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Abstract
Despite the exciting properties and wide-reaching applications of nanobiomaterials (NBMs) in human health and medicine, 
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 pre-clinical stages; however, these fall short in predicting toxicity for NBMs. Focusing on in vitro 
and in vivo assessment, the accurate prediction of human-specific hepatotoxicity is still a significant challenge to research-
ers. This review describes the relationship between NBMs and the liver, and the methods for assessing toxicity, focusing 
on the limitations they bring in the assessment of NBM hepatotoxicity as one of the reasons defining 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 of NBMs going 
forward. Finally, we also discuss the low public acceptance and limited uptake of tissue-mimetic 3D models in pre-clinical 
assessment, despite the demonstrated technical and ethical advantages associated with them.
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Introduction

The many applications of nanobiomaterials (NBMs) have 
made them extremely beneficial in several fields today, most 
notably medicine. Regarding their medical applications, 
whilst NBMs offer many exciting new opportunities, their 
translation to the clinic is still slow. Up to recent years, the 
large investments into nanomedicine research, in fact, have 
only yielded a relatively small number of products that were 

successfully translated into clinical use to date [1]. This did 
shift with the development of two new mRNA vaccines for 
treating COVID-19 [2]; however, outside the area of vac-
cine development, progress is still slow and constitutes one 
of the main caveats of the nanomedicine research field [3]. 
The high attrition rate of NBMs is partly due to the insuf-
ficient and ineffective pre-clinical screening methods that 
are currently used for testing their toxicity in the body [4, 
5], with one of the most common reasons for the withdrawal 
of nanomedicine products from the clinical market being 
NBM-induced liver injury [6], a factor which is often associ-
ated to a considerable liver-specific accumulation [7].

Structurally, the liver is highly vascularised, with its 
primary function to sequester and remove foreign materi-
als 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. 
Thus, the anatomy of the liver explains why non-specific 
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 first pass metabolism. For 
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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 cumulative and dose-dependent cardiotoxicity and neu-
tropenic enterocolitis [8, 9], it still causes hepatic necrosis 
[10], among other issues.

From the considerations reported above, it is evident that 
the liver function is critical in defining both NBM safety 
profile and their ADME (absorption, distribution, metabo-
lism, 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 clini-
cal translation of NMBs.

In this context, this review presents the current state of 
the art in the pre-clinical assessment of NBMs, the limita-
tions 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 into the potential rea-
sons determining the limited adoption of these advanced 3D 
liver models along the pre-clinical R&D pipeline.

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 engi-
neered NBMs [11–13]. As for conventional molecular drugs, 
several in vitro and in vivo pre-clinical tests (listed in Fig. 1) 
are carried out on NBMs prior to starting human trials. 
Briefly, following pre-screening (including sterility assess-
ment), 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-specific hepatotoxicity is still 
a significant challenge to researchers [14]. Currently, in vitro 
two-dimensional (2D) cultures and in vivo testing in small 
mammals are the gold standards for determining acute hepa-
totoxicity of NBMs prior to clinical trials [15, 16]. Whilst 
conventional 2D in vitro cell-based models of the liver are 
extremely useful as first step in hepatotoxicity testing due 
to their low cost and ease of use, many limitations reduce 
their predictive power [17], namely the simplicity or the dis-
tinct lack of functional cross-talk between the cells forming 

Fig. 1  The pre-clinical assessment cascade for assessing NBM safety and efficacy. Following pre-screening and sterility assessment, a candidate 
NBM passes through physicochemical characterization, in vitro and in vivo experiments, before being deemed safe to enter human clinical trials
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the model in vitro [18], their poor ability to replicate the 
in vivo liver-like phenotypic properties, and liver physiol-
ogy [19]. 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 accu-
rately predict human liver toxicity, due to the fundamental 
interspecies differences in both organ physiology and NBM 
uptake, degradation, and metabolism [20]. In recent years, 
scientific efforts focused on the development of new, more 
“human-relevant” technologies for determining the interac-
tions and potential toxic effects of NMBs in the human liver.

Human hepatic physiology 
and the importance of the liver 
regarding NBM

From production of bile to metabolising a large array of 
compounds, including NBMs, the liver plays many impor-
tant roles in the human body. As an organ, the liver is the 
largest in humans, and has a diverse and varied cellular 
composition containing hepatocytes, parenchymal cells 
which comprise much of the liver at approximately 80% 
of total liver mass, and non-parenchymal cells (20% liver 
mass), cells which play roles in liver growth with respect 
to both their own proliferation and the proliferation of 
hepatocytes, in the form of Kupffer cells (KCs—liver 
resident macrophages), liver sinusoidal endothelial cells 
(LSECs–specialised endothelial cells), hepatic stellate 
cells (HSCs–pericytes which are the main effectors in fibro-
sis), fibroblasts, biliary epithelial cells, and various other 
immune cells and adult stem cells [21].

As an organ, the human liver is complex and highly vas-
cularised (as observed in Fig. 2). Connected by the hepatic 
artery carrying blood from the aorta, and by the portal vein 
carrying blood from the gastrointestinal tract (GIT), pan-
creas, and spleen, the liver also has a heterogenous cellular 
composition, incorporating hepatocytes (the primary tar-
get 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), fibro-
blasts, immune cells, biliary epithelial cells, and adult stem 
cells [18]. 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 [18]. Each lobe of the liver comprises approxi-
mately one million lobules, around 1 mm × 2 mm 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 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 [23, 
24]. It is this formation that leads to liver functional zona-
tion, 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 the ones associated 
with reactive oxygen species and hypoxia, such as hepato-
cellular carcinoma (HCC) and non-alcoholic fatty liver dis-
ease (NAFLD) [18]. Bile canaliculi, another essential liver 

Fig. 2  Structure of the lobule 
of the liver. This illustration 
includes many key elements of 
liver phenotype and function 
that cannot be successfully rep-
licated 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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component, collect bile formed in the liver, which in turn is 
drained in bile ducts before entering either the gall bladder 
or duodenum [25].

Interaction of NBMs with the liver

The liver is a key organ of interest for NBM toxicity 
responses, for a variety of different reasons [26, 27]. Approx-
imately 30–99% of NBMs accumulate and are sequestered 
in the liver following administration, reducing the amount 
of NBMs reaching the target tissue and potentially leading 
to unintended hepatotoxicity. Thus, the interactions between 
NBMs and liver cells determine the fate of the NBM in vivo; 
however, to date, the specific combinations of physico-
chemical properties that determine sequestering to the liver 
remains unknown. Whilst in vivo studies mainly focus on 
NBM accumulation at the organ level, in vitro assessment 
focuses on a single hepatic cell type in culture, not consider-
ing the unique 3D arrangement and architecture, as well as 
cellular composition, of the liver and how these affect NBM 
interactions. For example, it is widely detailed in literature 
that many NBMs are taken up by NPCs despite these being 
the less abundant cell type in the organ, and that NBMs 
which are taken up by hepatocytes are largely cleared in the 
body by the hepatobiliary pathway. The interaction between 
NBMs and various specific liver cell types is discussed fur-
ther below.

