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Abstract
Despite the exciting properties and wide-reaching applications in human health and medicine of
nanobiomaterials (NBMs), their translation from bench to bedside is slow, with a predominant issue being
liver accumulation and toxicity following systemic administration. In vitro 2D cell-based assays and in
vivo testing are the most popular and widely used methods for assessing liver toxicity at preclinical
stages, however these fall short in predicting toxicity for NBMs. Focusing on the in vitro and in vivo
assessment, the accurate prediction of human-speci�c hepatotoxicity is still a signi�cant challenge to
researchers. This review describes such methods, focusing on the limitations they bring in the
assessment of NBM hepatotoxicity, as one of the reasons de�ning the poor translation for NBMs. We will
then present some of the most recent advances towards the development of more biologically relevant in
vitro liver methods based on tissue-mimetic 3D cell models and how these could facilitate the translation
NBM going forward. Finally, we also discuss the low public acceptance and limited uptake of tissue-
mimetic 3D models in the pre-clinical assessment, despite the demonstrated technical and ethical
advantages.

Introduction
The many applications of nanobiomaterials (NBMs) have made them extremely bene�cial in several
�elds, most notably medicine. With regard to their medical applications, whilst NBMs offer many new
exciting opportunities, their translation is still slow. Up to recent years, the large investments into
nanomedicine research, in fact, only yielded relatively small number of products that were successfully
translated into the clinic to date [1]. This did shift with the development of two new mRNA vaccines for
treating COVID-19 [2], however outside the area of vaccine development progress is still slow. This
constitutes one of the main caveats of nanomedicine research �eld [3]. The high attrition rate of NBMs is
partly due to the insu�cient and ineffective pre-clinical screening methods that are currently used for
testing their toxicity in the body [4, 5] The consequence is, the most common reason for withdrawal of
nanomedicine products from the clinical market is actually NBM-induced liver injury [6], which is often
associated to a considerable liver-speci�c accumulation [7]. 

Structurally, the liver is highly vascularised, with its primary function to sequester and remove foreign
material from the body, including viruses, bacteria and, indeed, NBMs. Its structure is well adapted for this
purpose, with fenestrations in endothelial cells trapping foreign materials in a manner similar to the
Enhanced Permeation and Retention (EPR) effect associated with many of the NBM advantages as drug
carriers [8].Thus, the anatomy of the liver explains why non-speci�c liver accumulation and unintended
hepatotoxicity are major obstacles in the clinical translation of NBMs. The vast majority of NBMs are in
fact administered intravenously, where the liver constitutes the �rst pass metabolism. For example,
Doxil®, the liposomal formulation of doxorubicin currently used in the clinic for many indications
including breast and bladder cancer, acute lymphocytic leukemia, and Kaposi’s sarcoma, is metabolised
mainly via the liver before being eliminated primarily via the biliary system. The consequence is that,
whilst Doxil® does reduce some of the negative side effects associated with free doxorubicin, such as
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cumulative and dose dependent cardiotoxicity and neutropenic enterocolitis [9, 10], it causes hepatic
necrosis [11], among other issues. 

From the considerations reported above, it is evident that the liver function is critical in de�ning both
NBMs safety pro�le and their ADME (absorption, distribution, metabolism, and excretion) once
administered to humans. The use of sensitive and human-relevant liver models is therefore vitally
important for increasing success with regard to clinical translation of NMBs.

In this context, this review presents the current state of the art in the pre-clinical assessment of NBMs, the
limitations of current in vitro and in vivo liver models, and how tissue-mimetic 3D cell culture models can
overcome such limitations, assisting in the translation of NBMs to the clinic. Finally, our review offers an
insight in the potential reasons determining the limited adoption of these advanced 3D liver models along
the preclinical R&D pipeline. 

1. Current state of the art in the pre-clinical assessment of NBMs

Since the approval of Doxil®/Caelyx® in 1995 by the Food and Drug Administration (FDA), there has
been a yearly increase in the number of biomedical applications for engineered NBMs [12-14]. As for
conventional molecular drugs, several in vitro and in vivo pre-clinical tests (listed in Figure 1) are carried
out on NBMs prior to starting human trials. Brie�y, following pre-screening (including sterility
assessment), NBMs enter an assessment cascade covering areas such as physicochemical
characterization, in vitro tests (e.g., haematology, cytotoxicity and immunology), and in vivo tests
(pharmacokinetics, biodistribution and accumulation). 

Focusing on the in vitro and in vivo assessment, the accurate prediction of human-speci�c hepatotoxicity
is still a signi�cant challenge to researchers  [15]. Currently, in vitro two-dimensional (2D) cultures and in
vivo testing in small mammals are the gold standards for determining acute hepatotoxicity of NBMs prior
to clinical trials [16, 17]. Whilst conventional 2D in vitro cell-based models of the liver are extremely useful
as �rst step in hepatotoxicity testing due to their low cost and ease of use, many limitations reduce their
predictive power [18]. Namely the simplicity or the distinct lack of functional cross-talk between the cells
forming the model in vitro [19], their poor ability to replicate the in vivo liver-like phenotypic properties and
liver physiology [20]. Similarly, in vivo animal models, despite being a key element of the regulatory
requirements for both drugs and NBM pre-clinical assessment, are often unable to accurately predict
human liver toxicity, due to the fundamental inter-species differences in both organ physiology and NBM
uptake, degradation and metabolism [21]. In recent years, scienti�c efforts focused on the development
of new, more “human-relevant” technologies for determining the interactions and potential toxic effects of
NMBs in the human liver. 

2.1 Advantages and disadvantages of existing 2D in vitro culture models

In vitro liver models, in their two-dimensional biological con�guration have been long established,
nonetheless since the development of 3D biology, several issues have impacted their utilization, as
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summarized in table 1. Given the complexity of the organ and its many roles involved, it is not strange to
see that the main limitations for the 2D models reside on the composition and its �at con�guration. 

As an organ, the human liver is complex and highly vascularized (Figure 2). Connected by the hepatic
artery carrying blood from the aorta, and by the portal vein carrying blood from the gastrointestinal tract
(GIT), pancreas and spleen, the liver also has a heterogenous cellular composition, incorporating
hepatocytes (the primary target of disease and the most abundant liver cell in terms of both volume and
quantity), the liver resident macrophages known as Kupffer cells, hepatic stellate cells (HSCs), �broblasts,
immune cells, biliary epithelial cells and adult stem cells [19]. Another essential component of the liver is
the cytochrome P450 (CYP450) family of enzymes, vitally important to liver function as they mediate
drug metabolism [19]. Bile canaliculi collect bile formed in the liver, which in turn is drained in bile ducts
before entering either the gall bladder or duodenum [23]. The liver also exhibits functional zonation,
whereby hepatocytes in different zones exhibit different functionality. It is vitally important that liver
zonation is considered when undertaking liver modelling, as zonation is disrupted in diseases, particularly
ones associated with reactive oxygen species and hypoxia, such as hepatocellular carcinoma (HCC) and
non-alcoholic fatty liver disease (NAFLD) [19]. A signi�cant challenge today is the accurate prediction
human-speci�c liver toxicity. It is widely reported that animal models often do not re�ect human speci�c
toxicity due to disease adaptations, interspecies variation, and fundamental differences in physiology.
Comparably, in vitro models often do not predict toxicity accurately due to signi�cant issues such as non-
organ-speci�c toxicity, non-linear dose–toxicity, unclear mechanisms, and lack of the key structural and
functional characteristics listed above, including lack of liver cell heterogeneity, zonation, formation of
secondary structures and in vivo-like cell density [24]. 

In vitro 2D cell culture models are mainly monocultures formed from human immortalized or transformed
cell lines, such as HepG2 [25-29], C3A [30, 31], Huh7 [25, 32, 33] and HepaRG [25, 33, 34] cells.
Immortalized hepatic cell lines, normally derived from human hepatocellular carcinoma, have been the
“go-to” for researchers for decades for a variety of reasons, including their wide availability from certi�ed
cell line sources such as ATCC (i.e. the American Type Culture Collection, which is a non-pro�t
organization that collects, stores, and distributes standard reference cell lines and other research and
development materials), or BIOPREDICT (whose most popular product is the HepaRG cell line), relative
ease of handling and culture, lack of inter-donor variation [25, 35-37], long-term maintenance in culture
with a stable phenotype, and resistance to senescence [38]. For decades, in vitro 2D hepatocyte models
have been successfully used to obtain preclinical data on many NBMs, including the liposomal forms of
Irinotecan (including studies undertaken in SK-Hep-1 cells) [39] and doxorubicin (HepG2 cells, among
others) [40], gold [41-43], SPIONs [44, 45], and carrier NBMs such as Poly(Alkyl Cyanoacrylate, or PACA
[46, 47] and Poly(Butyl Cyanoacrylate, or PBCA [48]. 

Despite being widely used as early predictors of NBM liver toxicity in pre-clinical assessment [21, 49], cells
lines used in 2D cultures exhibit many disadvantages as presented below. Hepatic cell lines have reduced
metabolic capacities, exhibit genomic content and altered phenotypes, upregulated expression of
in�ammatory mediators, loss of cell polarity and contact inhibition, and, most notably, decrease in
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speci�c liver function, e.g., reduced CYP450 activity [50-53]. Hepatocytes, cuboidal hepatic epithelial cells
that line the sinusoids, are the primary functioning cell type in the liver and make up 80 % of total liver
mass. Hepatocyte function ranges from detoxi�cation of toxic materials to basic metabolic functions
[54]. They also activate innate immunity, as a defense mechanism against the introduction of external
foreign chemicals and substances such as NMBs [55]. It has previously been shown that, to induce an
increase in CYP enzyme activity in the HepaRG cell line, the cells must be treated with high
concentrations of DMSO, a response which is arti�cial and counterproductive, as it alters the hepatotoxic
responses to NBM exposure and, subsequently, skews data obtained from cytotoxicity assessment [25].
In the HepG2 cell line, the expression of Phase I and II enzymes is also dramatically lower when
compared to primary human hepatocytes (PHH), therefore hepatotoxins are not as readily or accurately
detected in immortalized HepG2 cell cultures as they would be in vivo. 

