in
conventional static culture [74].

Using a needle-based approach, a hollow space was endothelialized

Table 2
Typical applications reported for each design strategy.

Design strategy Reported applications of LoC

Capillary pinning-based devices Primarily used for 3D culture of hepatic
tissues inside hydrogels for toxicity
prediction and generating vascularized liver
tissues for disease modeling [76,77]

To mimic the tubular structures of bile ducts
and blood vessels. This approach is used to
culture 3D hepatic tissues under dynamic
perfusion, model cholestatic liver diseases,
and study liver biology [47,78,79]

It can typically be used for conducting
multi-organ interaction studies with liver.
Several applications include PK profile
prediction, transwell-based dynamic
studies, and culture of various forms of 3D
hepatic tissues for toxicity and clearance
prediction [80-83]

For sandwich culture of liver hepatocytes
and co-culture with other liver specific cells
for toxicity prediction [13]

Sacrificial or non-sacrificial
materials-based devices

Milli-compartments or micro-
compartments-based strategy

Membrane-based
compartmentalization strategy
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and perfused to culture PHH spheroids encapsulated in a matrix [47].
Liu et al. devised a strategy for hepatic aggregates culture with sacrificial
gelatin methacrylate (GelMA) ink [87]. However, neither of the 3D
spheroid studies could fabricate interconnected complex hepatic capil-
lary networks reminiscent of in vivo structures. Lee et al. used sacrificial
poly(N-isopropylacrylamide) (PNIPAM) fibers-based strategy to make
such convolute structures with an average size of 17.78 + 8.37 pm [88].
Furthermore, perfusion through the network induced higher albumin
secretion, and CYP3A4 activity of hepatic spheroids during 10 days of
culture than static group. Although the smaller size of microchannels
was achieved, they remained unendothelialized.

Majority of the previous studies didn’t report the integration of the
vascular network with 3D hepatic spheroids and tissues. However,
recently Bonanini et al. used high-throughput open-top pre-vascularized
beds-on-chips (OrganoPlate Graft, Mimetas) to integrate hepatic
spheroids with vascular network (Fig. 3(b-i)) [77]. Initially, confluent
endothelial vessels were established. Subsequently, natural vessel
sprouting was induced by introducing a medium containing
pro-angiogenic growth factors into the graft chamber. Finally, hepatic
spheroid was introduced from the open-top chamber. The hepatic
spheroid was stained with albumin (green) and microvessels were
stained with CD31 (red) (Fig. 3(b-ii)). Further, the functionality and
integration of the vascular network with spheroid were validated with
perfusion of FITC-dextran from the left channel. Upon perfusion from
the left channel, FITC-dextran was found in the right channel proving
successful grafting with the spheroid (shown by a dotted ellipse) (Fig. 3
(b-iii)).

The needle-based approach (Fig. 2 (b-ii)) has been used to form bile
ducts-on-chips. Du et al. used this strategy to form a hollow tubular
space lined by mouse cholangiocytes [78]. They successfully evaluated
the barrier properties of the bile duct and glycocalyx-mediated protec-
tion of cholangiocytes from bile acid. In another study, the same group
demonstrated recapitulation of primary sclerosing cholangitis by
incorporating vascular and bile ducts using the same needle-based
approach on a chip (Fig. 3(c-i, ii)) [79]. The endothelial cells were
stained by VE-cadherin (red), cholangiocytes by keratin-19 (green), and
fibroblasts were tracked in magenta. When cholangiocytes were stimu-
lated with IL-17A, transmigration of PBMCs and CD 4 T cells could be
observed (tracked in green) from the vascular channel (Fig. 3(c-iii, iv)).

However, current LoC platforms do not replicate the countercurrent
bile flow alongside the existing sinusoidal flow. Bile juices are crucial for
the digestion and absorption of fats. The absence of bile flow in current
LoC platforms represents a significant unmet challenge that must be
addressed for accurate prediction of drug clearance, PBPK (physiology-
based pharmacokinetics) modeling from LoC, and predicting drug-
induced cholestasis. Bile is a major route of clearance for several
drugs/metabolites with higher molecular weight of more than 500 Da.
Phase II reactions such as glucuronidation and conjugation with gluta-
thione result in increased molecular weight of metabolites and lead to
their biliary excretion. Lack of bile flow on LoC platforms severely limits
accurate clearance prediction of such compounds. Furthermore, it also
prevents study of enterohepatic cycling of drugs through liver-gut-on-
chips. Therefore, future efforts should focus on integrating bile flow
with hepatocytes to evaluate bile clearance of drugs without altering the
media composition [89].

3. Prediction of hepatic clearance

Liver microsomes and suspension cultures of PHH are conventional
in vitro models used in hepatic clearance prediction of compounds [90].
However, the major limitation related to these models is significant
underprediction of in vivo CLiy; by more than 3-fold [91]. Further, they
are not suitable for predicting clearance of metabolically stable com-
pounds, since their metabolic activity is lost rapidly within a few hours.
Additionally, traditional well-plate-based 2D PHH cultures also show
sharp decline in metabolic activity within 24 h [15]. Bonn et al.
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Fig. 3. (a) Strategies to vascularize organ-on-chips: (i) Facilitating confluent endothelial vessel formation covering the microfluidic channel by gravity-assisted
adhesion to hydrogel and dynamic flow, (ii) Endothelial lining at the interface of tissue epithelium separated by a membrane in the middle, (iii) Incorporation of
endothelial cells along with supporting matrix, and angiogenetic factors to allow natural sprouting. (b) Vascularized hepatic spheroids-on-chips: (i) OrganoPlate Graft
(Mimetas) having an open-top chamber to introduce hepatic spheroid on pre-vascularized beds, (ii) The hepatic spheroid was stained with albumin (green) and
microvessels were stained with CD31 (red) (Scale bar: 200 pm), (iii) The functionality and integration of vascular network were validated with perfusion of FITC-
dextran through the left channel and retrieving solution from the right channel (shown by dotted ellipse). (c) primary sclerosing cholangitis-on-chip: (i, i) Vascular
and bile-duct on chip to study primary sclerosing cholangitis (VE-cadherin (red) shows endothelial cells, fibroblasts are shown in magenta, and cholangiocytes
stained with Keratin-19 (green)) (Scale bar: 200 pm), (iii) Immune cells migration from the vascular channel (tracked in green), (iv) Quantification of enhanced
migration of PBMCs from vascular channel under IL-17A stimulation (one way ANOVA or ANOVA on RANKs, Mean + SD, n > 3 devices) ((E): endothelial cells, (C):
cholangiocytes, (F): fibroblasts). Panel (b) is adapted under terms of the CC-BY license from Ref. [77] Copyright 2022, Springer. The device design in panel (b-i) was
redrawn for better clarity and resolution. Panel (c) is reproduced under terms of the CC-BY license from Ref. [79] Copyright 2023, IOP science. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

demonstrated that conventional PHH culture could only predict clear-
ance of two out of six low-clearance compounds within a 2-fold range
[92].

A more advanced model of sandwich cultured hepatocytes eventu-
ally dedifferentiates, as shown by reduced albumin, urea, and metabolic
activity within 2 weeks [53]. Additionally, sandwich model also failed
to predict clearance of metabolically stable compounds within a 2-fold
range [93,94]. Short incubation time with drugs (<2 days) and
declining metabolic activity of hepatocytes in sandwich cultures are
some of the possible reasons behind the failure of clearance prediction of
metabolically stable compounds. These limitations promoted the
development of complex in vitro models, including co-culture models,
3D spheroids and LoC models [95].