Role of hepatocytes in the liver

The primary functioning cell type in the liver is the hepato-
cytes, cuboidal hepatic epithelial cells which line the sinu-
soids. They sit in plates along the hepatic lobule, between 
systems of capillary sinusoids that connect the portal tracts 
to the central vein. The central vein facilitates a consistent 
supply of blood and other materials. Hepatocytes are tightly 
connected with each other to form cell plates via junctions, 
including gap, tight, and adherens junctions. Gap and tight 
junctions play a critical role in bile secretion, one of the 
most differentiated functions of the liver. Hepatocytes form 
canalicular-like structures, which run perpendicular to cap-
illaries and are a key component of the liver structure and 
functionality [79]. Hepatocytes are also functionally polar-
ised cells, which contain specific transporters localised to 
both the apical (or canalicular) or basolateral (sinusoidal) 
membranes. This polarity is vitally important for efficient 
liver functions, and it allows molecules/compounds to be 
taken up or effluxed into the bile or metabolised and trans-
ported back into the bloodstream [23, 24, 28]. Hepatocytes 
play many important roles with regard to metabolic function, 
production of bile, detoxification of materials, and protein 
synthesis [29], and they express a variety of plasma proteins, 
including protease inhibitors, transporters, inflammatory 

modulators, and albumin, and activate innate immunity as 
a defence mechanism against invading microorganisms by 
secreting innate immunity proteins [30, 31]. Regarding their 
interactions with NBMs, hepatocytes themselves endocytose 
NBMs, releasing them back in the bloodstream or into bile; 
however, to date, uptake of NBMs in hepatocytes has only 
been observed when very large doses of NBMs are admin-
istered or in instances where macrophages have been chemi-
cally depleted [32]. Various factors appear to influence NBM 
uptake by hepatocytes, including PEGylation and positive 
surface charges [33]. Size also plays a role, with uptake into 
hepatocytes normally occurring for NBMs below 50 nm 
[27]. Hepatobiliary clearance of NBMs occurs actively, 
promoted by various liver transporters and facilitated by a 
variety of drug-metabolizing enzymes, followed by either 
secretion into the bile duct via bile canaliculi or being fil-
tered back into the bloodstream [34]. An understanding of 
hepatocyte targeting is critical to removing NBMs via the 
hepatobiliary route, and today there are various strategies 
for designing NBMs to both enter and interact with hepato-
cytes, harnessing either (1) transcytosis via the endothelial 
cell lining or (2) the sinusoidal intercellular junctions. As 
hepatocytes make up such a vast proportion of the cell of 
the liver, many NBMs have also been specifically designed 
to target these cells, by the active targeting of low-density 
lipoprotein (LDL), high-density lipoprotein (HDL), asialo-
glycoprotein (ASGP) and glycyrrhizin/glycyrrhetinic acid 
receptors, and the immunoglobulin A binding protein. A 
detailed overview of the interactions between hepatocytes 
and NBMs (and other hepatic cell types) can be found in a 
comprehensive review from Zhang et al. [27].

Role of non‑parenchymal cells in the liver

Liver non-parenchymal cells, or NPCs, make up for an 
approximate 20% of liver volume and NPCs play many roles 
in the liver, primarily in maintaining hepatic structure and 
functionality. Liver damage significantly alters both the phe-
notype and function of a non-parenchymal cell, significantly 
reducing the ability of the liver to recover appropriately. 
Three of the most abundant and important NPC of the liver 
are sinusoidal endothelial cells (LSECs), Kupffer cells, and 
stellate cells. Other important NPC types that also reside in 
the liver but are less abundant are fibroblasts, neutrophils, and 
macrophages. With regard to their interactions with NBMs, 
NPCs play vital roles, with NBMs interacting with varying 
NPCs, before reaching hepatocytes. Kupffer cells recognise 
NBMs as foreign materials, with NBMs being internalised 
through scavenger receptors and subsequently taken up by 
micropinocytosis, clathrin-mediated and caveolin-mediated 
endocytosis, and various other endocytosis pathways [35]. It 
is the Kupffer cells, along with the blood-circulating mono-
cytes and macrophages in other tissues including spleen and 
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gut, which constitute the mononuclear phagocyte system, 
or MPS. The MPS, also known as the reticular endothelial 
system, is responsible for sequestering approximately 95% 
of NBMs administered [36], with the rate of uptake highly 
dependent on NBM characteristics such as surface chem-
istry, size, and ligand chemistry. It is reported that larger 
NBMs, ranging in size from 400 to 600 nm, are preferen-
tially phagocytosed by these cells, along with particles that 
are neutrally charged (i.e., PEG coatings). Studies have also 
shown that rod-shaped NBMs exhibit a reduced clearance 
compared to their spherical counterparts, potentially due to 
the presence of fewer accessible binding areas for interactions 
with macrophages [37, 38]. Various studies have highlighted 
this phenomenon, with Lunov et al. showing that 20-nm 
and 60-nm SPIONs accumulated irrespective of their size 
in macrophages via clathrin-mediated and scavenger recep-
tor A endocytosis, with the larger SPIONs exhibiting up to 
60 times greater uptake than the smaller ones [39]. Kupffer  
cells have also been shown to take up low-density lipopro-
tein (LDL) NBMs and liposomes of sizes ranging from 
27 to 590 nm [40]. Despite their low abundance and chal-
lenging location, i.e., their residence in the space of Disse 
adjacent to endothelial cells, hepatic stellate cells (HSCs) 
have also been shown to take up various NBMs, including 
liposomes, AuNPs, SPIONS, and polymeric NBMs [41–45].  
HSC-targeting NBMs also have implications in the treatment 
of liver fibrosis, with surface receptors allowing NBMs to 
directly target HSCs, provided they have not been removed 
from circulation by LSECs or Kupffer cells [27]. LSECs, 
the cell type which forms continuous linings along the vas-
culature of the liver sinusoid, may also have implications 
for NBMs, with studies from Kamps et al. Akhter et al. and 
Kren et al. illustrating that they can successfully take up both 
AuNPs, micelles and liposomes [40, 46, 47].

Pre‑existing methodologies for assessing 
hepatotoxicity

2D cultures from immortalised cell types

A significant challenge today is the accurate prediction 
of human-specific liver toxicity. It is widely reported that 
animal models often do not reflect human specific toxic-
ity due to disease adaptations, interspecies variation, and 
fundamental differences in physiology. Comparably, in vitro 
models often do not predict toxicity accurately due to sig-
nificant issues such as non-organ-specific 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, forma-
tion of secondary structures, and in vivo-like cell density. 
In vitro liver models, in their two-dimensional biological 

configuration, have been long established; nonetheless, 
since the development of 3D biology, several issues have 
impacted their utilization, as summarised 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 flat configuration. 
In vitro 2D cell culture models are mainly monocultures 
formed from human immortalised or transformed cell lines, 
such as HepG2 [48–52], C3A [53, 54], Huh7 [48, 55, 56], 
and HepaRG [48, 56, 57] cells. Hepatocytes, the cuboidal 
hepatic epithelial cells that line the sinusoids, are the pri-
mary functioning cell type in the liver with their functions 
ranging from detoxification of toxic materials to basic meta-
bolic functions [29]. They also activate innate immunity as 
a defence mechanism against the introduction of external 
materials such as NMBs [30]. Immortalised hepatic cell 
lines, normally derived from human hepatocellular carci-
noma, have been the “go-to” for researchers for decades for 
a variety of reasons, including their wide availability from 
certified cell line sources such as ATCC (i.e., the American 
Type Culture Collection, which is a non-profit organisa-
tion that collects, stores, and distributes standard reference 
cell lines and other research and development materials), 
or BIOPREDICT (whose most popular product is the Hep-
aRG cell line), relative ease of handling and culture, lack of 
inter-donor variation [48, 58–60], long-term maintenance 
in culture with a stable phenotype (depending on cell type), 
and resistance to senescence [61]. For decades, in vitro 2D 
hepatocyte models have been successfully used to obtain 
pre-clinical data on many NBMs, including the liposomal 
forms of irinotecan (including studies undertaken in SK- 
Hep-1 cells) [62] and doxorubicin (HepG2 cells, among  
others), gold [63–65], SPIONs [66], and carrier NBMs 
such as poly(alkyl cyanoacrylate) or PACA [67, 68] and 
poly(butyl cyanoacrylate) or PBCA.