It is possible to overcome the major caveats of hepatocyte cell lines by using PHH, i.e., cells extracted
from human liver biopsies [56-58]. When cultured in monolayers, the PHH metabolic capacity is
comparable to in vivo hepatocytes, particularly with regard to albumin secretion, regulation of Phase I
and II metabolic pathways, expression of speci�c liver functional markers, uptake and metabolism,
ammonia detoxi�cation and glucose metabolism [59]. This makes PHH the most accurate and
physiologically relevant hepatic cell model to date [35]. In spite of this, PHH cultures are not without
limitations. Supply of these cells is limited and protocols for extraction are complex. There is also an
added issue of inter-donor variation and ability to maintain a stable phenotype, with wild-type
characteristics only maintained for a limited time (up to72 hours) in 2D, due to de-differentiation
mechanisms induced by the cell growth on �at culture surfaces, reducing the predictive power of the
model [60]. Wild-type characteristics are also reduced from handling of the cells in culture, with changes
in cell metabolism (e.g., reduction in CYP450 enzyme activity) and senescence observed at low passage
numbers [56, 57]. A further issue is observed with cell seeding density, normally approximately 1% of
physiological density, something which again impacts intercellular signaling and the predictive power of
the model [61, 62]. To avoid these problems, fresh PHH must be extracted from human biopsies regularly.
This however incurs in large research costs and dramatically increases the labour and time associated
with liver toxicity screening of NBMs based on PHH models. A further way of overcoming issues with the
composition of conventional 2D liver cultures, is by forming cultures comprising multiple liver cell types.
The liver is an extremely diverse organ, with varied cellular composition containing not only hepatocytes,
but also many non-parenchymal cell types (comprising the 20% of the total liver mass) in the form of
Kupffer cells, liver sinusoidal endothelial cells (LSECs), hepatic stellate cells, �broblasts, biliary epithelial
cells, immune cells and adult stem cells [63]. Proper liver function is highly dependent on the interactions
between these varying cell types and hepatocytes, therefore by incorporating multiple cell types in a 2D
culture it is possible to produce a more physiologically relevant model with tissue characteristics and
increased liver functionality [64, 65]. Recently, many co-culture cell systems have been developed. For
example, hepatocyte/macrophage co-cultures have been successfully used to model acute responses to
septic liver injury and liver regeneration [19, 66, 67]. Culturing hepatocytes with LSECs, in the presence or
absence of collagen, allows LSECs to maintain their phenotype and hepatocytes to increase their in vivo-
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like function also enhanced (e.g., CYP activity) [68]. Similarly, when HepG2 cells are co-cultured with
LSECs [69], CYP enzyme induction is enhanced, suggesting that the introduction of endothelial cells
in�uences hepatocyte function in vitro (46). Furthermore, in addition to LSECs enhancing hepatocyte
function, similarly hepatocytes support LSECs function [68], in�uencing LSECs ability to control
important repair mechanisms in the liver following injury [70]. Kupffer cell/hepatocyte co-cultures have
also been reported, exhibiting responses to a variety of in�ammatory stimuli not observed in
monocultures [71, 72]. Metabolic functions are also dramatically increased when KCs are cultured with
hepatocytes, as demonstrated by Yagi et al. [73]. Various other immune cells have also been co-cultured
with hepatocytes [67, 74], such as for example the monocytic THP-1 cell line [75]. Huh7 and THP-1 co-
cultures expressed pro-in�ammatory and stress-related signaling molecules following treatment with
troglitazone, a hepatotoxic compound [75]. Furthermore, the co-culture showed increased sensitivity and
drug metabolism as compared to Huh7 monocultures [75]. Due to their distinct advantages over hepatic
monocultures, co-cultures of liver cells have also been used for the pre-clinical assessment of NBMs. One
such study by Esch et al. used a HepG2/C3A co-culture model, incorporated with a Caco-2/HT29-MTX co-
culture to form a GI-tract liver system for assessing the uptake, accumulation and toxicity of polystyrene
nanoparticles [76]. Despite the many advantages of co-cultures when compared to traditional hepatic
monocultures, these models suffer some disadvantages, as summarised in Table 1, and there are
fundamental limitations to the number of cell lines that can be cultured together. This issue is associated
with others such as determining the appropriate culture environments and conditions, or the lack of
essential ECM components, e.g., collagen, which are impacting the cellular phenotype and behaviour and
responses to NBMs, as described below. 

Another disadvantage of adopting conventional 2D in vitro models is their architecture. Hepatocyte
morphology and behaviour is greatly altered due to 2D cell cultures inability to reproduce the bio-physical
cues of human liver connective tissue [77]. Cell behaviour and phenotype is also dramatically affected by
the microenvironment across the cell-cell/cell-extracellular matrix (ECM) interactions. In the human
hepatic environment, cells have direct contact with each other and the extracellular matrix due to their
intrinsic 3D organisation, which is vitally important for cell signalling [78, 79]. When hepatocytes are
cultured in 2D, they lose their 3D interactions and spatial arrangement, and as a consequence their
signalling pathways and functions are modi�ed. For the liver to carry out its functions, hepatocytes must
exhibit a functional polarised phenotype [67, 80, 81], with speci�c transporters localised to both the apical
(canalicular) and basolateral (sinusoidal) membrane [67, 80, 81]. Furthermore, in 2D cell cultures the loss
of appropriate hepatocyte polarity is thought to be one of the key factors which leads to inaccurate
predictions of NBM toxicity in humans.  Notwithstanding, unorganised cell proliferation occurs due to the
lack of polarisation induced by the two-dimensional environment, a further cause of inaccurate
predictions of toxicity [82, 83]. 

Table 1: 2D hepatocyte culture models: advantages and disadvantages. Abbreviations: CYP450,
Cytochromes P450; OECD, Organisation for Economic Co-operation and Development.



Page 7/48

2D
hepatocyte
culture
models

Advantages  Disadvantages Reference

Monoculture Current gold standard for drug toxicity and
metabolism studies.

Low predictive value
due to monocellular
composition.

12, 22-24,
27-30, 32-
33

Easy and cost effective. Inability to reproduce
liver architecture. 

Rapid loss of cell
morphology and
polarity.

Small set-up costs. Rapid loss of ability to
metabolize drugs.

Decreased albumin
synthesis.

Co-culture Incorporation of multiple hepatic cell types
means greater in vivo relevance and tissue-
mimetic responses to in�ammatory stimuli.

Limitations with the
number of cell types
that can be co-
cultured.

37, 49-50,
51, 53-54,
56-57

Lack of extracellular
matrix (ECM)
components.

Hepatocyte-speci�c morphology/phenotype
is maintained.

High intra-laboratory
variability.

Increased CYP450 enzyme induction/activity  No standard, OECD-
approved co-culture
testing models
established.Stable albumin production for up to 37 day.

Increased phase I and II enzyme expression. Optimization is needed
to determine
appropriate culture
conditions.

As an organ, , the liver has a heterogenous cellular composition, incorporating hepatocytes (the primary
target of disease and the most abundant liver cell in terms of both volume and quantity), the liver resident
macrophages known as Kupffer cells, hepatic stellate cells (HSCs), �broblasts, immune cells, biliary
epithelial cells and adult stem cells [19]. Another essential component of the liver is the cytochrome P450
(CYP450) family of enzymes, vitally important to liver function as they mediate drug and NBM
metabolism [19]. Each lobe of the liver comprises of approximately one million lobules, around 1mm x
2mm in size, organised in a hexagonal manner around the central vein. This structure leads to lobule
zonation, whereby zone 1 is the periportal zone, closest to the vasculature and most densely supplied
with oxygen, nutrients and blood (non-parenchymal cells including hepatic stellate cells and bile duct
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cells are also more abundant in this zone), zone 2 is the transitional region between zone 1 and 3, and
zone 3, the perivenous zone, is nearest the central vein and less densely supplied with oxygen, blood and
essential nutrients [67, 81]. It is this formation that leads to liver functional zonation, whereby
hepatocytes in different zones exhibit different functionality. Conventional in vitro 2D models present
signi�cant issues in replicating the human liver, such as lack of cell heterogeneity, zonation, formation of
secondary structures and in vivo-like cell density [24]. 

In detail, in vitro 2D cell culture models are mainly monocultures formed from human immortalized or
transformed hepatocyte cell lines, such as HepG2 [25-29], C3A [30, 31], Huh7 [25, 32, 33] and HepaRG [25,
33, 34] cells. Hepatocytes, cuboidal hepatic epithelial cells that line the sinusoids, are the primary
functioning cell type in the liver and make up 80 % of total liver mass. Hepatocyte function ranges from
detoxi�cation of toxic materials to basic metabolic functions [54]. They also activate innate immunity, as
a defence mechanism against the introduction of external materials such as NMBs [55]. Immortalized
hepatocyte cell lines, normally liver epithelial cells derived from human hepatocellular carcinoma, have
been the “go-to” for researchers for decades for a variety of reasons, including their wide availability from
certi�ed sources such as ATCC or BIOPREDICT, relative ease of handling and culture, lack of inter-donor
variation [25, 35-37], long-term maintenance in culture with a stable phenotype, and resistance to
senescence [84]. For decades, in vitro 2D hepatocyte models have been successfully used to obtain
preclinical data on many NBMs, including the liposomal forms of Irinotecan (including studies
undertaken in SK-Hep-1 cells) [39] and doxorubicin (HepG2 cells, among others) [40], gold [41-43], SPIONs
[44, 45], and carrier NBMs such as Poly(Alkyl Cyanoacrylate, or PACA [46, 47] and Poly(Butyl
Cyanoacrylate, or PBCA [48]. Despite being widely used as early predictors of NBM liver toxicity in pre-
clinical assessment [21, 49], cells lines used in 2D cultures exhibit many disadvantages as presented
below. Hepatic cell lines have reduced metabolic capacities, exhibit genomic content and altered
phenotypes, upregulated expression of in�ammatory mediators, loss of cell polarity and contact
inhibition, and, most notably, decrease in speci�c liver function such as CYP450 activity [50-53]. It has
previously been shown that, to induce an increase in CYP450 enzyme activity in the HepaRG cell line, the
cells must be treated with high concentrations of DMSO, a response which is arti�cial and
counterproductive, as it alters the hepatotoxic responses to NBM exposure and, subsequently, skews data
obtained from cytotoxicity assessment [25]. In the HepG2 cell line, the expression of Phase I and II
enzymes is also dramatically lower when compared to primary human hepatocytes (PHH), therefore
hepatotoxins are not as readily or accurately detected in immortalized HepG2 cell cultures as they would
be in vivo.