Liver spheroids allowed drug depletion monitoring for over 7 days

and maintained significantly higher metabolic activity than sandwich
cultured and 2D cultured hepatocytes [18,53]. Spheroid cultures pre-
dicted clearance of six out of seven low-clearance compounds within a
3-fold range and three compounds within a 2-fold deviation [18].

In a remarkable study, Chan et al. used the co-culture or MPCC model
(HepatoPac) for ten low-clearance compounds and predicted hepatic
clearance for all ten compounds within a 3-fold deviation and seven
compounds within a 2-fold range [96]. Furthermore, they could mea-
sure compound depletion for 7 days like the spheroids model. Hep-
atoPac has shown excellent functional activity with albumin production
rate closer to in vivo condition in the liver [97]. Hence, a correction
factor for albumin facilitated drug uptake mechanism further improved
the overall clearance prediction ability of HepatoPac compared to direct
and conventional correction methods [97]. Moreover, HepatoPac could
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also reasonably predict the clearance within 2-3 fold for the various
compounds classified according to extended clearance classification
system (ECCS) [98]. In addition to its robust phase I metabolic activity,
HepatoPac also demonstrated strong phase II metabolic capabilities. A
report by Docci et al. suggested HepatoPac could reasonably predict
clearance of 69 % of the UGT substrates within 3 fold variation [99].

Some of the limitations of MPCC assays include: (1) the requirement
of stromal-only control, as stromal cells demonstrate drug dependent
UDP-glucuronosyltransferase (UGT) activity [100], (2) underprediction
of intermediate to high clearance compounds when plasma protein
binding correction was applied [96], (3) low activity of non-CYP en-
zymes such as flavin-containing monooxygenases (FMO) and aldehyde
oxidase (AO) [101], (4) a non-physiological ratio of hepatocytes to
stellate cells of 4:1, deviating from the human liver composition where
hepatocytes constitute approximately 80 % and stellate cells about 8 %,
suggesting a more physiological ratio would be closer to 10:1 [36].
Despite some limitations, HepatoPac remains one of the most reliable
systems for predicting hepatic clearance. Besides, in a recent study
multi-well array culture of spheroids and HepatoPac demonstrated
exceptional performance in predicting clearance of slowly metabolized
compounds [90]. Therefore, conducting benchmarking studies against
HepatoPac and 3D spheroids is essential for LoC models aiming to
enhance clearance prediction accuracy. Furthermore, future efforts in
LoC should focus on value addition to the existing state-of-the-art in
clearance prediction. Incorporating biliary flow on the LoC could add
significant value and enhance the predictive capability of pre-clinical in
vitro models for the hepatic clearance of compounds.

In contrast to static models such as HepatoPac and spheroids, LoC
models include physiological flow. The selection of the flow rate should
be reflective of the in vivo conditions. Apart from media flow rate, he-
patocyte cell density, and media volume should reflect the in vivo liver
conditions properly in a scaled-down LoC system for reliable prediction
of human in vivo clearance (IVIVE). The usual steps followed for IVIVE of
hepatic clearance are [102]: (1) measurement of (intrinsic clearance)
CLint, in vitro from in vitro assays (equation (1)), (2) calculation of scaled
CLint, scaled Dy considering factors of hepatocellularity and liver weight
(equation (2)), and (3) prediction of hepatic clearance (CLy, predicted) by
considering appropriate clearance model (well-stirred (equation (3)) or
parallel-tube model (equation (4))) to incorporate the effect of liver
blood flow.

KxV
CLintin—viro = Ny (@)
CLintscated = CLine X HC x HLW 2)
Qs fus < (52
CLHpredicted.well—srined =) 3)
Qn + fup x (%)
fup xCLing
CLH,predictedpamllel—tube = Qh X <1 — eftinexQn ) (4)

K = elimination rate constant, V = incubation medium volume, Ny =
Number of hepatocytes, HC = hepatocellularity, HLW = human liver
weight, CLj,; = intrinsic clearance, Qn = liver blood flow rate, CLy =
hepatic clearance, fup = fraction unbound in blood, fu;,. = fraction un-
bound in incubation.

The scaling approaches are critical to extrapolate the findings of LoC
to in vivo human liver (IVIVE). The goal of scaling approaches is to select
the LoC design and operational parameters, such as media volume, he-
patocyte cell number and flow rate so that the results produced by such
systems translate well to in vivo systems. Several scaling approaches
have been reported to select LoC designing parameters: (1) allometric
scaling [103], (2) direct scaling [104], (3) parametric scaling [105], (4)
similarity scaling [106], and (5) functional scaling [104]. As the CLin¢, in
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vitro 1S @ function of hepatocyte cell number (can be controlled by the user
and depends on LoC design) and media volume (can be controlled by the
user and depends on LoC design), selection of these scaled-down pa-
rameters directly affects the clearance prediction accuracy of the LoC
model. Moreover, the media flow rate in LoC also needs to be carefully
scaled down.

A conventional allometric scaling approach based on body mass has
been widely used to estimate human hepatic clearance from animal
studies. Allometric scaling has also been proposed to design microfluidic
systems. LoC systems can be viewed as micron level versions of humans,
scaled down by a factor of 10°. Using this microhuman (pHu) scaling
factor, the average body weight of a pHu can be approximated as 70 mg
(adult body weight/10%). Using reported allometric powers and allo-
metric coefficients for the liver, various parameters such as liver blood
volume, liver blood flow rate, and number of hepatocytes can be
calculated for 70 mg pHu [107]. The biggest benefit of using this
approach to design LoC systems is the extensive availability of reference
materials detailing allometric relationships for various parameters [107,
108]. However, for multi-organ-chip systems, linear allometric scaling
based on organ volume and organ surface area often produces channel
dimensions difficult to achieve using existing fabrication methods
[103]. Further, it produces higher brain mass and organ blood volume
than pHu while designing body-on-chip systems [103,107]. Hence, the
allometric scaling approach is more appropriate for designing single
organ-on-chips than multi-organs-on-chips. However, designing single
organ systems like LoC based on allometric scaling results in liver blood
volume of less than 5 pl (with an allometric power of 0.86). This small
volume is prone to rapid evaporation, posing challenges for regular
sampling required for LC/MS analysis [107]. Hence, allometric scaling
may not be practically suitable for designing LoC.

Another approach includes linear direct scaling, wherein LoC pa-
rameters are directly scaled down by 10° for pHu. Major advantage of
direct scaling approach is that it is very simple to implement [108].
However, both allometric and direct approaches have been criticized in
the literature, as they are based on organ-specific physical properties
such as surface area, organ volume, flow rates, organ mass and not based
on organ-specific functions (e.g. for liver: drug clearance) [104,109].
Furthermore, the biggest disadvantage is that they provide a single set of
design parameters for single or multi-organ-on-chips independent of the
application or context of use (CoU) [104].

To overcome the limitations related to traditional allometric and
direct scaling approaches, functional scaling and multifunctional scaling
approaches have emerged. Wikswo et al. defined the functional
approach as an iterative design process based on key functional aspects
of the organ [107]. The chip designed based on this approach re-
capitulates the biological function [104]. For functional scaling, a
mechanistic modeling of the biological processes provides a foundation.
Here, a goal is to match the observed in vitro clearance on the LoC
platform to reported in vivo clearance values. Based on the mathematical
governing equations, objective function minimization, and specified
constraints, LoC design parameters can be iteratively obtained [104].