Despite being widely used as early predictors of NBM 
liver toxicity in pre-clinical assessment [20, 69], on the 
other hand, cell lines used to form 2D cultures exhibit many 
disadvantages as presented in Table 1. Hepatic cell lines 
have reduced metabolic capacities, exhibit genomic content, 
and can have altered phenotypes, upregulated expression of 
inflammatory mediators, loss of cell polarity and contact 
inhibition, and, most notably, decrease in specific liver func-
tion, e.g., reduced CYP450 activity [70–73]. It has previ-
ously 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 
artificial and counterproductive, as it alters the hepatotoxic 
responses to NBM exposure and, subsequently, skews data 
obtained from cytotoxicity assessment [48]. In the HepG2 
cell line, the expression of phase I and II enzymes is also 
dramatically lower when compared to primary human hepat-
ocytes (PHH); therefore, hepatotoxins are not as readily or 
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accurately detected in immortalised HepG2 cell cultures as 
they would be in vivo.

Primary human hepatocyte models

It is possible to overcome the major caveats of hepatocyte 
cell lines by using PHH, i.e., cells extracted from human 
liver biopsies [74–76]. When cultured in monolayers, the 
PHH metabolic capacity is comparable to in vivo hepato-
cytes, particularly with regard to albumin secretion, regula-
tion of phase I and II metabolic pathways, expression of 
specific liver functional markers, uptake and metabolism, 
ammonia detoxification, and glucose metabolism [77]. This 
makes PHH the most accurate and physiologically relevant 
hepatic cell model to date [58]. In spite of this, PHH cul-
tures 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 to 72 h) in 2D, due to 
de-differentiation mechanisms induced by the cell growth 
on flat culture surfaces, reducing the predictive power of 
the model [78]. 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 [74, 75]. 
A further issue is observed with cell seeding density, nor-
mally approximately 1% of physiological density, something 

which again impacts intercellular signalling and the predic-
tive power of the model [79]. To avoid these problems, fresh 
PHH must be extracted from human biopsies regularly;  
however, this incurs in large research costs and dramatically 
increases the labour and time associated with liver toxicity  
screening of NBMs based on PHH models.

2D liver co‑cultures

A further way of overcoming the issues detailed above with 
regard to 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 cel-
lular 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, 
fibroblasts, biliary epithelial cells, immune cells, and adult 
stem cells [21], all of which play critical roles in the liver. 
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 functional-
ity [80, 81]. 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 [18, 

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

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, 27–29, 31, 32]

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 metabolise 
drugs

Decreased albumin synthesis
Co-culture/multicellular Incorporation of multiple hepatic  

cell types means greater in vivo  
relevance and tissue-mimetic 
responses to inflammatory stimuli

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

[36, 45, 46, 48, 50, 51]

Lack of extracellular matrix (ECM) 
components

Hepatocyte-specific 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 days

Increased phase I and II enzyme 
expression

Optimization is needed to determine 
appropriate culture conditions
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23, 82]. Culturing hepatocytes with LSECs, in the presence 
or absence of collagen, allows LSECs to maintain their phe-
notype and hepatocytes to increase their in vivo-like func-
tion also enhanced (e.g., CYP activity) [83]. Similarly, when 
HepG2 cells are co-cultured with LSECs [84], CYP enzyme 
induction is enhanced, suggesting that the introduction of 
endothelial cells influences hepatocyte function in vitro 
(46). Furthermore, in addition to LSECs enhancing hepato-
cyte function, similarly hepatocytes support LSEC function 
[83], influencing LSECs ability to control important repair 
mechanisms in the liver following injury [85]. Kupffer cell/
hepatocyte co-cultures have also been reported, exhibiting 
responses to a variety of inflammatory stimuli not observed 
in monocultures [86]. Metabolic functions are also dramati-
cally increased when KCs are cultured with hepatocytes, 
as demonstrated by Yagi et al. [87]. Various other immune 
cells have also been co-cultured with hepatocytes [23, 88], 
such as, for example, the monocytic THP-1 cell line [89]. 
Huh7 and THP-1 co-cultures expressed pro-inflammatory 
and stress-related signalling molecules following treatment 
with troglitazone, a hepatotoxic compound [89]. Further-
more, the co-culture showed increased sensitivity and drug 
metabolism as compared to Huh7 monocultures [89]. 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 polysty-
rene nanoparticles [90]. Despite the many advantages of 
co-cultures when compared to traditional hepatic monocul-
tures, these models suffer some disadvantages, summarised 
in Table 1, and there are fundamental limitations to the num-
ber 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.

Complex liver architecture and how it is reduced 
in 2D

Another disadvantage of adopting conventional 2D in vitro 
models is their architecture. Hepatocyte morphology and 
behaviour are greatly altered due to 2D cell cultures’ inabil-
ity to reproduce the bio-physical cues of human liver con-
nective tissue [91]. Cell behaviour and phenotype are 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 [92, 93]. When hepatocytes are cultured in 2D, 
they lose their 3D interactions and spatial arrangement, and 
as a consequence their signalling pathways and functions 
are modified. For the liver to carry out its functions, hepato-
cytes must exhibit a functional polarised phenotype, with 
specific transporters localised to both the apical (canalicular) 
and basolateral (sinusoidal) membrane [23, 24, 28]. In 2D 
cell cultures, the loss of appropriate hepatocyte polarity is 
thought to be one of the key factors which leads to inaccu-
rate predictions of toxicity in humans [15]. Notwithstand-
ing, unorganised cell proliferation occurs due to the lack of 
polarisation induced by the 2D environment, a further cause 
of inaccurate predictions of toxicity [94, 95].

In vivo models for liver toxicity screening: 
advantages and disadvantages

On the other end of pre-clinical assessment sit in vivo stud-
ies. In vivo liver toxicity screening tests are vital compo-
nents of the pre-clinical assessment cascade for NBMs,  
with the use of animals in pre-clinical research providing 
not only a basic overview of the fate of NBMs in organs, but 
also information on dosing and potential systemic toxicities. 
Currently, in vivo animal studies for NBMs are most often  
carried out in porcine or rodent models [96], in accord-
ance with the European Commission Directive 2010/63/
EU and the EU legislation on the protection of animals for  
scientific purposes (which protects living non-human verte-
brae and foetal mammals from the last third of their normal  
development).