It is possible to overcome the major caveats of hepatocyte cell lines by using PHH, i.e., cells extracted
from human liver biopsies [56-58]. When cultured in monolayers, the PHH metabolic capacity is
comparable to in vivo hepatocytes, particularly regarding albumin secretion, regulation of Phase I and II
metabolic pathways, expression of speci�c liver functional markers, uptake and metabolism, ammonia
detoxi�cation and glucose metabolism [59]. This makes PHH the most accurate and physiologically
relevant in vitro hepatic model to date [35]. In spite of this, PHH cultures are not without limitations.
Supply of these cells is limited and protocols for extraction are complex. There is also an added issue of
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inter-donor variation and ability to maintain a stable phenotype, with wild-type characteristics only
maintained for a limited time (up to 72 hours) in 2D, due to de-differentiation mechanisms induced by the
culturing on �at culture surfaces, reducing the predictive power of the model [60]. Wild-type
characteristics are also reduced from handling of the cells in culture, with changes in cell metabolism
(e.g., reduction in CYP450 enzyme activity) and senescence observed at low passage numbers [56, 57]. A
further issue is observed with cell seeding density, which normally equals to approximately 1% of
physiological density, something which again impacts intercellular signalling and the predictive power of
the model [61, 62]. To avoid these problems, fresh PHH must be extracted from human biopsies regularly.
This however incurs in large research costs and dramatically increases the labour and time associated
with liver toxicity screening of NBMs based on PHH models. 

A further way of overcoming issues with the composition of conventional 2D liver cultures, is by forming
cultures comprising multiple liver cell types (in vitro co-cultures). As mentioned above, the liver has an
extremely heterogeneous composition, containing not only hepatocytes, but also many non-parenchymal
cell types (comprising the 20% of the total liver mass) in the form of Kupffer cells (KCs), liver sinusoidal
endothelial cells (LSECs), hepatic stellate cells, �broblasts, biliary epithelial cells, immune cells and adult
stem cells [63]. Proper liver function is highly dependent on the interactions between the non-
parenchymal cell types and hepatocytes. By incorporating multiple cell types in a 2D culture, it is possible
to produce a more physiologically relevant model with increased tissue-like characteristics and
functionality [64, 65]. Recently, many co-culture cell systems have been developed. For example,
hepatocyte/macrophage co-cultures have been successfully used to model acute responses to septic
liver injury and liver regeneration [19, 66, 67]. Culturing hepatocytes with LSECs, in the presence or
absence of collagen, allows LSECs to maintain their phenotype and hepatocytes to increase their in vivo-
like function also enhanced (e.g., CYP450 activity) [68]. Similarly, when HepG2 cells are co-cultured with
LSECs [69], CYP450 enzyme induction is enhanced, suggesting that the introduction of endothelial cells
in�uences hepatocyte function in vitro (46). Furthermore, in addition to LSECs enhancing hepatocyte
function, hepatocytes support LSECs function [68], in�uencing LSECs ability to control important repair
mechanisms in the liver following injury [70]. Kupffer cell/hepatocyte co-cultures have also been reported,
exhibiting responses to a variety of in�ammatory stimuli not observed in monocultures [72, 85].
Metabolic functions are also dramatically increased when KCs are cultured with hepatocytes, as
demonstrated by Yagi et al. [73].In addition to KCs, various other immune cells have also been co-cultured
with hepatocytes [67, 74], such as for example the monocytic THP-1 cell line [75]. Huh7/THP-1 co-cultures
expressed pro-in�ammatory and stress-related signalling molecules following treatment with troglitazone,
a hepatotoxic compound [75]. Furthermore, the co-culture showed increased sensitivity and drug
metabolism as compared to Huh7 monocultures [75]. Due to their distinct advantages over hepatic
monocultures, co-cultures of liver cells have also been used for the pre-clinical assessment of NBMs. For
example, Esch et al. used a HepG2/C3A co-culture model integrated with a Caco-2/HT29-MTX co-culture,
to form a GI-tract liver system for assessing the uptake, accumulation and toxicity of polystyrene
nanoparticles [76]. Despite the many advantages of co-cultures when compared to traditional hepatic
monocultures, these models suffer some disadvantages such as high variation between cultures, and
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there are fundamental limitations to the number of cell lines that can be cultured together. This issue is
associated with determining the appropriate culture environments and conditions for the cell types co-
cultured, or the lack of essential components of the liver extracellular matrix (ECM) (e.g., collagen) that
in�uence the cellular phenotype and behaviour and responses to NBMs. On this aspect, it should be noted
that hepatocyte morphology and behaviour is greatly altered in 2D cell cultures because of the lack of the
bio-physical cues characteristic of the human liver connective tissue [77]. Cell behaviour and phenotype is
in fact dramatically affected by the microenvironment across the cell-cell/cell- ECM interactions. In the
human hepatic environment, cells have direct contact with each other and the ECM due to their tissue 3D
organisation. This is vitally important for cell signalling [78, 79]. When hepatocytes are cultured in 2D,
they lose their 3D interactions and spatial arrangement and, consequently, their signalling pathways and
functions are altered. For the liver to carry out its functions, hepatocytes must exhibit a functional
polarised phenotype [67, 80, 81], with speci�c transporters localised to either the apical (canalicular) or
basolateral (sinusoidal) membrane [67, 80, 81]. The loss of appropriate hepatocyte polarity in 2D cell
culture is thought to be one of the key factors that leads to inaccurate predictions of NBM toxicity [16].
The lack of cell polarisation induced by the two-dimensional environment also triggers unorganised cell
proliferation, a further cause of inaccurate predictions of toxicity [82, 83]. 

2.2. In vivo models for liver toxicity screening: advantages and disadvantages

In vivo liver toxicity screening tests are vital components of the pre-clinical assessment cascade for
NBMs. Animal use in pre-clinical research for in vivo studies do provide a basic overview of the fate of
NBMs in organs and provide information on dosing and potential systemic toxicities. Currently, in vivo
animal studies for NBMs are most often carried out in porcine or rodent models [86], in accordance with
the European Commission Directive 2010/63/EU and the EU legislation on the protection of animals for
scienti�c purposes (which protects live non-human vertebrae and foetal mammals from the last third of
their normal development). As just mentioned, rodent models are one the two most commonly used
mammal species in in vivo studies. This is due to a variety of reasons including their wide availability, low
cost, small sizes, and consequent ease of handling, and fast reproduction rate. Rodents bear close
resemblance to humans genetically, biologically and behaviourally, with mice for example sharing almost
the same entire set of genes of humans, with less than 10 genes out of the 4,000 studied found in one
species but not the other [87]. However, rodent models also show fundamental differences in anatomy,
physiology and immune response [88-90]. 

Pigs are the second most commonly in vivo model used for NBM testing. Many studies have con�rmed
presence of human-speci�c cell types in pigs, which cannot be found in rodents [91]. The pig size,
coupled with its physical similarities to humans with regard to physiology, anatomy, epigenetics and
immunogenetics, make it an ideal models for recapitulating liver-speci�c diseases ailments such as
human hepatocellular carcinoma (HCC), and its co-morbidities, including cirrhosis and non-alcoholic
steatohepatitis (NASH) [91]. For example, Andrasina et al. utilised pig models to assess the accumulation
and effects of liposomal doxorubicin in liver tissues by radiofrequency ablation and irreversible
electroporation [92].In addition to the two models abovementioned, an emerging in vivo model for the pre-
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clinical assessment of NBMs is the zebra�sh, a non-mammal model offering new, practical and cost-
effective opportunities to bridge the gap between in vitro and in vivo studies [93-95]. The recent popularity
of this model regarding the study of NBMs is supported by the development of automated, high-
throughput readout technologies that can be easily integrated with the zebra�sh model [96]. Zebra�sh
has many characteristics that make it more attractive than conventional in vivo models. Husbandry costs
are relatively low compared to rodents, and with the huge �nancial burdens associated with NBM in vivo
studies, this factor is attractive to researchers. Quite possibly the most attractive factor associated with
zebra�sh is in fact that they can be used without any ethical approval. In accordance with European
Commission Directive 2010/63/EU on the protection of animals for scienti�c purposes, early stage
zebra�sh are not protected due to their inability to independently feed [97]. Also, young zebra�sh, i.e.
zebra�sh larvae, are optically transparent, enabling high resolution imaging of various events in real time
[93]. As with all in vivo models, the question of conservation of characteristics and biological features
must be asked prior to implementation as a suitable model for NBM assessment. Zebra�sh anatomy and
physiology are well described in literature[98, 99], with other physiological parameters and organs of
relevance to biodistribution and toxicity of NBMs also extensively studied, including the lymphatic system
[100], blood components [101], immune [102] and vascular [103] systems, and the liver [104]. According
to these studies, zebra�sh share many essential physiological homologies with humans. 76% of human
genes have orthologues in zebra�sh, thus being relatively comparable to murine or chicken models, which
have 84% and 80% respectively [105]. Given the advantages over their rodent counterparts, zebra�sh and
their larvae are becoming increasingly used as models for the assessment of NBMs, with accumulation,
circulation, biodistribution, stability and toxicity all studied in living zebra�sh [93] Examples of the use of
the zebra�sh model in the pre-clinical assessment of NBMs include work by Vibe et al., who assessed the
toxicity of thioridazine encapsulated PLGA particles [106], Peng et al. who assessed the release of
hydrophobic drugs from cyclodextrin and dextran based nanocarriers [107], and Yan et al. who used
zebra�sh to study photothermal controlled drug delivery used mesoporous silica nanoparticles [108]. 

Nevertheless, the choice of the animal model and the awareness of its intrinsic limitations and
assumptions are important elements when assessing NBM liver toxicity and accumulation. Despite the
deeply rooted assumption among the scienti�c community that the animal models brie�y described
above are good predictors of human toxicity, in fact, there is much information which exists to the
contrary [109-111]. Only 60% of drugs entering clinical trials are successful in Phase I (safety) trials [112].
Half of these failures occur due to unanticipated human toxicity, unseen in animal models. 