The objective function represents the desired biological functions
that the system should reproduce and estimates the platform design
parameters such as flow rate, media volume, and cell density that best
satisfy the objective function. The objective function is defined by a
weighted squared difference between a model outcome (prediction) and
corresponding measurements (clinical data that need to be reproduced
for training set of drugs). Maass et al. designed a liver-gut system using
the objective function approach, which needs to reproduce clinical or in-
vivo time-concentration profile of drugs by considering the reported in
vitro liver metabolism and gut absorption values [104]. First, they
defined the mathematical governing equations for biological processes
of liver-gut system. Next, they specified known or desired model pa-
rameters. Next, they defined the objective function representing main
biological functions of liver-gut system (metabolism for liver and ab-
sorption for gut). For optimization process they selected available
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experimental data (in vitro liver metabolism and gut absorption values).
Finally, they selected the design parameters based on minimization of
objective function and defined constraints. Finding the minima of the
objective function will ensure that the model reproduces the in vivo
time-concentration profiles of drugs and the suitable design parameters
are established. In the end, the virtually designed liver-gut system was
assessed by predicting concentration profiles of a test set or unknown set
of drugs not included in training the model. The area under the
normalized time-concentration curve (AUNC) was calculated from the
predicted time-concentration profile of drugs. More specifically, AUNC
was calculated from time of administration (t = 0) to the last mea-
surement point of the drug specific time-concentration profile by inte-
gration [104]. The predicted AUNC for a test set of five drugs remained
within a 2-fold deviation. Furthermore, it was found that, in contrast to
the objective function minimization approach, both direct and allome-
tric scaling approaches resulted in lower drug exposure and more rapid
clearance compared to observations in vivo. Despite the promising re-
sults, several limitations of the study were: (1) a limited set of test drugs,
(2) difficulty in applying functional approach for unknown new drug
molecule and (3) usage of clearance data of suspended hepatocytes in
the training set, which may not translate well for predicting clearance
and time-concentration profiles of low clearance compounds.

Shuler lab introduced a set of design criteria based on functional
scaling for organ-on-chips [105]. Contrary to the approach based on
objective function minimization, Shuler defined a set of parametric
equations for microfluidic chips that need to match the reported in vivo
values. Apart from matching the drug concentration vs time curves, they
also mentioned maintaining similar f, (unbound drug fraction), drug
partitioning coefficient/blood to plasma ratio (K,/B:P), drug residence
time, and cardiac output rate for an organ cultured on microfluidic de-
vice. However, it is challenging to match the drug-specific physico-
chemical properties such as unbound drug fraction, blood: plasma ratio,
and drug partitioning coefficient as observed in vivo.

Shuler has also used residence time-based scaling extensively in his
work for designing multi-organ chips [108]. The volume/flow rate ratios
(V/Q) for the organ-on-chips are matched with physiological values to
ensure that the chemical cues are exposed to the organ for the same
duration in vitro as they would be in the body. According to his theory,
the in vitro intrinsic clearance should match in vivo clearance if the he-
patocytes maintain similar metabolic activity in vitro as hepatocytes in
the liver and liquid to cell ratio is maintained close to 1:2 [108].

Contrary to the functional approaches, Feng et al. demonstrated a
similarity scaling approach based on n-theorem, which is used widely in
the mechanical engineering domain [106]. The process involves
defining a set of key parameters and non-dimensional ratios for the
intended application of organ-on-chips. These ratios for the model (LoC)
are matched to the prototype (a fully functionalized liver organ) to obtain
design parameters. Although this approach can be wuseful for
single-organ chip design, it may not satisfy all ratios for multi-organ
system designs. Moreover, a few of the dimensionless ratios defined
for LoC systems may not match in vivo values (e.g. f;,), which leads to
partial similarity.

A seminal paper by Herland et al. used mathematical governing
equations to describe biological processes on multi-organ system con-
sisting of liver, gut and kidney [110]. The in silico model, predictive of
the experimental data on chip, could translate the in vitro findings and
replicate the clinical PK profiles of drugs using scaled up parameters to
represent full organ volumes, blood vessel length, and blood flow rates.

From the discussion, it can be concluded that allometric and direct
scaling approaches are not appropriate for LoC designing, since they
produce blood volume less than 5 pl. On the contrary, functional
approach is more appropriate, since it recapitulates the organ function
and produces the designing parameters based on the CoU [104,109].
Similarity scaling approach is a promising method but incorporates
several dimensionless ratios that are often not practically achievable.
Overall, functional scaling approach seems to be the most reliable
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method to design single and multi-organ-on-chips. Table 3 compares
various design parameters of LoC reported by several scaling approaches
discussed above. The liver tissue weight ranged from 1.52 to 3.87 mg,
media flow rate values ranged from 12.8 to 1.45 pl/min, incubation
medium volume ranged from 1.8 pl to 300 pl, and hepatocyte number
ranged from 0.3 to 0.8 M. Furthermore, it should be noted that the liver
blood volume, flow rate, and hepatocellularity can be effectively scaled
down but drug-specific properties and extracellular matrix-specific
properties (f,, porosity of matrix, permeability of matrix, effective
diffusivity of matrix) are difficult to match the human in vivo values.
Potential approaches in order to overcome some of these issues include
liver slice and liver decellularized extracellular matrix-based (dECM)
culture models. This is because liver slice and liver decellularized matrix
help to preserve the native ECM components, which are crucial for
mimicking the in vivo environment, leading to similar diffusion coeffi-
cient, drug binding factor to ECM, and porosity. However, further
research will be required to validate the same by employing dECM and
liver slice models. Moreover, for dECM all the physical properties will
highly depend on the dECM concentration and crosslinking
mechanisms.

Baudoin et al. used a dynamic perfusion culture model with rat
primary hepatocytes for hepatic clearance prediction in rats [111].
However, the model was based on 2D culture without matrix overlay,
which only supported the observation of drug clearance up to 24 h and
clearance prediction for medium to high clearance compounds. This was
evident from poor hepatic clearance prediction for one low-clearance
compound tested in their study (tolbutamide, within 5-fold). Hence,
focus among the researchers has been on accurately predicting the
clearance of metabolically stable compounds using advanced LoC
models. Docci et al. from Roche used PHH-based 3D microtissue model
(CN Bio) to predict intrinsic hepatic clearance of compounds [82]. The
average albumin production rate was 39 + 8 pg/day/million cells for 48
h. Further, they measured the drug depletion up to 4 days (for low
clearance compounds) and found predicted CLix, predicted for 58 % of the
12 compounds within a 3-fold deviation (Fig. 4(a)). Moreover, predicted
in vivo intrinsic clearance for metabolically stable compound tolbuta-
mide was within the 1.5-fold range. Overall, 10 out of 12 compounds
remained underpredicted from the chip. Some of the possible reasons
can be: (1) declining metabolic activity of hepatocytes with time, (2)
declining activity of transporters, (3) comparison of predicted CLiy
instead of CLy to in vivo values.