Rodent models

As just mentioned, rodent models are one the two most com-
monly used and preferred mammal species in in vivo stud-
ies. Rodent models are useful due to a variety of reasons 
including their wide availability, low cost, small sizes, and 
consequent ease of handling; short life span and fast repro-
duction rate; and abundant genetic resources [97]. The vast 
majority of NBM formulations have been assessed in rodent 
models, with studies looking at a variety of implications 
ranging from liver toxicity to biodistribution to therapeutic 
effect. For example, a study from Bahamonde et al. assessed 
the toxicity of 15-nm AuNPs in both mice and rats [98]. Lu 
et al. used xenograft mice to observe the pharmacokinetics, 
pharmacodynamics, and toxicity of a PEGylated liposomal 
formulation of doxorubicin [99], and Recordati et al. have 
assessed tissue distribution and acute toxicity of AgNPs 
[100]. Hepatotoxicity and the role of the “gut-liver axis” 
have been assessed in rats following oral administration of 
 TiO2 [101], and the rat model has been used to show that 
nano-copper induces strong hepatotoxicity, via oxidative 
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stress and inflammation [102]. A large number of studies 
have assessed the impact AuNPs have on the liver specifi-
cally [98, 103–107]. The effects AuNPs have on the liver, 
among other organs, are also well detailed in a recent review 
from Kozics et al. [108]. In another study, nude rats have 
been used to assess the accumulation and biodistribution 
of transferrin (Tf)-conjugated PEGylated liposomes loaded 
with doxorubicin [109]. Despite the importance of rodent 
studies in the pre-clinical assessment of NBMs however, 
they do have disadvantages associated with them. Despite 
the genetic similarities to humans, rodent models still 
show fundamental differences in anatomy, physiology, and 
immune response [109–112], and they are often criticised 
for a failure to accurately mimic human disease phenotypes. 
Comprehensive studies from Seok et al. and de Souza et al. 
which have assessed the inflammatory responses between 
humans and mice have shown that genetically changing 
orthologs in mice demonstrated no correlation to human 
counterparts [113, 114]. This divergence is further extended 
to cancer studies, where although humans and mice share 
a similar risk of developing cancer throughout their life-
times, approximately 30%, when cancers were characterised 
there were stark divergences in not only phenotype, but also 
tumour origin and karyotype [115].

Porcine models

Following rodent models, pigs, or porcine models, are the 
second most commonly in vivo model used for NBM test-
ing. Porcine models have many advantages over the smaller 
rodent models. Many studies have confirmed presence of 
human-specific cell types in pigs, which cannot be found 
in rodents [116]. The pig size makes it suitable for both 
multiple measurement and longitudinal measurement, and 
there is functional equivalence of various diseases across 
humans and pigs. Their long life spans make them useful for 
testing of chronic conditions such as cardiovascular disease, 
and they also easily adapt to their environmental conditions 
[117] (cloven-hoof animals also, in general, demonstrate 
higher sensitivity to pulmonary distress than rodent making 
these reactions better reproduced in pigs than other mod-
els). These factors, coupled with their physical similarities to 
humans with regard to physiology, anatomy, epigenetics, and 
immunogenetics, make porcine models ideal for recapitulat-
ing liver-specific diseases ailments such as human hepato-
cellular carcinoma (HCC), and its co-morbidities, including 
cirrhosis and non-alcoholic steatohepatitis (NASH) [116]. 
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 [118]. Edge et al. have used anaesthetised 
pigs to assess the pharmacokinetics and biodistribution of 
novel superparamagnetic iron oxide nanoparticles (SPIONS) 

[119], and the biodistribution of iron oxide nanoparticles 
used for drug delivery and imaging in the liver, among other 
key organs, has also been assessed [120]. The effect on liver 
morphology induced by various forms of zinc oxide nano-
particles has been assessed in weaned piglets (with some 
changes detected) [121], and livers have also been harvested 
from pigs to generate liver slices which were used to study 
AgNPs [122]. There is also much evidence to suggest that 
the pig model is very sensitive to detecting NBM-induced 
complement activation-related pseudo allergy, or CARPA 
[123, 124]. Whilst not wholly relevant to liver toxicity spe-
cifically, some of the most recent and interesting porcine 
studies are seen with regard to the development of vaccines 
for COVID-19. Pig models, along with mice, have been used 
by Kang et al. to study a RBD-mi3 conjugated nanoparticle 
vaccine candidate. Here, vaccination of both animals with 
two doses of adjuvanted RBD-mi3 induced a strong nAb 
response, equivalent in the study to sera from convalescent 
patients, and 5 to 10 times higher than soluble RBD alone 
[125]. Despite pig models being a crucial model for assess-
ing NBMs, they are not without their own intrinsic disad-
vantages. Whilst their size makes them more physiologically 
similar to humans than smaller animal models, researchers 
are limited in the specialist facilities needed, i.e., housing, 
surgery, imaging, and necropsy. There is also greater cost 
implicated with porcine studies, and also more ethical con-
cerns [117].

Zebrafish model

In addition to the two models abovementioned, an emerging 
in vivo model for the pre-clinical assessment of NBMs is 
the zebrafish, a non-mammal model offering new, practical, 
and cost-effective opportunities to bridge the gap between 
in vitro and in vivo studies [126–128]. The recent popular-
ity 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 zebrafish 
model [129]. Zebrafish 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 financial burdens associated with NBM in vivo stud-
ies, this factor is attractive to researchers. Quite possibly the 
most attractive factor associated with zebrafish is in fact that 
they can be used without any ethical approval. In accord-
ance with the European Commission Directive 2010/63/
EU on the protection of animals for scientific purposes, 
early stage zebrafish are not protected due to their inabil-
ity to independently feed [130]. Also, young zebrafish, i.e., 
zebrafish larvae, are optically transparent, enabling high-
resolution imaging of various events in real time [126]. As 
with all in vivo models, the question of conservation of char-
acteristics and biological features must be asked prior to 
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implementation as a suitable model for NBM assessment. 
Zebrafish anatomy and physiology are well described in 
literature [131, 132], with other physiological parameters 
and organs of relevance to biodistribution and toxicity of 
NBMs also extensively studied, including the lymphatic 
system [133], blood components [134], immune [135] and 
vascular systems [136], and the liver [137]. According to 
these studies, zebrafish share many essential physiological 
homologies with humans. Seventy-six percent of human 
genes have orthologues in zebrafish, thus being relatively 
comparable to murine or chicken models, which have 84% 
and 80% respectively [138]. Given the advantages over their 
rodent counterparts, zebrafish 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 zebrafish [126]. Examples of the 
use of the zebrafish model in the pre-clinical assessment of 
NBMs include work by Vibe et al., who assessed the toxic-
ity of thioridazine-encapsulated PLGA particles [139], Peng 
et al., who assessed the release of hydrophobic drugs from 
cyclodextrin- and dextran-based nanocarriers [140], and Yan 
et al., who used zebrafish to study photothermal-controlled 
drug delivery using mesoporous silica nanoparticles [141].