1.3 Relevance of in vitro models vs. in vivo

Our provocative question is: if animal studies are truly predictive of human toxicities, why are toxicity
rated drug attrition rates in human trials so high? Notably, this is not a concern shared only by the
authors, and consensus among several scientists is that in vivo animal models are not as accurate
predictors of human responses as we have assumed to date [113, 114]. In 2006, a review of 76 different
animal studies found that animal results could be replicated in human randomised trials only in 28 cases
(37% of the studies), while animal results were completely contradicted in humans for 14 cases (the
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remaining 34 cases remained untested in humans) [115]. A further review of 221 animal studies showed
that only in 50% of the cases results obtained from animal experiments were in agreement with those
generated by human trials. Here, discordance between animals and humans was found to be caused by
both experimental bias and the failure of the animal model to adequately mimic human disease state
[116]. When concerned with the ability of animal models to accurately predict hepatotoxicity, the issues
are similar. A review of 230 animal studies undertaken in 2000, showed that hepatotoxicity had an
extremely poor animal-to-human correlation [117]. This review was not a unique case. The poor prediction
of human liver toxicity by animal models has been reported also by other studies [118, 119]. Several
possible reasons have been proposed as to why such discrepancies are seen between animals and
humans. The primary reason is linked to intrinsic interspecies differences with regard to both liver
physiology and metabolic capacity of animals. Other factors include the heterogeneity of patients’
populations, lifestyle, environmental factors, susceptibility, and pharmacogenetic factors that may make
patients more sensitive to adverse reactions than their animal experimental counterparts [120]. Notably,
the poor predictive value of animal models can, and has in the past, had catastrophic outcomes for
patients, either during clinical trials, or months later after a drug was released on market. One example is
the case of �aluridine (1-(2-deoxy-2-�uoro-1-D-arabinofuranosyl)-5-iodouracil, or FIAU), a nucleoside
analogue that was developed as a potential therapy for viral hepatitis B [121]. Despite not showing any
hepatotoxic indications during pre-clinical animal studies undertaken in several animal species (rat,
mouse, dog and cynomolgus monkey) [122], 7 of the 15 volunteers enrolled in the Phase I clinical study
suffered lactic acidosis and acute liver failure a few weeks into the trial, at doses 100 times lower than
those used in the pre-clinical animal studies. 5 of these patients died, and two more only survived after
receiving liver transplants [121, 123]. Over 20 years later, a retrospective study by the US National
Academy of Sciences analysed all preclinical toxicity studies of �aluridine and con�rmed that in all
animal studies undertaken there was no indication that the drug would cause human liver failure. They
did however demonstrate that a speci�c mice model with humanized livers could in fact recapitulate the
drug toxicity, again illustrating the importance of being aware of the limitations and assumptions intrinsic
within the use of a model[124]. Other examples include the Serazone, a serotonin antagonist and
reuptake inhibitor (SARI) drug used to treat depression, and Rezulin, a drug used to help control blood
sugar levels in Type I diabetic patients. Both drugs were recalled from the market for inducing severe
hepatoxicity, which went unnoticed during the preclinical assessment as a results of the lack of
predictability of the animal models used in the studies [125]. Till recently, Abraxane®, an NBM-
formulation of albumin bound paclitaxel, currently used in the clinic to treat metastatic breast cancer and
NSCLC, did not come with any speci�c guideline for its use in patients with liver dysfunction. This
oversight led to one patient suffering grade IV febrile neutropenia, grade III mucositis and grade III
nausea/vomiting. As Abraxane is hepatically metabolized via CYP450 enzymes, speci�cally CYP2C8, a
decreased clearance was observed here due to the patients’ hepatic dysfunction, yielding severe drug
toxicity [126] [127]. These severe side effects further demonstrate the need for bio comparable pre-clinical
assessment models that predict adverse outcomes in patients. False positives are another issue in using
animal models for liver toxicity screening. False positives can bring to the dismissal of a potentially
useful NBM candidate due to liver toxicity in animals, toxicity that does not replicate in humans [111].
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Indeed, false positives cannot be identi�ed at the moment, cause time and money loss, and have a
negative impact on patients’ prognosis and quality of life. 

To summarise, it is fair to say that animals do not accurately predict human liver metabolism [113, 128],
and although liver toxicity screening in animals is necessary to meet speci�c regulatory
requirements [129], it is now evident that absorption, distribution, metabolism and excretion (ADME)
studies on NBMs are in need for complementary experiments using more human-relevant
models [130] [131].

2. Advanced 3D cell culture models vs conventional pre-clinical methods: advantages and disadvantages

In recent years, the scienti�c conversation has switched towards the concept of adopting more human-
relevant preclinical research by focusing on reliability, accuracy and relevance of the testing methods
adopted. It is now suggested that animal studies could be either replaced (“1R principle”) or at least
widely reduced (as part of the “3Rs principle” of replacing, reducing, and re�ning the use of animals in
scienti�c research) with other more reliable methodologies. Such methodologies, generally referred to as
new approach methodologies (NAMs), may act as huge time- and cost-saving technologies in the NBM
development pipeline, provided they are validated and their e�cacy in preclinical testing is proven. For
NBMs, as previously reported by some of the authors [132-138] , 3D in vitro cell-based methodologies are
now seen as a vitally important emerging technology in the NBM pre-clinical assessment cascade [12]. In
recent years, sophisticated, physiologically relevant 3D liver models have been developed to predict more
accurately the hepatotoxicity of NBMs [139]. These models not only recapitulate whole organ physiology,
but they are also suitable for repeated exposures and chronic drug testing, an important consideration for
NBM pre-clinical assessment [20]. 3D hepatic models have been shown to exhibit similar patterns of NBM
transport, adsorption and distribution that are observed in the human liver [140, 141], and they also
remain both viable and functional for lengthy culture periods, a characteristic which renders them useful
for repeated-dose and chronic hepatotoxicity assessment of NMBs [142-144]. Outside of their uses in
toxicity screening of NBMs, these newer models also give better insights into the pathogenesis of liver
diseases such as NAFLD and steatosis, therefore unlocking the potential for shifting the in vitro NMBs
testing from hepatotoxicity testing to simultaneous toxicity and e�cacy screening [145]. Key differences
between 2D and 3D models, with respect to morphology, in vivo-likeness, and response to materials,
among other parameters is described in Table 2. Furthermore, Figure 3 illustrates the varying 2D and 3D
in vitro models of the liver, with respect to cell/tissue source, readouts, and endpoints. Table 3 details
associated advantages and disadvantages of the varying hepatic models. In the following sections, some
of the most common of 3D in vitro models for hepatotoxicity screening are described in detail.

Table 2: Key differences between 2D and 3D culture, regarding morphology, response to materials, in vivo
likeness and other key parameters. 
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Property 2D liver cell model 3D liver cell model

Morphology and
architecture

Sheet-like, �at, stretched cells
grown in monolayers; do not
mimic natural architecture of
liver.

In vivo-like cell shape; high similarities
to in vivo liver architecture.

Cell proliferation Cells proliferate at a higher rate
than in vivo.

Cells proliferate at faster or slower rate
than 2D culture, depending on cell
type/3D system.

Protein/gene
expression

Often display different
expression levels to human liver
tissues.

Protein/gene expression levels similar
to those found in human liver tissues.

Access to oxygen,
metabolites, nutrients
and signaling
molecules

Unlimited access.  Access is de�ned by the 3D
morphology of the cultures as per in
vivo conditions.

 
Cell-cell interactions

Cannot recapitulate cell-cell
and/or cell-ECM interactions due
to �at morphology.

Appropriate interactions between cell-
cell and cell-ECM are established.

Multicellular
composition

Co-cultures can be formed;
number of cell types co-cultured
is limited.

Tissue composition can be fully
replicated (e.g., organoids).

Sensitivity to
stimuli/hepatotoxins 

Sensitivity is often not
comparable to the in vivo liver
tissue.

Better predictors of in vivo responses.

Exposure to NBMs All cells are equally exposed to
NBMs.

Depending on culture morphology,
NBMs may not penetrate core and
reach all cells, as per in vivo
conditions.

Reproducibility Reproducible high-performance
and simple but highly
reductionist.

Reproducibility depends on method,
can be user-dependent, but it can be
optimized.

Cost of maintaining
culture

Cheap, all reagents/materials
commercially available.

Often more expensive, time consuming,
increased batch-to-batch variation.

Table 3: Advantages and disadvantages of commonly used 3D culture methodologies
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  Advantages Disadvantages

 
 
     Spheroids/MCTS

Easy to culture
Mimic in vivo-like cell-cell and cell-ECM
interactions
Scalable and HTS compliant
Easily extracted for further
experimentation

Size variability
Limited diffusion if large
Necrotic core formation
Agglomeration
Take time to form and shown
functionality

 
 
 
 
 Scaffolds/Hydrogels

Hydrogels: In vivo-like 3D interactions
Used to study cell
aggressiveness/metastatic potential
Scaffolds: can be combined with
functional tests

Hydrogels: Size/shape variation.
Hard to reproduce
Di�cult cell extraction
Scaffolds: Cells can
�atten/adhere to scaffold
Di�cult materials can affect
growth

 
 
 
 Organoid/Tumoroid 

In vivo-like architecture
In vivo-like complexity
Patient speci�c
Replicate in vivo-like cell interactions

Complex to culture
Variation 
Less amenable to HTS
Needs much
optimization/validation
May lack certain cell
types/vasculature 

 
Liver-On-A-
Chip/Micro
physiological
systems
(MPS)

In vivo-like architecture
In vivo-like chemical/physical
gradients, microenvironment

Flow of medium may disrupt cells
Di�cult to adapt to HTS
Lack vasculature

 
 
      Explants/Tumour 
              Explants

In vivo-like architecture
In vivo-like complexity
Useful in modelling disease

Variation between donors
Di�cult to obtain
Complex to culture/expensive to
maintain
Lack long-term viability

2.1 Sandwich cultures

The earliest attempts to recapitulate the complexities of the in vivo liver environment date back to the
work of Dunn et al. in 1989, when a hepatocyte sandwich culture model (SCH) was developed using adult
rat hepatocytes and a single layer of collagen [146-148]. Nowadays, SCH liver models commonly
incorporate two layers of a component of the liver ECM, (e.g., collagen) or a naturally occurring ECM like
Matrigel [149, 150]. Whilst still reductionist due to the lack of the cell-cell interactions that can be
observed in the in vivo liver organ, SCH models do allow the establishment of cell-ECM interactions, an
important step up from conventional 2D monocultures. Because of this, a more in vivo-like hepatic
environment is promoted, with maintenance of cellular polarity and tissue-like metabolism, formation of
gap junctions, and normal levels of key liver speci�c proteins and substances (e.g., albumin, urea, bile
acids) observed [83]. In SCH, formation of intact and functional canalicular networks also occurs and can
be maintained over several days in culture [25, 151]. All of these characteristics make SCH models
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relatively good in predicting human hepatotoxicity, making them useful tools for determining transport,
interactions and hepatoxicity of NBMs [25]. 