On the contrary, Rajan et al. from Javelin Biotech, in collaboration
with Pfizer used their sandwich culture model and compared predicted
CLy from the LoC system to reported in vivo hepatic clearance values.
Interestingly, they found hepatic clearance of 83 % of the 12 compounds
fell within the 2-fold range (Fig. 4(b)) [81]. Furthermore, the platform
could maintain sandwich cultured hepatocytes for 15 days with albumin
production of 40 pg/day/million cells (day 15) and urea secretion rate of
100 pg/day/million cells (day 15). The reported values were compara-
ble with the IQ-MPS guidelines. According to the same guidelines, they
also found that genes related to CYPs, UGTs, and drug transporters
(SLCs, ABCs) expressed for 15 days. The platform could predict the
clearance of five metabolically stable compounds with an average

Table 3
LoC design parameters for various scaling approaches.
In vivo Allometric Functional Direct
values scaling scaling scaling
Liver tissue weight 1520 3.87 x 1073 1.52 x 1073 1.52 x
® [107] [107] 1072
blood flow rate 1450 1.28 x 1072 1.45 x 1073 1.45 x
(ml/min) [107] [107] 1073
Blood volume (ml) 1800 3.9 x10°2 0.3 [104] 1.8 x
[104] 1073
Number of 3 x 10" 8 x 10°[104]  5x 10°[104] 3 x 10°
hepatocytes
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LoC for hepatic clearance prediction:
(a) IVIVE of CL,;,, (CN Bio) (b) IVIVE of CLy (Javelin Biotech)
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LoC for DILI prediction:

(c) DILI markers captured for (d) iHep organoids-on-chip used for DILI assay
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Fig. 4. (a) Intrinsic clearance prediction (IVIVE of CLjy,) from CN Bio’s 3D microtissue-based model. The solid line shows 100 % prediction accuracy and the dotted
line shows the +3 fold range. Class 1a and 2 compounds are shown in green, class 3 compounds in blue, and class 4 compounds in red (according to ECCS: extended
clearance classification system). (b) Hepatic clearance prediction from Javelin Biotech’s platform using parallel tube model. (c) Idiosyncratic DILI investigation of
TAK-875 on LoC: (i) MRP2 transporter activity upon treatment with TAK-875 measured by efflux of MRP2 substrate: CMFDA, (ii) Mitochondrial membrane potential
shown by TMRM on day 8, (iii) ROS formation shown by CellRox on day 17, (iv) Lipid accumulation shown by AdipoRed on day 17. (Scale bars = 100 pm) (d) High-
throughput OrganoPlate developed by Mimetas cultured with iHep organoids: (i) Organ channel seeded with iHep and perfusion channel contains HMEC-1 and THP-
1, (ii) Cell viability (%) results for 40 out of 159 compounds with evidence of hepatotoxicity are rank ordered going left to right from least to most toxic. The viability
of the remaining compounds were at vehicle control levels. Error bars are shown for vehicle and troglitazone controls (n = 8). All cultures were exposed to test
compounds for 72 h at 50 pM (n = 1). Panel (a) is adapted under terms of the CC-BY license from Ref. [82] Copyright 2022, RSC. The dotted line showing the +3 fold
range was added. Panel (b) is reproduced under terms of the CC-BY license from Ref. [81] Copyright 2023, Springer. Panel (c) is adapted with permission from
Ref. [55] Copyright 2019, AAAS. Panel (d) is reproduced under terms of the CC-BY license from Ref. [76] Copyright 2021, Elsevier. We have rewritten the names of
the compounds in Figure (d-ii) for the better clarity of the readers. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

absolute fold error (AAFE) of 1.1. However, three high-clearance com- jointly published by commercial chip manufacturers and pharmaceu-
pounds produced significantly higher AAFE (3.7). Overall, the number tical companies.
of reports on LoC-based hepatic clearance prediction assays has Various mechanisms of drug-induced liver injury (DILI) can be
remained very low over the last 10 years. Therefore, chip makers and [113]: (1) mitochondrial dysfunction, (2) inhibition of biliary efflux
researchers should dedicate more effort to this area. (cholestasis), (3) lysosomal impairment, (4) production of reactive me-
tabolites, (5) endoplasmic reticulum stress, and (6) immune-mediated
4. Prediction of hepatic drug safety DILI. The drug induced inhibition of mitochondrial fatty acid oxida-
tion is one of the common causes of intracellular lipid accumulation and
Historical data suggest that nonrodents failed to flag 37 % of the leads to hepatic steatosis [114]. Furthermore, inflammation combined
compounds, and rodent species missed detecting 57 % of the 150 com- with lipid accumulation leads to more serious disorder known as
pounds, that were found toxic to humans [112]. Drug-induced liver non-alcoholic steatohepatitis (NASH) [114]. Cholestasis in many cases is
injury (DILI) continues to be one of the major causes of drug attrition in developed due to the drug induced inhibition of membrane transporters
the 21st century [113]. This indicates an urgent requirement for [113]. Bile salt export pump (BSEP) is the transporter involved in efflux
human-relevant DILI prediction assays in drug discovery. A compre- of bile salts into the bile. Hence, drug inhibiting BSEP is one of the major
hensive overview of DILI predictions using pre-clinical in vitro models, mechanisms leading to cholestasis. Drug-induced inhibition of lyso-
including complex in vitro models, can be found in several excellent somal enzymes involved in degradation of cellular membranes can lead
previously published reviews [14,113]. Here, we focus on the studies to phospholipidosis.
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Liver detoxification can lead to formation of chemically reactive
metabolites [113]. These reactive metabolites covalently bind to cellular
macromolecules such as proteins, enzymes, lipids and DNA. When these
reactive metabolites are combined with protein molecules (hepten-like
drug-protein adducts), they are recognized as foreign materials, leading
to immune system activation and response. The accumulation of such
reactive metabolites can initiate liver function disruption, involving
oxidative stress (ROS accumulation), inflammation, mitochondrial
function disruption, impaired bile acid efflux, and in severe cases, liver
failure. Detailed DILI mechanisms have been discussed in the recent
review paper with a focus on idiosyncratic liver injury [115].

As mentioned by Walker et al., extended exposure of drugs through
repeated dosing to the in vitro hepatocyte model holds a key to accurate
DILI prediction in humans [116]. Hence, research efforts are focused on
developing 3D liver models capable of maintaining their functionality
over an extended period, in contrast to conventional 2D models that
have a limited culture lifespan. PHH-based 3D spheroid models have
provided promising results in DILI prediction with repeated drug
exposure and culture duration of 2-4 weeks [67,116,117]. As shown by
Bell et al., the toxicity of fialuridine was not observed in PHH spheroids
even at 100 x Cpqy for the short-term exposure of 48 h [67]. However,
the toxicity was evident after the long-term exposure of fialuridine to
PHH spheroids for 7 days. Further, the ICsy approached close to the
reported clinical Cpgy values with 7-28 days of exposure of five hepa-
totoxic drugs in their study.

Moreover, 3D spheroids have been extensively characterized to
detect drug-induced cholestasis and steatosis [67,118]. 3D spheroids
could also capture species-specific hepatic toxicities as shown by Vor-
rink et al. [117]. They could demonstrate the acetaminophen toxicity
observed in mouse and human hepatic spheroids but not in rat and
monkey spheroids correlating with in vivo data. The spheroid model
could identify 69 % of the 123 toxic drugs with 100 % specificity. Their
spheroid model also proved to be better than sandwich-cultured hepa-
tocytes and MPCC models in DILI prediction. Although 3D spheroids
models have been greatly helpful, they usually take around a week time
to form in low-attachment plates, making the process time consuming.