Whilst advantageous due to their aforementioned charac-
teristics, there are still some limitations with this emerging 
technology in NBM research and answering some specific 
research questions with regard to NBMs may be problem-
atic in this model. The most obvious issue with zebrafish is 
the fact that they are not a mammal, making them fall short 
for disease modelling [142]. Zebrafish are poikilothermic 
and their developing embryos lack a placenta, meaning that 
drugs or NBMs may be metabolised in a varied manner or 
at a different rate when compared to mammals. Gender is 
also not genetically determined in zebrafish, unless they are 
altered by hormones [143]. 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 scientific community that the 
animal models briefly described above are good predictors 
of human toxicity, in fact, there is much information which 
exists to the contrary [144–146]. Only 60% of drugs entering 
clinical trials are successful in phase I (safety) trials [147], 
with half of these failures occurring due to unanticipated 
human toxicity, unseen in animal models.

The human relevance of in vivo models

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 [148, 149]. In 2006, a review of 76 different ani-
mal studies found that animal results could be replicated 
in human randomised trials only in 28 cases (37% of the 
studies), whilst animal results were completely contradicted 
in humans for 14 cases (the remaining 34 cases remained 
untested in humans) [150]. A further review of 221 animal 
studies showed that only in 50% of the case results obtained 
from animal experiments agreed 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 [151]. When concerned with the ability 
of animal models to accurately predict hepatotoxicity, the 
issues are similar. A review of 230 animal studies under-
taken in 2000 showed that hepatotoxicity had an extremely 
poor animal-to-human correlation [152]. This review was 
not a unique case, and the poor prediction of human liver 
toxicity by animal models has been reported also by other 
studies [153, 154]. Several possible reasons have been pro-
posed as to why such discrepancies are seen between ani-
mals 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, environmen-
tal factors, susceptibility, and pharmacogenetic factors that 
may make patients more sensitive to adverse reactions than 
their animal experimental counterparts [155]. Notably, the 
poor predictive value of animal models can, and has in the 
past, have catastrophic outcomes for patients, either during 
clinical trials or months later after a drug was released on the 
market. One example is the case of fialuridine (1-(2-deoxy-
2-fluoro-1-d-arabinofuranosyl)-5-iodouracil or FIAU), 
a nucleoside analogue that was developed as a potential 
therapy for viral hepatitis B [156]. Despite not showing any 
hepatotoxic indications during pre-clinical animal studies 
undertaken in several animal species (rat, mouse, dog, and 
cynomolgus monkey) [157], 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. Five 
of these patients died, and two more only survived after 
receiving liver transplants [156, 158]. Over 20 years later, a 
retrospective study by the US National Academy of Sciences 
analysed all pre-clinical toxicity studies of fialuridine and 
confirmed that in all animal studies undertaken there was 
no indication that the drug would cause human liver failure. 
They did however demonstrate that a specific mice model 
with humanised 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 [159]. Other examples include Serazone, a seroto-
nin antagonist and reuptake inhibitor (SARI) drug used to 
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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 hepatotox-
icity, which went unnoticed during the pre-clinical assess-
ment as a results of the lack of predictability of the animal 
models used in the studies [160]. Until recently,  Abraxane®, 
an NBM-formulation of albumin-bound paclitaxel, cur-
rently used in the clinic to treat metastatic breast cancer and 
NSCLC, did not come with any specific 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 metabolised via CYP450 enzymes, specifically 
CYP2C8, a decreased clearance was observed here due to 
the patients’ hepatic dysfunction, yielding severe drug toxic-
ity [161, 162]. 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 is not observed in humans [146]. If 
false positives cannot be identified early on, they can cause 
huge loss of both time and money, and overall yield a nega-
tive impact on patients’ prognosis and quality of life.

To summarise, it is fair to say that animals do not accu-
rately predict human liver metabolism [148, 154], and 
although liver toxicity screening in animals is necessary 
to meet specific regulatory requirements [163], it is now 
evident that ADME studies on NBMs are in need for com-
plementary experiments using more human-relevant models 
[164, 165].

Advanced 3D cell culture models vs 
conventional pre‑clinical methods: 
advantages and disadvantages

In recent years, the scientific conversation has switched 
towards the concept of adopting more human-relevant pre-
clinical research by focusing on reliability, accuracy, and rel-
evance 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 refining the use of animals in scien-
tific research) with other more reliable methodologies. Such 
methodologies, generally referred to as new approach meth-
odologies (NAMs), may act as huge time- and cost-saving 
technologies in the NBM development pipeline, provided 
they are validated and their efficacy in pre-clinical testing is 
proven. For NBMs, as previously reported by some of the 
authors [166–172], 3D in vitro cell-based methodologies are 
now seen as a vitally important emerging technology in the 

NBM pre-clinical assessment cascade [11]. In recent years, 
sophisticated, physiologically relevant 3D liver models have 
been developed to predict more accurately the hepatotoxic-
ity of NBMs [173]. These include models formed not only 
from immortalised cell types (i.e., spheroids, organoids and 
liver-on-chip), but also whole organ (i.e., scaffold cultures, 
precision-cut tissue slices, and explants) and tumour tissue 
sources (i.e., tumouroids, multicellular tumour spheroids, 
and tumour tissue explants), as illustrated in Fig. 3, which 
also compares both models with respect to cell/tissue source, 
readouts, and endpoints. These models not only recapitulate 
whole organ physiology compared to 2D models, but they 
are also suitable for repeated exposures and chronic drug 
testing, an important consideration for NBM pre-clinical 
assessment [19]. 3D hepatic models have been shown to 
exhibit similar patterns of NBM transport, adsorption, and 
distribution that are observed in the human liver [174, 175], 
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 [176–178]. Outside of their uses in toxicity screen-
ing 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 NMB testing from hepatotoxicity testing to simulta-
neous toxicity and efficacy screening [179]. Key differences 
between 2 and 3D models, with respect to morphology, 
in vivo-likeness, and response to materials, among other 
parameters are described in Table 2. Table 3 details associ-
ated advantages and disadvantages of the various hepatic 
models. In the following sections, some of the most com-
mon 3D in vitro models for hepatotoxicity screening are 
described in detail.

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 [180–182]. 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™ [183, 184]. Whilst still reduction-
ist 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 metabo-
lism, formation of gap junctions, and normal levels of key 
liver-specific proteins and substances (e.g., albumin, urea, 
bile acids) observed [95]. In a SCH, formation of intact 
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and functional canalicular networks also occurs and can be 
maintained over several days in culture [48, 185]. All of 
these characteristics make SCH models relatively good in 
predicting human hepatotoxicity, making them useful tools 
for determining transport, interactions, and hepatotoxicity 
of NBMs [48].

Scaffold‑based cultures

A popular method employed for 3D culture of hepatocytes 
is the use of culture matrices as scaffolds for cell growth 
[23]. Matrigel™ has proven to be very useful in the culture 
of hepatocyte cell lines for modelling the in vivo liver envi-
ronment, 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 trans-
porters [183]. Matrigel™ has also been used to culture pri-
mary human hepatocytes (PHH) in 3D environments, with 
Bell et al. [186] proving 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 [187]. In recent years, advancements in material 
chemistry and material fabrication have led to the design of 
3D culture materials that accurately represent the chemistry, 

Fig. 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 which can be formed from both sources, 
the readouts that can be potentially measured, and their associated 

experimental endpoints. Figure adapted from Hepatocellular carci-
noma, Chapter 3: In vitro models of the liver: disease modelling, drug 
discovery and clinical applications [14]
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geometry, and signalling found in the liver ECM. These syn-
thetic substrates have been used for studying 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 significantly reduced in 
3D culture when compared to 2D, with phenotypic changes 
and the tissue-like morphology identified as the major fac-
tors implicated in these differences [188].