2.2 Scaffold-based cultures 

A popular method employed for 3D culture of hepatocytes is the use of culture matrices as scaffolds for
cell growth [67]. Matrigel™ has proven to be very useful in the culture of hepatocyte cell lines for
modelling the in vivo liver environment, with a study undertaken by Molina-Jimenez et al. demonstrating
that culturing Huh-7 cells in Matrigel™ as 3D models allows prolonged viability (useful for chronic toxicity
studies), hepatocyte polarity, and functional transporters [152]. Matrigel™ has also been used to culture
primary human hepatocytes (PHH) in 3D environments. Bell et al. [84] proved that, when 3D and 2D PHH
cultures were formed from the same donors, 3D spheroids were more functionally stable and exhibited a
greater sensitivity in detecting hepatotoxins as compared to their 2D counterpart. 

Collagen is another natural ECM component commonly used as scaffold for growing hepatocytes in 3D.
When cultured with collagen, many hepatocyte cultures exhibit improved urea production, albumin
synthesis and CYP450 activity [153]. In recent year, the advancements in material chemistry and material
fabrication have led to the design of 3D culture materials that accurately represent the chemistry,
geometry and signalling found in the liver ECM. These synthetic substrates have been used for studying
the liver toxicity of NBMs, with Kotov et al. forming highly viable HepG2 spheroids with intact junctions
using hydrogel scaffolds. Interactions between hepatocytes and CdTe NPs and AuNPs, were studied
using this model, and it was observed that the toxic effects of both materials were signi�cantly reduced
in 3D culture when compared to 2D, with phenotypic changes and the tissue-like morphology identi�ed as
the major factors implicated in these differences [154]. 

A further scaffold-based culture technique worth mentioning is 3D bioprinting, which uses manufacturing
techniques and computer-assisted technology to form 3D structure from cells and biomaterials, with the
overall goal of printing functional tissues and organs [155]. The primary advantage of bioprinting is
controlled cell distribution, something which can be an issue when seeding cells onto larger scaffolds. In
2010, the �rst reported bioprinted liver was formed from HepG2 cells encapsulated in alginate hydrogel
and was used for drug metabolism studies [156]. A second notable bio-printed 3D liver model was formed
from human-induced pluripotent stem cell (hiPSCs)-derived hepatic progenitor cells, adipose-derived stem
cells and human umbilical vein endothelial cells (HUVECs). This model was maintained in culture for over
20 days, and exhibited enhanced hepatic morphological organization, liver-speci�c gene expression,
increased albumin and urea production, and enhanced CYP450 induction[157]. More recently, Nguyen et
al. established a novel bio-printed human derived mini-liver formed from HUVECs, hepatic stellate cells
(HSCs), and human primary hepatocytes for the in vitro assessment of liver toxicity induced by clinical
drugs [158, 159]. This unique tri-culture 3D model not only allowed for a more relevant assessment of
cytotoxicity, but also enabled the measurements of responses speci�c to each of the cell types. 

2.3 Cell spheroids and multicellular tumour spheroids (MCTS)
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One of the most popular and widely used 3D methodology for culturing hepatocytes to date, is the
formation of cellular 3D spheroids [160]. 3D spheroids are small, round clusters of cells which can self-
assemble naturally in non-adherent environments [161]. 3D spheroids can closely mimic the cell-cell
interactions, as well as biological process occurring in an in vivo scenario. In recent decades they have
gained increased attention in both drug discovery and tissue engineering due to the huge array of
advantages they have over existing 2D monolayer cultures, and researchers are now looking towards 3D
culture and spheroid models increasingly to bridge to gap between reductive 2D monolayer cultures and
in vivo animal models. There are a wide variety of methodologies for inducing the formation of cellular
spheroids through self-aggregation (presented in Figure 4), each varying in complexity and ease of use. 

Common techniques include ultra-low attachment (ULA) surfaces and plates [162], hanging drop
techniques [163], the use of rotary/spinner or rocked culture vessels [164], and the use of micro-patterned
culturing surfaces [165]. Each of these methods are advantageous for producing hepatic spheroids as
they allow hepatic cells to self-aggregate and form microtissues as they would in an in vivo situation,
without using scaffolds. Cells form direct cell-cell contacts, produce their own ECM, and maintain viability
longer, overcoming some the most commonly seen negative effects of conventional 2D and scaffold-
based 3D models [166]. For example, HepG2 spheroids have been shown to exhibit a strong in vivo-like
cellular organisation, enhanced production of albumin and urea, and an upregulation of many genes
which play essential roles in lipid metabolism and xenobiotics [167]. Spheroids formed from C3A cells
show increased liver-like functionality and are more sensitive to hepatotoxins when compared to C3A 2D
cultures [168]. PHH can also be maintained long term in 3D spheroids, with these spheroids remaining
viable and functional for over �ve weeks [169]. This helps to overcome one of the primary limitations of
PHH cells i.e., long-term viability. Sustained Phase I and II enzyme expression is also observed in 3D PHH
spheroids, along with increased albumin and urea secretion, and expression of various liver-speci�c
markers [170, 171]. Formation of bile canalicular-like networks is also observed, demonstrating
hepatocyte polarisation [170, 171]. 3D liver spheroids can be grown from hepatocytes on their own (as in
the examples above) or from hepatocytes in co-culture with other liver cell types (multicellular liver
spheroids). Multicellular spheroids, formed from immortalized hepatic cell lines or PHH and other non-
parenchymal liver cells, including liver sinusoidal endothelial cells (LSECs), Kupffer cells (KCs), or hepatic
stellate cells (HSCs), provide an in vitro model with a structure and function which closely mimics the
human liver  [172]. For example, hepatocyte-HSC co-culture spheroids exhibit the same liver-speci�c
morphological and structural properties as it is observed in monocultures. Additionally, they exhibit a 30%
increase in albumin secretion, maintained up to two months in culture, and enhanced CYP450 enzyme
expression and activity [161, 173]. Co-culture models of KCs and LSECs remain viable for up to 35 days
and exhibit enhanced expression of transporters and sensitivity to hepatotoxins [170], making them
useful models for liver toxicity screening.  

One useful application of hepatic spheroids is in fact in the pre-clinical assessment of NBMs. They can
provide an understanding of the NBM toxicity in the context of absorption and penetration within the liver
tissue. Also, hepatic spheroids have a longer lifespan, rendering them useful for repeated dose or chronic
toxicity testing, a major advantage over traditional in vivo studies [162, 174]. Hepatic spheroids have
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proved useful in the pre-clinical assessment of many NBMs [154, 175, 176], and are often used to study
conditions such as drug-induced liver injury (DILI) [169], which cannot be accurately predicted using
animal models. Hepatic multicellular tumour spheroids (MCTS), i.e. 3D spheroids formed from
hepatocarcinoma cell lines, have successfully used for assessing NBM cytotoxicity and for predicting in
vivo anti-tumour activity, as detailed by Mikhail and co-workers. Here, a MCTS model was treated with
docetaxel (DTX) loaded micelles, showing that spheroids were signi�cantly more resistant to treatment in
comparison to the corresponding 2D monocultures and responded in an in vivo-like manner,
demonstrating that MCTS are viable and in vivo-like platforms for evaluating the impact of NBMs, in
conditions which closely mimic in vivo tumour microenvironment [177]. 

2.4 Liver organoids

In recent years liver organoids have emerged as a highly relevant and useful alternative in vitro model
with excellent potential for disease modelling and drug and NBM screening. This model resulted to be
advantageous over conventional in vitro models due to their long-term genetic stability, in vivo like
organization and their ability to maintain the cellular crosstalk and behaviour of their primary cell
counterparts [178, 179]. Formed from induced pluripotent stem cells (iPSCs), embryonic stems cells,
hepatoblasts or organ-speci�c adult tissue-derived cells (both healthy and diseased), which have the
ability to self-assemble and differentiate, these functional 3D hepatic models serve as useful platforms to
address a wide variety of research questions, ranging from hepatic development and regeneration, to
metabolism and detoxi�cation, and are also extremely representative model diseases of the liver
including NASH and NAFLD [179], acting as an excellent resource for studying the human liver in ways
that were previously very di�cult. Up until recently, 2D hepatocyte cultures were the �rst in line with
regard to drug and NBM metabolism and toxicity screening. However, do to impaired CYP450 activity,
they are unstable and lacking functionality. As detailed by Mun et al., hepatic organoids help overcome
these limitations as they have been shown to express Phase I drug metabolism and Phase II
detoxi�cation enzymes. In this study, following treatment with omeprazole, CYP1A2 and 3A4 induction
was observed in hepatic organoids. Additionally, when treated with the hepatotoxic drugs troglitazone
and APAP in conjunction with 2D hepatocyte cultures, the organoids exhibited a markedly higher
sensitivity than the 2D cultures [180]. These organoids have been extensively investigated as most
recently reported in the comprehensive reviews published by Prior and co-workers [179] [180]. 

Liver organoid models have been applied to the pre-clinical assessment of the biocompatibility and
toxicity of NBMs. For example, Kermanizadeh et al. have assessed the hepatotoxicity of AgNPs using
hepatic organoids formed from human primary hepatocytes and NPCs. Here, following organoid
characterisation, various parameters, including cytotoxicity and genotoxicity, were assessed following
NBM treatment [30]. Hepatic organoids have also been applied to the assessment of complex NBM
systems, such as the liposomal DNA origami nanosystem (LSTDO) designed by Palazzolo et
al. Doxorubicin was loaded inside the LSTDO, and the system tested in both murine hepatic organoids
and in vivo xenograft mice, to determine if such a system would be clinically relevant and aids to
improvements on the current cancer treatment. Before beginning the in vivo mouse study,
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biocompatibility was ensured by undertaking toxicity screening using the mouse-derived hepatic organoid
model, and it was found that the DNA origami internalization into liposomes negated many of the toxic
effects of free DNA origami. Furthermore, it was found that the combined properties of the liposomes and
DNA origami facilitated the introduction of doxorubicin in a biocompatible manner, improving drug
accumulation at the tumour site, and inhibiting tumour growth in the mice [181].