Apart from 3D spheroids, LoC based models have also been imple-
mented for DILI predictions. Poor specificity of LoC, particularly due to
oversimplified models that exclude non-parenchymal cells (NPCs), is a
significant limitation. However, a recent collaborative study among
Emulate Inc, Abbvie, and Janssen pharmaceuticals demonstrated
excellent DILI detection sensitivity (87 %) and specificity (100 %) of LoC
with drug dosing for a week [13]. This high level of accuracy can be
attributed to the inclusion of all relevant NPCs alongside hepatocytes
and the application of dynamic perfusion flow. The endpoints included
albumin and alanine transaminase (ALT) assays. Foster et al. from
AstraZeneca compared liver spheroids and LoC (Emulate Inc.) with
equal endpoints and drug exposure. Their findings indicated comparable
DILI sensitivity across both platforms [119].

Cox et al. from UCB Biopharma observed similar functional activity
in static liver spheroid model and liver spheroids-on-chip (TissUse
platform) for a week [80]. However, higher metabolite turnover of
diclofenac was observed in liver spheroids-on-chip [80]. For longer
culture duration (>2 weeks), liver-chip (CN Bio) outperformed static
spheroid cultures shown by higher albumin production and CYP3A4
activity [29]. Cox et al. could detect hepatotoxicity of tolcapone
demonstrated by reduced viability and CYP3A4 activity [80]. However,
its structural analogue entacapone did not provoke a similar response.
Although there are very few conclusive reports on a systematic com-
parison of liver spheroids and liver-chip cultures, both models seem
equally promising.

A collaborative study among Emulate Inc, AstraZeneca, and Janssen
pharmaceuticals captured species-specific toxicity of fialuridine (10
days treatment) and Janssen proprietary compound (JNJ-2) (2 weeks
treatment) on the LoC platform [55]. Furthermore, the LoC predicted
the most sensitive endpoint markers, providing insights into the DILI
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mechanism of compounds. In their 2 weeks study, idiosyncratic DILI
investigation of TAK-875 suggested reactive metabolites formation (acyl
glucuronide metabolite (TAK-875AG)) and MRP2 inhibition (Fig. 4
(c-i)). Upon probing their downstream effect, compromised mitochon-
drial membrane (detected after 1 week) (Fig. 4(c-ii)), ROS formation
(detected after 2 weeks) (Fig. 4(c)-iii)) and lipid droplet accumulation
(detected after 2 weeks) (Fig. 4(c-iv)) were observed. This indicated that
the drug and reactive metabolites first disturbed the cellular mito-
chondria, followed by ROS formation and lipid droplet accumulation.
Further, TAK-875 induced inflammatory cytokine release and activation
of NPCs. This shows the mechanistic investigations of idiosyncratic DILI
are also possible with LoC models inclusive of parenchymal and
non-parenchymal components. As elaborated by Godoy et al., NPCs
exhibit secondary response after initial damage to hepatocytes ampli-
fying the overall effect [36]. Hence, LoC models with NPCs can be an
ideal choice for a detailed investigation of the DILI mechanisms of
hepatotoxins [36]. Furthermore, co-culturing in LoC with stellate cells
and kupffer cells is also required for making disease models of NASH
[120].

5. Emerging applications of LoC in industries
5.1. Liver organoids and organoids-on-chips

Organoids-on-chips have become one of the most rapidly growing
fields in the last few years [121]. By integrating the LoC technology with
complex human liver physiology captured by liver organoid models,
researchers can create one of the most powerful models in clearance and
toxicity prediction. Mimetas and Hubrecht organoid technology (foun-
ded by Hans Clevers) had announced a collaboration to explore the
potential of both technologies in organoids-on-chips. In this section, we
highlight the published reports at the interface of liver organoids and
microfluidics culture.

As iPSC organoids capture the organ regeneration process from an
embryonic stage, they show organ-specific structure and morphology,
functional features, organ-specific parenchymal and non-parenchymal
population, vascularization, and various gradients. Since the first pub-
lication of the organoids in 2009, the field has evolved significantly
providing great insights into developmental biology, disease models,
personalized medicine, organ regeneration and tissue engineering, and
recently drug discovery and development [122,123].

Primary mouse and human hepatocytes-derived liver organoids can
be expanded up to 2.5-6 months in culture, which is significantly longer
than other reported 3D culture models of the liver [124,125]. While liver
organoids can be cultured for extended periods, a systematic comparison
of functional markers, both passage-wise and time-wise, is missing in the
published literature.

One of the widely used cell sources for liver organoids is iPSC-
derived iHep. Using iHep, Mun et al. demonstrated dose-dependent
trovafloxacin-mediated toxicity in a 6 days study [126]. Besides, its
non-toxic analog levofloxacin didn’t show toxicity in organoids. How-
ever, the albumin secretion was significantly lower than in vivo values.
We believe that the dynamic culture of organoids can improve their
maturation and functional activity in LoC models [127,128]. This is
especially relevant for iHep organoids, which are known to show fetal
liver markers as stated by Mun et al. [126].

Recently, iHep organoids were cultured under the gravity-induced
recirculating flow of 0-71 pl/h to screen 159 known toxic compounds
in a high throughput 96-well plate-based LoC platform (Mimetas) [76].
Liver organoids were cultured in an organ channel and HMEC-1 endo-
thelial cells and THP-1 monocytes were cultured in a perfusion channel
(Fig. 4(d-i)). Expected shear stress based on the dimensions of perfusion
channel (300 x 220 pm) and flow rate (0-71 pl/h) was in the range of
0-0.0725 dyne/cm?. However, the estimated shear stress experienced
by HMEC-1 endothelial cells in the plate was significantly lower than the
reported in vivo values (0.1-0.5 dyne/cm?) [49]. Liver organoids
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maintained albumin production of 20 pg/day/million cells after 5 days.
Further, CYP3A4 activity was maintained for 15 days. Although albumin
secretion was lesser than the in vivo values, it was significantly higher
than previously reported matrix-free 3D iHep aggregates cultures on
chip [51]. Further, the model failed to detect 31 high-risk DILI com-
pounds, which can be attributed to the low maturity of iHep. The cell
viability (%) results for 40 toxic compounds from the 159 compounds
have been shown in (Fig. 4(d-ii)). One of the major limitations of the
study was only one replicate per compound performed on the Mimetas
plate.

Jin et al. cultured iHep and HUVEC (human umbilical cord vein
endothelial cells) cells derived organoids in a decellularized extracel-
lular matrix (dECM) using a recirculating microfluidic system [129].
They found higher albumin secretion, CYP3A4 activity, vessel sprouting,
E-cadherin expression, and urea synthesis under flow than static orga-
noids cultures. Further, dose-dependent acetaminophen toxicity was
captured by ROS formation with higher sensitivity in dynamic culture
than static culture.

By leveraging the extended expansion capacity of organoids and
their matured phenotypes in LoC models, repeated drug dosing will be
possible, enabling more accurate DILI and hepatic clearance prediction
of the compounds. However, the field of organoids-on-chips is evolving
and detailed studies on such topics will be of great interest to industries.
Besides, LoC studies based on primary hepatocytes derived organoids
can be explored, as iHep based LoC studies described here have suffered
from low hepatocyte maturation.