Table 2  Key differences between 2D and 3D culture, regarding morphology, response to materials, in vivo likeness, and other key parameters

Property 2D liver cell model 3D liver cell model

Morphology and architecture Sheet-like, flat, 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 signalling  
molecules

Unlimited access Access is defined 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 flat 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 the 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 optimised

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

Advantages Disadvantages

Spheroids/multicellular  
tumour spheroids 
(MCTS)

Easy to culture
Mimic in vivo-like cell–cell and cell-ECM interactions
Scalable and high-throughput (HTP) compliant
Easily extracted for further experimentation

Size variability
Limited diffusion if large
Necrotic core formation
Agglomeration
Take time to form and show 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
Difficult cell extraction
Scaffolds: cells can flatten/adhere to scaffold
Difficult materials can affect growth

Organoid/Tumouroid In vivo-like architecture
In vivo-like complexity
Patient specific
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-chip/ 
microphysiological  
systems (MPS)

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

Flow of medium may disrupt cells
Difficult to adapt to HTS
Lack vasculature

Explants/tumour explants In vivo-like architecture
In vivo-like complexity
Useful in modelling disease

Variation between donors
Difficult to obtain
Complex to culture/expensive to maintain
Lack long-term viability
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A further scaffold-based culture technique worth mention-
ing 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 func-
tional tissues and organs [189]. The primary advantage of 
bioprinting is controlled cell distribution, something which 
can be an issue when seeding cells onto larger scaffolds. In 
2010, the first reported bioprinted liver was formed from 
HepG2 cells encapsulated in alginate hydrogel and was used 
for drug metabolism studies [190]. 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 organisation, liver-specific gene expres-
sion, increased albumin and urea production, and enhanced 
CYP450 induction [191]. More recently, Nguyen et al. estab-
lished a novel bioprinted human-derived mini-liver formed 
from HUVECs, hepatic stellate cells (HSCs), and human pri-
mary hepatocytes for the in vitro assessment of liver toxicity 
induced by clinical drugs [192, 193]. This unique tri-culture 
3D model not only allowed for a more relevant assessment of 
cytotoxicity, but also enabled the measurements of responses 
specific to each of the cell types.

Cell spheroids and multicellular tumour spheroids 
(MCTS)

One of the most popular and widely used 3D methodologies 
for culturing hepatocytes to date is the formation of cellular 
3D spheroids [194]. 3D spheroids are small, round clusters 
of cells which can self-assemble naturally in non-adherent 
environments, closely mimicking cell–cell interactions, as 
well as biological processes occurring in an in vivo sce-
nario [195]. 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 the 
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 Fig. 4), each varying in complex-
ity and ease of use.

Common techniques include ultra-low attachment (ULA) 
surfaces and plates [196], hanging drop techniques [197], the 
use of rotary/spinner or rocked culture vessels [198], and 
the use of micro-patterned culturing surfaces [199]. Each of 
these methods is advantageous for producing hepatic sphe-
roids as they allow hepatic cells to self-aggregate and form 
microtissues as they would in an in vivo situation, with-
out the need to incorporate into scaffolds. Cells form direct 

cell–cell contacts, produce their own ECM, and maintain 
viability longer, overcoming some of the most commonly 
seen negative effects of conventional 2D and scaffold-based 
3D models [200]. For example, HepG2 spheroids have been 
shown to exhibit a strong in vivo-like cellular organisation, 
enhanced production of albumin and urea, and an upreg-
ulation of many genes which play essential roles in lipid 
metabolism and xenobiotics [201]. Spheroids formed from 
C3A cells show increased liver-like functionality and are 
more sensitive to hepatotoxins when compared to C3A 2D 
cultures [202]. PHH can also be maintained long term in 
3D spheroids, with these spheroids remaining viable and 
functional for over five weeks [203]. 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-
specific markers [204, 205]. Formation of bile canalicular-
like networks is also observed, demonstrating hepatocyte 
polarisation [204, 205]. 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, 

Fig. 4  The most common methods for spheroid formation, cultiva-
tion, and growth. A variety of different techniques for 3D spheroid 
production exist, each varying in complexity and ease of use. Com-
mon techniques include (A) static suspensions, or the liquid overlay 
technique, with spheroids formed from interruption of cell adhesion 
on non-adherent surfaces, (B) hanging drops, undertaken using com-
mercial 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 specifically designed to prevent cell adhe-
sion, (D) magnet-assisted cultures or magnetic levitation, where cells 
are magnetised in culture, often by using nanoparticles, and pulled 
towards a magnet on top of the 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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i.e., multicellular liver spheroids. Multicellular spheroids, 
formed from immortalised 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 struc-
ture and function which closely mimics the human liver 
[206]. For example, hepatocyte-HSC co-culture spheroids 
exhibit the same liver-specific 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 [195, 207]. Co-culture models of 
KCs and LSECs remain viable for up to 35 days and exhibit 
enhanced expression of transporters and sensitivity to hepa-
totoxins [204], 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 absorp-
tion and penetration within the liver tissue. Also, hepatic 
spheroids have a longer life span, rendering them useful for 
repeated dose or chronic toxicity testing, a major advantage 
over traditional in vivo studies [196, 208]. Hepatic spheroids 
have proved useful in the pre-clinical assessment of many 
NBMs [188, 209, 210], and are often used to study condi-
tions such as drug-induced liver injury (DILI) [203], which 
cannot be accurately predicted using animal models. Hepatic 
multicellular tumour spheroids (MCTS), i.e., 3D spheroids 
formed from hepatocarcinoma cell lines, have successfully 
been used for assessing NBM cytotoxicity and for predict-
ing 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 significantly more resistant to treatment in compari-
son 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 [211].

Liver organoids

In recent years, liver organoids have emerged as a highly 
relevant and useful alternative in vitro model with excel-
lent potential for disease modelling and drug and NBM 
screening. These models are advantageous over conven-
tional in vitro models due to their long-term genetic stabil-
ity, in vivo like organisation, and their ability to maintain 
the cellular crosstalk and behaviour of their primary cell 
counterparts [212, 213]. Formed from induced pluripotent 
stem cells (iPSCs), embryonic stems cells, hepatoblasts, 
or organ-specific 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 ques-
tions, ranging from hepatic development and regeneration, to 
metabolism and detoxification, and are also extremely rep-
resentative model diseases of the liver including NASH and 
NAFLD [213], acting as an excellent resource for studying 
the human liver in ways that were previously very difficult. 
Up until recently, 2D hepatocyte cultures were the first in 
line with regard to drug and NBM metabolism and toxic-
ity screening. However, due to impaired CYP450 activity, 
they are unstable and lack 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 detoxification enzymes. In this study, following 
treatment with omeprazole, CYP1A2 and CYP3A4 induc-
tion 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 
[214]. These organoids have been extensively investigated 
as most recently reported in the comprehensive reviews pub-
lished by Prior and co-workers [213, 214].