To the best of our knowledge, the wider use of human derived liver organoids in the preclinical
assessment of NBMs is still in its infancy, and little information is currently available on their wider
applications for screening next-generation NBMs such as liposomes or SPIONs. Despite the huge interest
in liver organoids, there are not exempted from shortfall and limitations, such as the accurate
recapitulation of the in vivo ECM. Others are the lack of a native microenvironment, a problem which can
hinder the study of stem cell and niche interactions; the lack of necessary growth factors and an inability
to accurately model the immune response. One possible solution for overcoming some of these issues
could be the application of micro�uidics to these models, as we are discussing in the following sections. 

2.5 Ex vivo models of the liver: precision cut tissue slices, whole organ explants and tumour explants

Ex vivo models include precision cut tissue slices (PCTS), whole organ explants and tumour tissue
explants. PCTS are generated by cutting slices of a de�ned thickness from viable liver tissue, often from
rodent tissues but in more recent years also from humans [182], with human tissues for PCTS normally
obtained from either explanted tissue, partial hepatectomies, tissue unsuitable for transplant, or offcuts
from surgery (i.e. diseased liver obtained from cirrhotic or �brotic patients)[183]. PCT allow retaining
tissue structure, morphology and intracellular polarization for up to �ve days in culture (15 with optimal
culture conditions) [184]. This offers a model characterized by strong in vivo relevance and with great
relevance for hepatotoxicity screening. In PCTS, the multi-cellular histoarchitecture of the liver
environment is maintained, including liver-in�ltrating immune cells [185]. PCTS are also useful due to
their reproducibility, ease of maintenance, and low cost, making them valuable tools for assessing many
elements of various liver diseases [183]. A number of studies have demonstrated that interactions
between speci�c liver cell subtypes are conserved in PCTS, with Olinga et al. illustrating the interactions
between Kupffer cells and hepatocytes. [186]. Moreover, the ECM, which is notably absent in hepatocyte
2D cultures and 3D spheroids, is also conserved, ensuring the regulation of important cellular functions
by associated hormones, cytokines and growth factors [187, 188]. 

To date, a number of studies have used PCTS for NBMs assessment, as PCTS make it possible to test
NBM in a multicellular context in a single in vitro model, once which closely resembles in vivo conditions.
Dragoni et al. investigated the uptake and toxicity of AuNPs using rat liver PCTS. Here, uptake of AuNPs
was observed in hepatocytes, Kupffer and endothelial cells in the liver slices. A more recent publication
from Bartucci et al. used, for the �rst time, human liver slices to investigate ex vivo the NBM behaviour in
the liver and to investigate the basic mechanisms of NBM interactions in real time. The �ndings
determined that, as per in vivo conditions, Kupffer cells accumulated large amounts of NBMs, which
interestingly move within the tissue slices to the borders [189].However, despite the usefulness of PCTS in
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the pre-screening of NBMs, it is worth noting that they cannot be used in a high throughput manner and
rapidly loose functionality days into culture, factors which somewhat limits their usefulness and
application [190]. 

A further advanced ex vivo model, whole organ explants, which can either be suspended in culture
medium or embedded in ECM substrates, offer in vivo-like 3D architecture and gene expression which can
be maintained up to �ve days in culture [191]. Whilst conventional studies of the mechanisms and
progression of liver disease normally focus on a selection of liver cells and cell culture techniques, whole
organ explants offer great advantages over these methods as they not only contain all liver cell
populations, but also have their 3D architecture intact. In the past, whole organ explants have been used
for studying alcohol-induced liver injury, by exposing them to ethanol [192]. In a similar manner, tumour
liver explants can also be used as 3D ex vivo models of HCC, for drug e�cacy screening [193, 194]. A
further study by Piera et al. used liver explants from mice inoculated with a HCC cell line, Hepa1/A1, to
study the antineoplastic potential of a well-known antioxidant, Citozym [195]. Despite their many uses
and in vivo relevance, whole organ and tumour liver explants do have many limitations associated with
them. These includes the lack of reproducibility due to inter-donor heterogeneity, lack of viability long
term, and issues with availability, rendering them unfeasible models for HTP assays or any chronic
toxicity screening [196]. Whilst they are becoming more widely used for modelling disease and for
assessing material toxicity, information regards their applicability to NBM pre-clinical assessment is still
scarce. 

2.6 Liver-on-chip and microphysiological systems (MPS)

One example of liver-on-chip for in vitro screening of hepatotoxins is the 3D HepaTox Chip, designed by
Toh et al. in 2009 [197]. It is considered as one of the �rst demonstrations of micro�uidic system that
could accurately prediction hepatoxicity, data obtained using this model strongly correlates to in
vivo data [197], with hepatocytes maintaining a comparable, if not higher, concentration of phase I and II
metabolic functions when compared to monocultures. After 24 hours in culture, basal CYP 1A1 and
CYP1A2 levels were approx. 3-fold higher in the HepaTox Chip than in multiwell plates [197]. Other
research undertaken using C3A cells and HepaTox Chip showed that multiple liver speci�c functions
including albumin synthesis, gluconeogenesis and ureagenesis were at almost comparable levels to
those of primary hepatocytes [198]. Some of the most recent 3D culture advances have been in this area,
and many integrated liver-on-chip microsystems have been developed which reproduce many key
structural, functional, biochemical and mechanical features of living organs, in a single, small
device [145]. Liver-on-a-chip systems bear a close resemblance to the liver sinusoid, with endothelium
separating hepatocytes and a constant �ow of nutrients, metabolites and oxygen through the micro�uidic
channel. Micro�uidic “liver-on-chip” models can overcome this issue, allowing for a continuous perfusion
of culture medium, nutrients and/or test compounds to the cell monolayer or cell spheroids, generally
improving not only viability and lifespan of the cells in question, but also their metabolic
performance [199, 200]. 
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Other more sophisticated systems also exist, including hollow-�bre bioreactors. Here, cells are seeded on
complex scaffold with a consistent �ow of culture medium present. One such study from Gerlach et al.
successfully cultured human primary hepatocytes and non-parenchymal cells (NPCs) using this method,
with viability maintained for at least three weeks, with vascular cavities and bile-duct like, canalicular
structures also visible [201]. Over the years, several micro�uidic systems have been developed, with many
of them now commercially available through companies like Mimetas, TissUse and Emulate, among
others, therefore facilitating their use as emerging hepatic technologies. These novel micro�uidic hepatic
models have also acted as a new platform for testing NBMs.

As NBMs exhibit differential behaviour depending on whether they are under static or �ow conditions, the
development of dynamic micro�uidic systems are vitally important for accurate determination of NBM
toxicity [202]. A primary disadvantage of conventional in vitro models is the issue of providing a constant
�ow of culture medium/nutrients to the cells, and the arti�cial way medium is renewed sequentially, to
either keep cells alive and healthy, or to introduce NBMs for toxicity screening. The addition of NBMs and
culture medium results in non-steady state conditions because of diminishing substrate concentrations,
accumulation of product, and other issues such as evaporation over time [203]. Notable examples of this
include a study from Li et al. who developed a 3D micro�uidic hepatocyte chip for assessing the
hepatotoxicity of superparamagnetic iron oxide nanoparticles (SPIONs). Here, primary rat hepatocytes
were used to fabricate a three-layer chip which tested SPIONs in short- and long-term culture [204]. A
further study from Liu et al. incorporated electrospun �bres in a PDMS micro�uidic chip and used this
device to culture primary hepatocytes for assessing AgNP hepatotoxicity. Here, hepatocyte behaviour was
studied, and it was determined, that by using this platform under optimised �ow conditions, speci�c
hepatocyte functions including polarity and biliary excretion were restored and maintained for up to 15
days. Hepatocytes under a 10 μL/min �ow rate also produced sensitive and consistent toxicity responses
to AgNP, demonstrating the applicability of this model for the in vitro toxicity screening of NBMs [205].

It is also possible for liver-on-a-chip models to be incorporated into a microphysiological system (MPS),
where several organs-on-chips are interconnected [206]. Initially, MPS have been developed as a mean for
increasing e�ciency, speed and safety in the pre-clinical development and assessment of
pharmaceuticals. This was born from the inability of 2D monocultures of immortalized cell lines or in
vivo animal studies to su�ciently recapitulate the dynamic of drug-drug, drug-organ and drug-organ-
organ interaction in humans. More recently, MPS have been utilized to assess e�cacy and safety of
NBMs in one single, compact in vitro platform, ultimately advancing the translation of these
materials [207]. A recent example of MPS where a GI/liver MPS incorporating co-cultures of Caco-
2/HT29-MTX and HepG2/C3A liver cells has been successfully applied for investigating �rst pass
metabolism of high doses of polystyrene nanoparticles intended for daily human consumption [208].
This study determined that despite the nanoparticle permeability across the GI barrier was low, the single
nanoparticles and small clusters which did in fact pass through the GI barrier induced aspartate
aminotransferase (AST) release in the liver cells, indicating potential liver injury. Overall, sophisticated
MPS are a unique model that can offer fundamental understanding of NBM effects in the human
body [209]. 
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Despite the wide array of bene�ts associated with micro�uidic models, due to their complex nature they
are not without fault. Disaggregation and loss of cells can occur due to the constant perfusion of the
culture medium, especially as cells proliferate and reach con�uence. Additionally, the effect that sheer
stress has on the cultured cells is not fully understood yet [210]. Finally, the large set up and maintenance
costs associated with them models and systems, as well as the large cell densities needed to build the
models and the associated issues with their handling and analysis are impacting or limiting the uptake of
such complex platform technologies. 