5.2. Integration of LoC with gut-chip & kidney-chip in ADME

The integration of multiple organ components through fluidic flow in
multi-organs-on-chips is a promising area of research, where micro-
fluidic systems are anticipated to have a significant impact. Eventually,
the ambitious vision of the scientific community is to make fully func-
tional body-on-chip systems. While these systems are projected to be
utilized for preclinical drug trials, achieving comparable throughput and
cost-effectiveness to preclinical animal models could take several years
[130]. Currently, the majority of the organ-on-chip companies are
focusing on developing the multi-organ systems in ADME&T comprising
of liver, gut, and kidney.

Herland et al. presented the liver-gut-kidney-on-a-chip with an
arteriovenous mixing reservoir to replicate the PK profiles of oral
(nicotine) and IV route drugs (cisplatin) [110]. The fluid was transferred
among the organ-chips at specific time points using a liquid handling
system. Unlike animal models, the concentration of nicotine could be
measured in each organ-chip with time, which is one of the significant
benefits of performing PK studies on multi-organs-on-chips. Based on
the computational framework and scaled-up parameters, the system
predicted hepatic intrinsic clearance of both drugs within a 2-fold range.
In another study, Maschmeyer et al. demonstrated long-term mainte-
nance of the liver-gut-kidney system for 28 days with stable expression
of liver-specific CYP3A4 [83].

The gut is one of the important sites of extrahepatic metabolism with
significant phase I and phase Il metabolic activity [131]. As the intestine
is known to have significant CYP3A4 activity, drugs like midazolam
require in vitro liver-gut system for predicting bioavailability [132].
Bioavailability refers to the fractional unchanged drug present in the
systemic circulation. Animal models have been poor predictors of
bioavailability in humans [133]. Hence, there is a need to develop
human-relevant predictive bioavailability models. Current in vitro
models based on liver and gut are treated with compounds separately
[134] or integrate liver and gut compartments in a single hybrid
transwell platform [135] to predict bioavailability. However, the fluidic
connection is necessary between the two compartments to recapitulate
the dynamic human system.

Recently, Roche used a liver-gut system developed by CN Bio to
study the metabolism of prodrug mycophenolate mofetil [43]. The
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system allowed to track the concentration of prodrug, active drug
mycophenolic acid, and inactive metabolite mycophenolic acid glucu-
ronide in gut and liver compartments. Using in silico model the human
intrinsic gut and liver clearances were predicted. Nonetheless, addi-
tional system validation will be necessary with a wider range of drugs for
human bioavailability prediction. Arakawa et al. used a liver-gut system
to predict concentration profiles of phase I and phase II metabolites of
triazolam in humans, which closely matched the reported human
plasma profiles [136].

Prot et al. used primary hepatocytes and a Caco-2-based liver-gut
fluidic system to predict the clearance and bioavailability of paraceta-
mol [137]. They could predict the hepatic clearance within a 2-fold
range. However, bioavailability was under-predicted. Bricks et al.
overpredicted bioavailability using a gut-liver fluidic system for omep-
razole and phenacetin [138]. This might be attributed to the overall
usage of 2D culture models with lower hepatic metabolic activity.
Furthermore, usage of Caco-2 cells in their bioavailability prediction
model is questionable, as they poorly express phase I metabolic en-
zymes. The aforementioned studies prove the necessity for better
gut-liver MPS for bioavailability prediction especially for compounds
with low bioavailability. Apart from bioavailability prediction, the
liver-gut system has also been applied to study various diseases such as
inflammatory bowel disease [139], air pollution-related metabolic dis-
turbances [140], nanoparticle-induced liver injury [141], and hepatic
steatosis [142].

6. Challenges and future perspectives

In this review, we have elaborated on the unique features and ap-
plications of liver-on-chips (LoC) models, emphasizing their promise as
highly human relevant technologies. The primary aim of this review was
to evaluate the translational potential of current LoC models for clear-
ance and toxicity prediction. To this end, we discovered that several
collaborative studies have been conducted between pharmaceutical in-
dustries and LoC manufacturers, as listed in Table 4. Apart from liver-
chips, several collaborative studies in kidney-chips, gut-chips, and
bone marrow-chips are being conducted [28]. This demonstrates that
the technology has quickly gained initial traction among industrial
users. However, based on the current state of the art, it can be concluded
that the field is still in its early stages. Several limitations need to be
addressed before these models can be regularly used in the drug
development process, as discussed below.

One of the important factors is the lack of thorough validation of LoC
platforms against the standard guidelines provided by IQ-MPS. As
shown in Table 5, very few LoC platforms have been fully validated
completely for basic stage I MPS markers. Furthermore, many LoC
studies failed to report the albumin and urea secretion values normal-
ized to the cell number, which is required to compare them with in vivo
values given in the guidelines.

For industrial users, assay throughput is a primary concern. As the
creation of a microphysiological system is driven by the goal to mimic
the complexity of the human system, achieving the throughput levels of
the simpler, traditional well-plate-based static in vitro models poses a
considerable challenge. Mimetas and AIM Biotech introduced well-plate
based high-throughput 2-lane and 3-lane organ-on-plates models to
address the same. However, user-friendliness and reproducibility are
some of the bottlenecks that need to be carefully evaluated [70]. It is
expected that the CRO (contract research organization) services offered
by the majority of organ-chip makers will address the limitations related
to complex operation procedures and user-friendliness. This approach
would reduce the need for direct involvement of industrial users in
managing the platforms. Furthermore, recent developments in auto-
mated liquid handler integration with LoC cultures may address limi-
tations related to repeatability.

A recent report published by TEX-VAL tissue chip testing consortium
highlighted the superior role of quality of cell source in realizing
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Table 4
Collaborative studies between pharma industries and LoC makers.

Pharmaceutical industries Chip maker Study objective Outcomes of study Reference

involved

Sanofi and Merck Mimetas Evaluation of the reproducibility and robustness of the high-  Eight or more replicates required to address high [70]1
throughput LoC platform in PK and toxicity studies variability of LoC

Roche CN Bio Intrinsic hepatic clearance prediction Predicted CL;,, for 58 % of the 12 compounds within [82]

the 3-fold deviation

Roche CN Bio To study gut and liver clearances of the prodrug Human liver and gut clearances were successfully [143]
mycophenolate mofetil predicted. Comparison with in vivo data was missing.

Pfizer Javelin Hepatic clearance prediction Predicted hepatic clearance of 83 % of the 12 [81]

Biotech compounds within 2-fold
Abbvie and Janssen Emulate Inc DILI prediction Sensitivity = 87 %, Specificity = 100 % [13]
Pharmaceuticals

AstraZeneca EmulateInc  To compare liver spheroids and liver chip culture for DILI Both models were equally promising with similar DILI ~ [119]
prediction sensitivity

UCB Biopharma TissUse To compare liver spheroids and liver chip culture and Similar functional activity but higher metabolite [80]1
evaluate for drug safety and metabolism turnover of diclofenac in liver chips

AstraZeneca, and Janssen Emulate Evaluation of human and cross-species liver toxicity Platform predicted species-specific toxicity of several [55]

Pharmaceuticals Inc. compounds correctly

reproducibility and repeatability of the results produced from LoC and
microphysiological systems [144]. Primary human hepatocytes (PHH)
are considered gold-standard in in vitro science. However, lot-to-lot
variation, proliferation inability, and high cost are some of the limita-
tions with PHH [145]. Induced pluripotent stem cells derived hepato-
cytes are gaining popularity, as they do not suffer from limited
availability. However, as mentioned before in section 2.1, they often
demonstrate incomplete maturation in vitro. This is evident from the
previous studies that compared the performance of iHeps and PHH and
demonstrated inferior albumin, urea and phase I and II metabolic en-
zymes activities in iHeps than PHH [101,146,147]. However, some of
the potential benefits of iPSC include drug testing in subpopulations of
patients with rare genetic polymorphisms, the genetic manipulability of
iHeps, the ability to generate isogenic liver cells for testing, and the
development of personalized body-on-chips or multi-organs-on-chips
from patient-derived iPSCs for personalized medicine. Hence, until we
develop robust protocols for improving maturity and differentiation of
iHeps, PHH will continue to be the preferred choice of cell source for
clearance and DILI predictions [144].