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, follow-
ing organoid characterisation, various parameters, including 
cytotoxicity and genotoxicity, were assessed following NBM 
treatment [53]. 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. Here, doxorubicin was loaded inside the 
LSTDO, and the system was tested in both murine hepatic 
organoids and in vivo xenograft mice to determine if such 
a system would be clinically relevant and to determine if 
it improves on the current cancer treatment. Before begin-
ning the in vivo mouse study, 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 [215].

To the best of our knowledge, the wider use of human-
derived liver organoids in the pre-clinical assessment of 
NBMs is still in its infancy, and little information is cur-
rently available on their wider applications for screen-
ing next-generation NBMs such as liposomes or SPIONs. 
Despite the huge interest in liver organoids, they are not 
exempted from shortfall and limitations, such as the accurate 
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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 neces-
sary 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 microfluid-
ics to these models, as we are discussing in the following 
sections.

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 defined thickness from viable 
liver tissue, often from rodent tissues but in more recent years 
also from humans [216], with human tissues for PCTS nor-
mally obtained from either explanted tissue, partial hepa-
tectomies, tissue unsuitable for transplant, or offcuts from 
surgery (i.e., diseased liver obtained from cirrhotic or fibrotic 
patients) [217]. PCTS allow retaining tissue structure, mor-
phology, and intracellular polarization for up to five days 
in culture (15 with optimal culture conditions) [218]. This 
offers a model characterised by strong in vivo relevance and 
with great relevance for hepatotoxicity screening. In PCTS, 
the multicellular histoarchitecture of the liver environment is 
maintained, including liver-infiltrating immune cells [219]. 
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 [217]. 
A number of studies have demonstrated that interactions 
between specific liver cell subtypes are conserved in PCTS, 
with Olinga et al. illustrating the interactions between Kupffer 
cells and hepatocytes [220]. Moreover, the ECM, which is 
notably absent in hepatocyte 2D cultures and 3D spheroids, 
is also conserved, ensuring the regulation of important cellu-
lar functions by associated hormones, cytokines, and growth 
factors [221, 222].

To date, a number of studies have used PCTS for NBM 
assessment, as PCTS make it possible to test NBM in a mul-
ticellular context in a single in vitro model, 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 cells, 
and endothelial cells in the liver slices. A more recent pub-
lication from Bartucci et al. used, for the first time, human 
liver slices to investigate ex vivo the NBM behaviour in the 
liver and to investigate the basic mechanisms of NBM inter-
actions in real time. The findings determined that, as per 
in vivo conditions, Kupffer cells accumulated large amounts 
of NBMs, which interestingly move within the tissue slices 
to the borders [223]. However, despite the usefulness of 
PCTS in 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 some-
what limits their usefulness and application [224].

A further advanced ex vivo model, whole organ explants, 
which can either be suspended in culture medium or embed-
ded in ECM substrates, offers in vivo-like 3D architecture 
and gene expression which can be maintained up to five days 
in culture [225]. Whilst conventional studies of the mecha-
nisms 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 [226]. In a similar manner, tumour 
liver explants can also be used as 3D ex vivo models of HCC 
for drug efficacy screening [227, 228]. A further study by 
Piera et al. used liver explants from mice inoculated with a 
HCC cell line, Hepa1/A1, to study the antineoplastic poten-
tial of a well-known antioxidant, Citozym [229]. Despite 
their many uses and in vivo relevance, whole organ and 
tumour liver explants do have many limitations associated 
with them. These include 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 [230]. 
Whilst they are becoming more widely used for model-
ling disease and for assessing material toxicity, information 
regarding their applicability to NBM pre-clinical assessment 
is still scarce.

Liver‑on‑chip and microphysiological systems (MPS)

Liver-on-chip 3D can be described as an in vitro hepatic 
microphysiological system which aims to recreate the physi-
ological conditions of liver tissue on a microscopic scale 
[231]. Liver-on-chip models are ideal as higher-throughput 
systems that are capable of mimicking conditions of hepat-
ocytes and the dynamic physicochemical hepatic environ-
ment. One example of liver-on-chip for in vitro screening of 
hepatotoxins is the 3D HepaTox Chip, designed by Toh et al. 
in 2009 [232]. It is considered as one of the first demonstra-
tions of a microfluidic system that could accurately predict 
hepatotoxicity, with data obtained using this model strongly 
correlating to in vivo data [232]. Here, hepatocytes main-
tained a comparable, if not higher, concentration of phase 
I and II metabolic functions when compared to monocul-
tures. After 24 h in culture, basal CYP1A1 and CYP1A2 
levels were approx. threefold higher in the HepaTox Chip 
than in multi-well plates [232]. Other research undertaken 
using C3A cells and HepaTox Chip showed that multiple 
liver-specific functions including albumin synthesis, glu-
coneogenesis, and ureagenesis were at almost comparable 
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levels to those of primary hepatocytes [233]. 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 [179]. Liver-on-chip systems bear a 
close resemblance to the liver sinusoid, with endothelium 
separating hepatocytes and a constant flow of nutrients, 
metabolites, and oxygen through the microfluidic channel. 
Microfluidic liver-on-chip models can overcome the issue of 
a lack of flow seen with static cultures, allowing for a con-
tinuous perfusion of culture medium, nutrients, and/or test 
compounds to the cell monolayer or cell spheroids, gener-
ally improving not only viability and life span of the cells in 
question, but also their metabolic performance [234, 235].

Other more sophisticated systems also exist, including 
hollow-fibre bioreactors. Here, cells are seeded on complex 
scaffolds with a consistent flow 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 [236]. Over the years, sev-
eral microfluidic systems have been developed, with many 
of them now commercially available through companies 
like Mimetas, TissUse, and Emulate, among others, there-
fore facilitating their use as emerging hepatic technologies. 
These novel microfluidic hepatic models have also acted as 
a new platform for testing NBMs [90, 237, 238]. As NBMs 
exhibit differential behaviour depending on whether they are 
under static or flow conditions, the development of dynamic 
microfluidic systems is vitally important for accurate deter-
mination of NBM toxicity [239]. A primary disadvantage 
of conventional in vitro models is the issue of providing a 
constant flow of culture medium/nutrients to the cells, and 
the artificial way medium is renewed sequentially, to either 
keep cells alive and healthy, or to introduce NBMs for tox-
icity 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 [240]. Notable exam-
ples of this include a study from Li et al., who developed a 
3D microfluidic hepatocyte chip for assessing the hepatotox-
icity of superparamagnetic iron oxide nanoparticles (SPI-
ONs). Here, primary rat hepatocytes were used to fabricate 
a three-layer chip which tested SPIONs in short- and long-
term culture [241]. A further study from Liu et al. incorpo-
rated electrospun fibres in a PDMS microfluidic chip and 
used this device to culture primary hepatocytes for assess-
ing AgNP hepatotoxicity. Here, hepatocyte behaviour was 
studied, and it was determined that by using this platform 
under optimised flow conditions, specific hepatocyte func-
tions including polarity and biliary excretion were restored 

and maintained for up to 15 days. Hepatocytes under a 10 
μL/min flow rate also produced sensitive and consistent tox-
icity responses to AgNP, demonstrating the applicability of 
this model for the in vitro toxicity screening of NBMs [242].