2. Advanced 3D cell culture models in preclinical testing: Translational approaches

This review thus far has presented the many challenges associated with the screening of NBM-induced
hepatotoxicity, in depth, ranging from the advantages and disadvantages associated with conventional in
vitro and in vivo models, to the new, emerging 3D technologies in this �eld. The latter offer many exciting
opportunities for evaluating the accumulation and hepatotoxicity of NMBs in a human-relevant manner.
Not only do they have the potential to closely mimic the speci�c phenotype and organotypic function of
the human liver tissue, allowing a more sensitive and physiologically-relevant assessment of the fate and
toxicity of NBMs [154]. They also yield more cost and time effective studies of NBMs and have greatly
bene�ted the wider scienti�c community since their conceptualisation and development. The effects
triggered by NBMs in 3D models differs greatly for those observed in conventional 2D monolayer cultures,
a phenomenon demonstrated in many studies, including one by Eljie et al. who used HepG2 cell
spheroids for assessing the genotoxic and cytotoxic potential of three nanoparticles, namely silver, zinc
oxide and titanium oxide [175]3D cultures are indeed a much more faithful representations of the in vivo
hepatic environment when compared to conventional monocultures. Furthermore, these models represent
an attractive opportunity in keeping with the 3Rs concept, as a more human-relevant platform or as
replacements to animal studies. This is particularly relevant in the EU, as the European Medicines Agency
(EMA) has supported the implementation of both Directive 2010/63/EU [97], legislation on the protection
of animals used for scienti�c purpose, as well as the 3Rs principle of replacement, reduction and
re�nement, which they have supported from as early as 1986 (Directive 86/609/EEC) [211], when the �rst
legislation for the protection of animals used in scienti�c research was implemented. Since then, the EMA
have not only promoted the ethical use of animals in pre-clinical testing, but now also encourage non-
animal alternatives and strive to improve the welfare of animals when their use can’t be avoided. Directive
2010/63/EU aims to harmonize all animal research legislation through all EU member states, ensuring
that high standards of both scienti�c research and animal welfare are met. In the EU to date, animals can
only be used in research where convincing justi�cation has been put forward, whereby the research
bene�ts outweigh an animal suffering, and when the speci�c objectives of a study cannot be met using
non-animal alternatives. At all times these strict ethical guidelines must be met. 

To date, a variety of advanced liver technologies have been successfully utilised in many areas, ranging
from the functional, geometric liver models generated by the Max Planck Institute for studying the varying
stages of liver disease [212], to the work undertaken by Organovo, a San Diego based company who have
developed a bioprinting process whereby liver cells are extracted from donor organs and turned into
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printable bio-ink [159, 213] to build up small sections of liver tissue. Today, this technology is expected to
revolutionise the drug safety screening. In December 2017, for example, the FDA granted orphan drug
status to Organova for their treatment of alpha-1 antitrypsin (A1AT) de�ciency based on tests carried out
using their 3D bioprinted liver tissues.

It is safe to say that the revolution of bioengineering complex liver models is well and truly underway. In
recent years we have witnessed superior manufacturing and machine development, improved bioinks and
a huge in�ux of published literature which leverages 3D bioprinting as a one of the primary tools which
will revolutionise and strengthen regenerative medicine in the coming years. In the US and founded in
2009, the Wyss Institute for Biologically Inspired Engineering at Harvard University is at the forefront of
liver-on-chip research. Formed from the understanding that research ‘can’t change the work unless it never
leaves the lab’ [214], the Wyss Institute is a cross-disciplinary biomedical engineering research institute
focusing on the development of bio-printed material and devices which can be utilised for applications in
manufacturing, energy, robotics, architecture and the healthcare sector. The WYSS institute are also at the
forefront of organ on chip technology. In the last decade the WYSS Institute have developed and
validated more than ten different organ-on-a-chip models, including the liver, and have also engineered a
device which automates chip processes and can link the different organ-on-a-chip models �uidically to
form ‘body-on-a-chip’ models which recapitulate whole body physiology while allowing high-resolution
analysis and imaging. The WYSS institute have successfully translated these innovations into
commercial technologies, and have leveraged �nancial support from the FDA, NIH, and the Defence
Advanced Research Projects Agency (DARPA). Their technologies have also been re�ned and validated
for the clinical and market need, and now test existing medicines and model various diseases using their
‘on-chip’ models in partnership/conjunction with various major pharmaceutical companies [214]. 

The move towards more complex liver models is further re�ected in one of the latest EU Horizon 2020
funded projects, ORGANTRANS (controlled ORGANoids transplantation as enabler for regenerative
medicine TRANSlation). This project aims to develop a 3D printed liver tissue platform to potentially
replace liver transplantation for patients with end-stage liver failure, using bio fabrication knowledge from
the bioengineering company regenHU. Coordinated by CSEM, the Swiss research and development centre,
the ORGANTRANS project consortium, made up of two transplantation centres and eight partners, to
generate novel techniques which can not only be applied to hepatic systems but also other organ
systems in regenerative medicine and will cover the complete cycle of development from cell sourcing
and tissue bioengineering to clinical trials. Another Horizon 2020 funded project, PATROLS
(Physiologically Anchored Tools for Realistic nanomaterial hazard aSsessment) also aims to develop
more physiologically relevant in vitro 3D GIT, lung and liver models which may be incorporated into the
pre-clinical testing of ENMs.  This project was launched in January 2018 and will run for 3.5 years and
involve 24 partners across the USA, Europe and Asia. To date, the PATROLS project have delivered
outcomes which include the application of 3D HepG2 spheroids to the genotoxicity screening of
ENMs [215, 216], the development of complex co-culture hepatic 3D models for ENM toxicity
screening [217], various in vitro lung systems for assessing nanomaterial-induced lung toxicity and
in�ammation [218-220], and a GIT model [221]. 
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With regard to outside the EU and US, in the last year scientists at the Human Genome and Stem Cell
Centre (HUG-CELL) at the University of Sao Paulo (USP), funded by the Sao Paulo Research Foundation,
have succeeded in forming hepatic organoids from induced pluripotent stem cells (iPS) bioink, which are
not only capable of performing liver-speci�c function such as bile secretion and storage of vitamins and
proteins, but also have prolonged tissue survival over a long culture period in vitro. Using their method,
hepatic tissue can be created in the lab in 90 days, and it is expected that this technology will, in the
coming decades, become a feasible alternative to organ transplantation [222]. 

In China, a collaboration between the Department of Liver Surgery at Peking Union Medical College
(PUMC) Hospital, the Chinese Academy of Medical Sciences, Beijing, and the Department of Mechanical
Engineering, Beijing has led to the development of 3D bioprinted hepatorganoids (3DP-HOs), constructed
from HepaRG cells and bioink, using 3D printing procedures in order to overcome the shortage of organ
donors, a critical issue for patients with end-stage organ failure. Following implantation into mice models
of liver injury, the hepatorganoids in this study matured to display increased synthesis of liver-speci�c
proteins and drug-metabolism activity. The formation of functional vascular systems was also observed,
enhancing liver function and material transport further. Perhaps the most important �nding what the fact
the 3DP-HOs improved survival of the liver injury mouse model. This study has further emphasised the
potential value of 3D bioprinting in the regenerative and transplant medicine �eld, with this technology
allowing the implantation of arti�cial organs into the human body, ones that demonstrate normal
physiological function in vivo, and ones which may offer novel solutions to treat disease [223]. Also, in
China, scientists at the Hanghou University of Science and Technology have developed a technology
called Regenovo, a medical grade 3D bioprinter which to date has been used to produce numerous
gelatinous and semi-transparent 3D bioprinted kidneys, ear cartilage and micro livers using scaffolds
containing live cells, inorganic materials and hydrogels, and medical grade polymers. This printer using
an 80 µM printer nozzle, which allows the printing of cells up to �ve times greater than normal cells, with
cells remaining viable for up to four months. Cell damage rates are also extremely low, with
approximately 90% of cells surviving the printing process [224]. 

Similarly, in Japan, researchers from the University of Tokyo have also successfully bioprinted scaffold-
free 3D micro livers which were capable of stably maintaining metabolism of essential materials like
glucose, lipids and drugs, as well as production and secreting bile. Using the Regenova technology (not to
be confused with Chinese Regenovo) designed by Cyfuse, a Japanese biomedical company, liver
bioprinting was undertaken using the Kenzan method. Developed by Professor Koich Nakayama and
Cyfuse Biomedical, the Kenzan method is a scaffold-free method which eliminates the need for
supporting scaffolds. By removing the scaffolds, cells functionality could be extended as cells were not
dependant on any outside support from a scaffold. The liver structures formed using this method
exhibited self-organization, ECM production and a wide away of other metabolic functions that could be
maintained over long periods. They anticipate that this unique liver model may become widely used in
drug discovery studies, and may assist with the identi�cation of new drug targets, safety studies and
pharmacokinetics [225]. 
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With these promising advances observed worldwide, regulators are moving into the 3D space in order to
accelerate drug discovery. In the US, the NIH have a program which develops bioprinted tissues, in
collaboration with Organovo, with the goal of speeding up drug screening. NCATS, or the National Centre
for Advancing Translational Sciences, acknowledge that the current methods for developing and
delivering drugs to patients takes decades, incurs huge costs up to billions, and approximately 95% of the
time are unsuccessful, and therefore have launched a 3D tissue bioprinting program, combining living
cells and scaffolds to test materials in platforms that closely mimic human tissues and organs in order to
better predict human responses to potential therapies [226]. NCATS have also developed ‘on-chip’
technology with their Tissue Chip for Drug Screening initiative [227]. It can been noted however that
despite the work done in NCATS and other institutions, many challenges still remains to successfully
construct various 3D bioprinting generated functional organs and actually apply them to pre-clinical
assessment and regenerative medicine, particularly with regard to obtaining FDA approval, and despite
having moderate success with producing candidates for rare diseases that have been picked up by
pharma and which have reached clinical trials, the only FDA approval they have achieved was in 2015
when they showed that a drug previously used to prevent organ rejection could be used to treat a rare
lung disease, lymphangioleiomyomatosis (LAM) . Dr Chris Austin, a neurologist at the NIH and director of
NCATS, acknowledges that many roadblocks exist to drug development, and include the fact that
advanced methodologies for pre-clinical assessment such as ‘on-chip’ technology, induced pluripotent
stem cells and 3D bioprinted organs have yet to be widely accepted and adopted by drug companies as
in vitro alternatives to conventional animal tests, and that the pharma industry is ‘conservative’ and slow
to embrace new technologies [228]. A key issue can also be seen in the failure of the FDA to lay out
speci�c pathways for accepting these new technologies in lieu of animal experimentation [228] . One
success can be observed in the orphan drug designation Organovo received in 2017 from the FDA for
their 3D bioprinted liver tissues used in the treatment of alpha-1 antitrypsin (A1AT) de�ciency [229].
Following this designation however, another key issue became apparent, the huge costs incurred from 3D
bioprinting, and despite Organovo anticipating that by the end of 2019 they would have two liver tissues
on track for 2020, increased costs and extended timelines have pushed human testing back to 2021.  