Although there is sufficient evidence that dynamic perfusion en-
hances the functional activity of hepatocytes, as discussed in Section 2.1,
it is still unclear whether the benefits of flow outweigh the system’s low
throughput and high cost, which are due to the external setup required
to induce flow [144]. Additionally, the shear stresses applied to cellular
systems are far from the physiologically relevant values in most of the
cases [144]. Other static systems, such as 3D spheroids and HepatoPac,
perform equally well or, in some cases, better than dynamic LoC systems
for predicting hepatic clearance of drugs [82,90]. Currently,
multi-organs-on-chip systems benefit most from the inclusion of dy-
namic flow, which facilitates inter-organ exchange of bio-
macromolecules, drugs, and metabolites. Additionally, in striving to
create more physiologically relevant models, a common opinion advo-
cates for including dynamic perfusion to accurately estimate
human-relevant processes in single organ systems [144].

As discussed in section 2.2, co-culture with non-parenchymal cells
demonstrated enhanced functional activity of hepatocytes. However,
the co-culture method involves complex cell culture protocols with the
use of multiple cell culture media. Additionally, sourcing non-
parenchymal cells can be challenging in some cases. Hence, co-culture
models can be more suitable for building liver related disease models
such as NASH. Additionally, DILI investigation with immune system
involvement can be realized with co-culture LoC models. However,
hepatic clearance prediction assays, enzyme inhibition and induction
assays, and metabolite identification assays can be conducted with
mono-culture of hepatocytes as shown by some of the previous studies
[81,82].
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Integrating vasculature into LoC may enhance proliferation and
viability of hepatic tissues; however, their adoption in industries is likely
to remain low for DILI and clearance predictions due to high complexity
involved in imaging and culturing the system with endothelial cells
[86]. However, it can be a great model for studying liver biology and
diseases. Bonanini et al. reported modeling of veno-occlusive disease
using vascularized liver spheroids on chips [77]. Moreover, Chhabra
et al. recapitulated the liver regeneration process by modeling in-
teractions between liver and vascular cells as discussed before [47].

Overall, static models, including conventional microsomes, plated
hepatocytes, and suspension cultures will continue to contribute in the
early stages of drug discovery by screening a greater number of com-
pounds for understanding hepatic clearance, enzyme inhibition and in-
duction, and metabolite identification. In contrast, complex in vitro
models including dynamic LoC platforms are expected to contribute in
understanding complex problems in ADME such as clearance of meta-
bolically stable compounds, chronic DILI prediction, mechanistic studies
in toxicology, and immune-mediated toxicity [82].

Liver organoids-on-chips are one of the most promising technologies
for clearance and toxicity prediction, as discussed in section 5.1. There
are several benefits of culturing organoids on microfluidic platforms
than static well-plates. On-chip culture of organoids ensures a consistent
gel volume than traditional static well-plate cultures where manual
pipetting results in varying sizes of gel droplets. As the human-derived
recombinant proteins used in organoid culture medium are expensive,
microfluidic culture can be more economical option than well-plate
cultures.

However, several challenges related to organoid cultures such as
unwanted drug binding to the matrix, drug clearance due to NPCs, and
inadequate drug diffusion to the central part of organoids are required to
be carefully assessed. Additionally, with the same cell seeding number,
the number of organoids inside the matrix may vary, causing variability
among repeats. Moreover, normalizing functional characterization re-
sults to the total number of cells is also challenging for organoids-on-
chips, because it involves efficient harvesting of the cells from the gel.
However, non-permanent bonding strategies can be beneficial for
organoids-on-chips, as they permit access to tissues at the end of culture
for immunohistochemistry, molecular studies and cell counting for data
normalization [148].

Despite the growing number of collaborative studies between in-
dustries and commercial or academic chip makers, the prospect of
completely replacing animal testing in drug discovery still appears to be
a distant goal. Convincing the industry to use these assays in the pre-
clinical stage will require demonstrating the superiority of MPS models
over the current animal models. Therefore, in addition to human he-
patocytes, hepatocytes from other species should be utilized to directly
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Table 5
Comparison of LoC platforms against IQ-MPS phase I guidelines.

LoC model Maximum Maximum Gene expression Reference
albumin urea of enzymes and
synthesis synthesis transporters
value (ug/ value (pg/ (comparison
day/million day/million with freshly
cells) (study cells) (study thawed
duration) duration) hepatocytes)

Matrix free 0.1 (35 days) 6 (35 days) Gene expression  [51]

iHep-on-chips reported only
for CYP3A4,
CYP2B6,
CYP2C9
(comparison not
reported)

PHH sandwich 60 (14 days) Not reported Gene expression [55]

culture-on- not reported,
chips (with CYP activity
LSEC) compared
(Emulate) (CYP3A and
CYP2B higher,
CYP1A lower
than fresh
hepatocytes)

PHH sandwich 60 (7 days) 250 (7 days) Gene expression  [13]

culture-on- (donor 2) (donor 2) reported

chips (with (CYP3A4

LSEC, stellate significantly

cells, and higher, 13 out

kupffer cells) of 17 genes with

(Emulate) higher
expression than
fresh
hepatocytes)

3D 50 (19 days) Not reported Gene expression [29]

microtissues- reported for

on-chips (CN metabolic

Bio) enzymes and
CYP3A4 activity
was also
measured
(comparison not
reported)

iHep-on-chips 15-20 (15-17 20-40 Gene expression [70,76]

(with days) (15-17 days)  not reported but

endothelial measured

cells and metabolic

THP-1 cells) activity

(Mimetas) (comparison not
reported)

PHH sandwich 40 (15 days) 160 (15 Reported stable [81]

culture-on- days) gene expression
chips (Javelin for 15 days and
Biotech) measured

CYP450 activity
(comparison not
reported)

compare LoC data with historical or newly generated animal data [6].
Furthermore, deciding the context of use (CoU) is indispensable for the
industrial adoption of MPS [2]. Hence, the majority of the commercial
organ-on-chip companies are developing the platforms for specific fit for
purpose/context of use.

For faster adoption of organ-on-chips in drug discovery, a clear value
proposition is required by identifying the white spaces. Some of the
distinct applications of MPS need to be demonstrated in the publica-
tions, where conventional in vitro models haven’t produced convincing
results. As highlighted, immune-mediated DILI prediction seems to be a
strong capability of LoC, which should be demonstrated in detail to
persuade industry stakeholders. Furthermore, LoC models show great
potential in predicting hepatic clearance of metabolically stable com-
pounds, which can be a significant part of company’s portfolio operating
in organ-on-chip sector. Additionally, the inclusion of biliary flow is an
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underdeveloped area where organ-on-chips developers can focus. Some
of the other unique areas where LoC models will make a significant
impact are liver drug metabolism in pregnancy, and disease conditions.

Fetal drug exposure is a matter of great concern leading to the
exclusion of pregnant women from drug trials. Significant alterations in
phase I and phase II enzymes have been well documented due to an
increase in multiple reproductive hormones such as estrogen, proges-
terone, estradiol, cortisol, placental lactogen, and prolactin in preg-
nancy [149,150]. Most importantly, CYP3A4 activity may increase by
50-100 % during pregnancy. Additionally, a reduction in CYP1A2 and
CYP2C19 activity can lead to excessive accumulation of relevant drugs
in plasma, resulting in toxicity [151]. Further, increase in hepatic blood
flow and decrease in plasma protein binding of drugs may result into
altered drug clearance during pregnancy [151]. LoC models can be
potentially employed to predict hepatic clearance of drugs in pregnancy.
This can be achieved using a culture medium containing reproductive
hormones and primary hepatocytes from female donors [150]. Alter-
native cell source can also be pregnant mice-derived hepatocytes, which
are known to express altered CYP450 enzymes expression [152].

The gut microbiome is known to play an important role in drug
metabolism [153]. Further, gut bacteria also alter hepatic CYP3A ac-
tivity, thus affecting hepatic drug clearance [153]. Jalili-Firoozinezhad
et al. demonstrated complex gut-on-chips by co-culturing intestinal
epithelium and microbiome [154]. Recently, co-culture with gut
microbiome enhanced albumin and urea secretion activity of HepG2
spheroids on a chip [155]. However, systematic studies on drug clear-
ance are lacking wusing such systems. We  believe
liver-gut-microbiome-on-chips will provide further insights into the role
of gut bacteria in drug clearance [156]. Moreover, the overgrowth of gut
bacteria on gut-on-chips has been linked with inflammatory bowel dis-
ease (IBD) [157]. Therefore, gut-liver systems can be used to investigate
the alterations in clearance and adjust drug dosing under IBD conditions.

Drug metabolism in patients with chronic kidney disease (CKD)
needs to be properly investigated. Apart from reduced renal drug
clearance, reports suggest alleviated expression of several hepatic
CYP450 enzymes in CKD [158]. Hence, liver-kidney-on-chips may help
in deciphering the complex cross-talk between the two in CKD. More-
over, such systems may help in calculating dose adjustment for over 75
commonly used drugs with substantially altered bioavailability due to
impaired clearance in CKD [158]. Several kidney-on-chips models have
been reported with the potential to recapitulate the pathophysiology of
CKD [159,160]. Such models when integrated with healthy human LoC
will advance our current understanding of clearance prediction in kid-
ney ailments.

The potential to reduce R&D costs is the biggest incentive for in-
dustries to use MPS in drug discovery [161]. The report suggests that
industries can increase their annual revenue by $3 billion with the
integration of LoC in the present workflow [13]. Ewart et al. presented a
detailed framework to combine LoC models with pre-clinical animal
studies in current drug discovery DILI prediction pipeline. They pre-
sented a simple decision matrix where LoC data can help advancing the
most promising candidates after conducting toxicity studies in two an-
imals as per the FDA requirement [162]. More of such frameworks will
be needed to assist the industries in determining where such predictive
systems can fit into their existing drug discovery workflow.

Finding a common medium to nourish multiple organs connected
through a shared media channel has posed challenges. Researchers have
developed several strategies to address this issue, including mixing
organ-specific media in specific ratios, incorporating organ-specific
supplements into a common medium, and utilizing membrane-based
compartmentalized cultures [163].

PBPK involves usage of underlying biological and physiological
mechanisms represented by differential equations. It models each organ
as a separate compartment and connects them through arterial and
venous blood flow. PBPK models assist in the translation of preclinical
data to meaningful clinical outcomes. With the advent of multi-organs-
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on-chips, prediction of PK profile and PK parameters are possible
through PBPK modeling of the tissue-chips [164]. Furthermore, PBPK
models based on LoC data will be able to accurately estimate hepatic
clearance of the drugs for disease treatments across sub-populations not
directly studied in clinical trials. These models can account for varia-
tions based on genetic polymorphisms, co-morbidities, and lifestyle
factors.

Digital twins based on PBPK models are an emerging field and hold
great promise for accurate human liver clearance prediction [110,165].
A recent report developed a digital twin based on the data from the
published LoC systems [165]. They introduced a three-compartment
based model to describe the drug concentration in media, interstitium,
and intracellular space. These three compartments have been modeled
based on mathematical governing equations and serve as the dynamic
environment where the drug interact with hepatocytes, gets distributed
and finally gets metabolized in the intracellular compartment. By
adopting this approach, they could address the common issue of clear-
ance underprediction associated with the traditional one-compartment
modeling of LoC systems [82,166]. Apart from one-compartment
modeling other possible reasons for LoC based clearance under-
prediction are lack of biliary clearance [82], medium evaporation dur-
ing longer incubations [82], limited transporter and metabolic activities
[26], inappropriate scaling method [167], and non-specific protein and
chip material binding [26].

Finally, integration of machine learning with organ-on-chips is a
promising area, which offers several potential benefits including auto-
mated analysis of large dataset generated from tissue-chips especially
microscopic data, automatic identification of cells of interest from the
multi-cell population, guidance in device design and material selection,
real-time cell tracking, and automatic non-destructive analysis from
brightfield images of chips [168,169]. In case of organoids-on-chips,
usage of machine learning can enable automated organoids analysis
spread across multiple planes in a hydrogel [170]. This automated
analysis encompasses analysis of size, number, and morphology. More-
over, morphological changes in organoids, predictive of the drug re-
sponses can also be unveiled though AI/ML [171]. Finally, Al models
trained from the rich human-relevant OMICS and imaging data pro-
duced from LoC systems will provide unparalleled insights during the
early stages of drug discovery particularly for new drug modalities with
limited available data. For instance, a large dataset of hepatic clearance
and liver toxicity generated from LoC for the large drug molecules such
as PROTACS, anti-body drug conjugates, peptides can be used to gain
predictive insights in the pre-clinical stage of drug discovery for a new
chemical entity.

7. Conclusion

The review has provided a comprehensive overview of the current
status of LoC models in chronic DILI predictions, clearance prediction
for metabolically stable compounds, species-specific DILI predictions,
bioavailability prediction, and immune-medicated DILI assessments. We
have emphasized the critical role of dynamic culture, co-culture systems,
and vascularization in the enhanced functional maturation of hepatic
tissues within LoC environments. We have found several industrial
studies conducted on LoC platforms for DILI and clearance prediction,
but their integration into the current drug discovery framework might
take several years. Challenges associated with the industrial adoption of
LoC, such as lack of characterization according to guidelines, drug
binding to extracellular matrices and device materials, low throughput
of LoC assays, problems with data reproducibility and repeatability,
problems with accessing the hepatic tissues from LoC, and the user-
friendliness of platforms, have been discussed in depth. Further, a
need to conduct more collaborative studies for increasing confidence in
LoC-based clearance prediction assays was identified. Finally, we have
identified several important emerging areas in the LoC field, such as
liver organoids-on-chips, bioavailability prediction using gut-liver
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systems, hepatic clearance prediction in pregnancy, hepatic clearance
studies in disease conditions such as chronic kidney disease (CKD) and
inflammatory bowel disease (IBD) conditions using multi-organs sys-
tems, PBPK modeling & digital twins, hepatic clearance studies for
disease treatments in sub-populations based on genetic polymorphisms,
co-morbidities, life style, and AI/ML integration with LoC.
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