Despite the future looking promising from both a technical and scienti�c perspective with regard to these
advanced technologies, many regulatory hurdles surrounding them exist. One such hurdle is the
classi�cation of tissues and organs bioprinted using 3D methods. Should a 3D printed liver be classed as
an organ or a product? And with regard to regulation, is it a medical device? These are questions that
regulators must answer in order to advance this area, and decisions need to be made as to whether new
regulations should be developed for bioprinting or should they be covered under existing frameworks.
Some commentators in the EU and US have also raised the issue of morality surrounding bioprinting
tissues and organs and have questioned whether bioprinted materials should fall under patent protection,
reminiscent of the Dolly the sheep case. A study at Bournemouth University and funded by the EC
published in April 2020 has assisted these issues and provides legal guidance on the regulatory and
intellectual property issues surrounding 3D bioprinting technology, and it is acknowledged today that if
EU regulatory class bioprinted products as medical devices, some degree of clarity will exist legally as
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guidelines for medical devices have been in place for decades. In the US, the FDA have issued guidelines
on 3D bioprinted medical devices themselves, but not on the speci�cs of their printing. These guidelines
are also not legally binding, meaning ambiguity still exists. These is no doubt that the era of 3D
bioprinting will signi�cantly advance modern medicine and the lives of countless patients, however for
this to happen, policymakers and regulators must ensure that the correct guidelines and regulatory are in
place. However, optimisation must be undertaken before they can be implemented widely as pre-clinical
assessment tools for NBMs or other materials (e.g., active pharmaceutical ingredients, health technology
or theranostics). To date, no standardised or validated 3D model, either a healthy or diseased state, is
approved for preclinical screening of NBM liver toxicity at the regulatory level. Hence, the need for
alternative models which can be successfully integrated into the NBM screening pipeline is still unmet.

Conclusions
In conclusion, the vast array of applications for NBMs have made them extremely bene�cial in many
�elds, and they offer many exciting opportunities in medicine, however despite their advantages their
translation to the clinic is overwhelmingly slow and despite great investment, in recent decades only a
small number of NBM-based products have been translated into viable medical products. [1]. This lack of
translation and indeed high attrition rate is in large part due to inappropriate pre-clinical assessment
screening methodologies for testing NBMs toxicity, in particular hepatotoxicity. Whilst conventional 2D in
vitro monoculture liver models formed from immortalized or transformed cell lines are long established
and widely used due to their distinct advantages including lack of donor variation and resistance to
senescence, they have reduced metabolic capacities, altered phenotypes, loss of polarity and contact
inhibition and a decrease in liver speci�c function, among other key failings. In vitro models also fall
short in predicting toxicity due to issues such as non-organ-speci�c toxicity, non-linear dose–toxicity,
unclear mechanisms, lack of the key structural and functional characteristics previously detailed and
which include hepatic zonation, secondary structure formation, and in vivo-like cell heterogenicity, and
hepatocyte polarity, a key factor which leads to inaccurate prediction of NBM toxicity. Whilst some of
these issues may be overcome by using PHH, supply of these cells is limited, inter-donor variation and
di�culties in maintaining a stable phenotype due to the 2D culture environment could be other limiting
factors [56-60]. A further way for overcoming key hurdles seen with conventional liver cultures, the culture
of multiple liver cell types in co-culture models, does allow some advantages over monoculture modes
however as detailed in Table 1, however there are limitations on how many cell lines can be cultured
together, great variability is observed and there is a distinct lack of ECM components, all of which impact
the cells response to NBMs. 

On the other arm of in vivo liver toxicity screening methods are animal models, used to provide a basic
overview of the fate of NBMs in organs, and provide information on dosing and potential toxicities. In
vivo animal models for the screening NBMs are most often undertaken in porcine or rodent models [86],
in accordance with the European Commission Directive 2010/63/EU, and today they are regarded as an
essential component in the translation of NBMs from lab to clinic. Nevertheless, in a similar manner to in
vitro methods, they are not without the own intrinsic limitations. Whilst rodent models incur low costs, are
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small and easy to handle, reproduce fast and bear close resemblance to humans in terms of genetics and
biology, there are fundamental differences between human and rodent anatomy, physiology and immune
response [87-90]. Whilst porcine models are useful in the pre-clinical assessment of NBMs due to the
presence of human-speci�c cell types which cannot be found in rodents [91], and their more similar
physical size and similarities to humans with regard to physiology, anatomy, epigenetics and
immunogenetics, porcine models are costly, and one must wonder why if animal studies are so predictive
of human toxicity are drug and NBM attrition rates still so high? Today consensus among many
scientists is that in vivo animal models are not as accurate at predicting human response as we may
have previously assumed [113, 114], particularly regarding hepatotoxicity [117-119]. These issues,
coupled with the need for newer, more bio-comparable assessment models for predicting patient
outcomes are what has, in recent years, driven the development of 3D methodologies which may act as a
bridge between conventional 2D and in vivo. 

These 3D methodologies are now seen as vitally important emerging technologies in the NBM pre-clinical
assessment cascade [12], and in recent years, sophisticated, physiologically relevant 3D liver models that
can more accurately predict the hepatotoxicity of NBMs have been developed [139]. These models not
only recapitulate whole organ physiology, but are also �t for repeated exposures and chronic drug testing,
an important consideration with regard to NBM pre-clinical assessment [20]. These 3D cell culture
models, namely cell spheroids and MCTS, scaffold and sandwich cultures, organoids, ex vivo models,
and more complex models such as MPS, ‘on-chip’ and bioprinting technologies may act as huge time and
cost-savers in the NBM development pipeline, overcoming some of the key challenges faced in NBM
assessment, provided the appropriate validation is undertaken and their e�cacy in preclinical testing is
proven. 

From the work undertaken at the Max Planck Institute [212], to Organovo’s bioprinting [143, 203],
advanced liver models are set to revolutionise drug and NBM safety screening, with funding agencies and
regulators now paying close attention to the potential of these advances technologies, something which
is re�ected in the multiple large scale Horizon 2020 funded EU projects had many successful outcomes
to date with regard to advanced liver models for NBM toxicity screening [215-221].  In the US, the Wyss
Institute is at the forefront of material and device bioprinting with their SWIFT technology, which is
anticipated to be a silver bullet for resolving organ shortages worldwide [230]. Utilising ‘organ-on-chip’
technology, the Wyss Institute have also successfully reproduced many complex organ-level responses in
no less than ten different organ-on-chip models [231], and have also developed a device to link them, in a
‘body-on-a-chip’ model [232, 233] . Many of their innovations have also been commercially translated,
with �nancial support obtained from many different government agencies, and they also work in
partnership with various major pharmaceutical companies [214]. Further a�eld, countries like Brazil,
Japan and China have also made great progress with the development of advanced hepatic models and
3D bioprinting technology [222-225]. The scienti�c culture within the biomedical �eld has certainly shifted
in recent years, and animal experimentation and 2D in vitro pre-clinical assessment is not as immune to
controversy and criticism as they once were. This shift is associated with the fact that, in recent years 3D
models have been shown to be vastly more bene�cial than conventional pre-clinical assessment methods
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in NBMs screening, with the intrinsic limitations of conventional in vitro and in vivo methods as the
primary motivators for the development and validation of these new emerging 3D technologies. These
physiologically relevant and advanced in vitro systems have the capacity to increase relevance of routine
cell cultures while overcoming the interspecies differences characteristic of in vivo studies, thus
becoming valuable tools for understanding the mechanisms of both drug and NBM toxicity. The ability to
assess the fate and toxicity of NBMs on the liver in a human-relevant manner during their pre-clinical
assessment is a huge advantage. Despite all of these advances however many roadblocks still exist, and
even though there is a strong need for the availability of new, more predictive and ethical methodologies
for NBM preclinical assessment, it may be many years until researchers, stakeholders, funding agencies
and governments fully accept this change and make critical moves towards implementing these new
methodologies. Thus, future efforts of the biomedical scienti�c community should aim at validating
existing advanced methodologies and obtain regulatory approval ((e.g., OECD certi�cation, EMA/FDA
acceptance), an o�cial recognition of the predictive value of the 3D advanced method proposed that will
allow its widespread implementation across academia as well as industry.
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Figure 1

The pre-clinical assessment cascade for assessing NBM safety and e�cacy. Following pre-screening and
sterility assessment, a candidate NBM passes through physico-chemical characterization, in vitro and in
vivo experiments, before being deemed safe to enter human clinical trials. 

Figure 2

Structure of the Lobule of Liver. This illustration includes many key elements of liver phenotype and
function that cannot be successfully replicated in 2D culture, including ordered stacking of hepatocytes,
formation of bile canaliculi and blood circulation. Adapted from ‘Asklepios Atlas of the Human
Anatomy’[22]. 
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Figure 3

Overview of the various 2D and 3D in vitro models of the liver. Flow diagram illustrates the source of liver
cell/tissue, their potential 2D and 3D models, their readouts, and associated endpoints. Adapted from
Hepatocellular Carcinoma, Chapter 3: In Vitro Models of the Liver: Disease Modelling, Drug Discovery and
Clinical Applications [15]. 

Figure 4

The most common methods for spheroid formation, cultivation, and growth. A variety of different
techniques for 3D spheroid production exist, each varying in complexity and ease of use. Common
techniques include (A) Static suspensions, or the liquid overlay technique, with spheroids formed from
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interruption of cell adhesion on non-adherent surfaces, (B) Hanging drops, undertaken using commercial
systems like InSphero™ Gravity Plus™, or using upturned petri dishes, whereby cells are seeded in small
drops in medium and spheroids form due to gravitational forces, (C) Rotary and spinning cultures, formed
in vessels speci�cally designed to prevent cell adhesion, (D) Magnet assisted cultures or magnetic
levitation, where cells are magnetised in culture, often by using nanoparticles, and pulled towards a
magnetic on top of culture vessel, and (E) Ultra-low attachment (ULA) surfaces and plates. Each
technique is based on the principle to force cells to self-aggregate and compact into spheroidal 3D
microtissues. 
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