It is also possible for liver-on-chip models to be incor-
porated into a microphysiological system (MPS), where 
several organs-on-chips are interconnected [243]. Initially, 
MPS have been developed as a mean for increasing effi-
ciency, speed, and safety in the pre-clinical development 
and assessment of pharmaceuticals. This was born from 
the inability of 2D monocultures of immortalised cell lines 
or in vivo animal studies to sufficiently recapitulate the 
dynamic of drug-drug, drug-organ and drug-organ-organ 
interaction in humans. More recently, MPS have been uti-
lised to assess efficacy and safety of NBMs in one single, 
compact in vitro platform, ultimately advancing the trans-
lation of these materials [244]. 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 success-
fully applied for investigating first pass metabolism of high 
doses of polystyrene nanoparticles intended for daily human 
consumption [90]. 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 [245].

Despite the wide array of benefits associated with micro-
fluidic 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 confluence. Additionally, the 
effect that sheer stress has on the cultured cells is not fully 
understood yet [246]. Finally, the large set-up and mainte-
nance costs associated with these 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 plat-
form technologies.

Advanced 3D cell culture models 
in pre‑clinical testing: translational 
approaches

This review thus far has presented the many challenges asso-
ciated with the screening of NBM-induced hepatotoxicity, in 
depth, ranging from the advantages and disadvantages asso-
ciated with conventional in vitro and in vivo models, to the 
new, emerging 3D technologies in this field. The latter offer 
many exciting opportunities for evaluating the accumulation 
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and hepatotoxicity of NMBs in a human-relevant manner. 
Not only do they have the potential to closely mimic the 
specific phenotype and organotypic function of the human 
liver tissue, but also allow a more sensitive and physiologi-
cally relevant assessment of the fate and toxicity of NBMs 
[188]. They also yield more cost- and time-effective NBM 
studies and have greatly benefited the wider scientific com-
munity since their conceptualisation and development. The 
effects triggered by NBMs in 3D models differ 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 assess-
ing the genotoxic and cytotoxic potential of three nanoparti-
cles, namely silver, zinc oxide, and titanium oxide [209]. 3D 
cultures are indeed a much more faithful representation of 
the in vivo hepatic environment when compared to conven-
tional 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 [130], 
legislation on the protection of animals used for scientific 
purpose, as well as the 3Rs principle of replacement, reduc-
tion, and refinement, which they have supported from as 
early as 1986 (Directive 86/609/EEC) [247], when the first 
legislation for the protection of animals used in scientific 
research was implemented. Since then, the EMA has not 
only promoted the ethical use of animals in pre-clinical test-
ing, but now also encourages non-animal alternatives and 
strives to improve the welfare of animals when their use 
can’t be avoided. Directive 2010/63/EU aims to harmonise 
all animal research legislation through all EU member states, 
ensuring that high standards of both scientific research and 
animal welfare are met. In the EU to date, animals can only 
be used in research where convincing justification has been 
put forward, whereby the research benefits outweigh an ani-
mal suffering, and when the specific 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 uti-
lised in many areas, and in many parts of the world. Some 
specific examples of these are detailed below.

Complex liver models in the USA

Organovo, a San Diego–based company, has developed a 
bioprinting process whereby liver cells are extracted from 
donor organs and turned into printable bio-ink [193, 248] to 
build up small sections of liver tissue. Today, this technol-
ogy 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) deficiency 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, and in recent years we have wit-
nessed superior manufacturing and machine development, 
improved bio-inks, and a huge influx of published litera-
ture which leverages 3D bioprinting as one of the primary 
tools which will revolutionise and strengthen regenerative 
medicine in the coming years. In the USA and founded in 
2009, the Wyss Institute for Biologically Inspired Engineer-
ing 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” [249], 
the Wyss Institute is a cross-disciplinary biomedical engi-
neering research institute focusing on the development of 
bioprinted material and devices which can be utilised for 
applications in manufacturing, energy, robotics, architecture, 
and the healthcare sector. The Wyss Institute is also at the 
forefront of organ-on-chip technology. In the last decade, 
the Wyss Institute has developed and validated more than 
ten different organ-on-chip models, including the liver, and 
has also engineered a device which automates chip processes 
and can link the different organ-on-chip models fluidically 
to form “body-on-chip” models which recapitulate whole 
body physiology whilst allowing high-resolution analysis 
and imaging. The Wyss Institute has successfully translated 
these innovations into commercial technologies, and has lev-
eraged financial support from the FDA, National Institutes 
of Health (NIH), and the Defense Advanced Research Pro-
jects Agency (DARPA). These technologies have also been 
refined and validated for the clinical and market need, and 
are now used for testing existing medicines and modelling 
various diseases, in partnership/conjunction with various 
major pharmaceutical companies [249].

Liver models from a European perspective

The move towards more complex liver models has also 
been reflected in Europe, in one of the latest EU Horizon 
2020–funded projects, ORGANTRANS (controlled ORGA-
Noids transplantation as enabler for regenerative medicine 
TRANSlation). This project aims to develop a 3D printed 
liver tissue platform to potentially replace liver transplan-
tation 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, 
generates novel techniques which can not only be applied 
to hepatic systems but also other organ systems in regenera-
tive medicine and will cover the complete cycle of develop-
ment from cell sourcing and tissue bioengineering to clini-
cal trials. Another Horizon 2020–funded project, PATROLS 
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(Physiologically Anchored Tools for Realistic nanomaterial 
hazard aSsessment), also aims to develop more physiologi-
cally relevant in vitro 3D GIT, lung, and liver models which 
may be incorporated into the pre-clinical testing of nanoma-
terials. This project was launched in January 2018 and will 
run for 3.5 years and involve 24 partners across not only the 
EU, but also the USA and Asia. To date, the PATROLS pro-
ject has delivered outcomes which include the application of 
3D HepG2 spheroids to the genotoxicity screening of NBMs 
[250, 251], the development of complex co-culture hepatic 
3D models for NP toxicity screening [252], various in vitro 
lung systems for assessing nanomaterial-induced lung toxic-
ity and inflammation [253–255], and a GIT model [256]. 
Complex liver technologies, including functional, geometric 
liver models, have also been utilised in Europe by the Max 
Planck Institute for studying the varying stages of liver dis-
ease [257].

Outside the USA and EU: South America, China, 
and Japan

With regard to outside the EU and the USA, in the last 
year, scientists at the Human Genome and Stem Cell Cen-
tre (HUG-CELL) at the University of Sao Paulo (USP), 
funded by the Sao Paulo Research Foundation, have suc-
ceeded in forming hepatic organoids from induced pluri-
potent stem cell (iPSC) bio-ink, which are not only capable 
of performing liver-specific functions such as bile secretion 
and storage of vitamins and proteins, but also have pro-
longed 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 [258]. In China, a collaboration between 
the Department of Liver Surgery at Peking Union Medical 
College (PUMC) Hospital, the Chinese Academy of Medi-
cal Sciences, Beijing, and the Department of Mechanical 
Engineering, Beijing, has led to the development of 3D 
bioprinted hepato-organoids (3DP-HOs), constructed from 
HepaRG cells and bio-ink, using 3D printing procedures 
in order to overcome the shortage of organ donors, a criti-
cal issue for patients with end-stage organ failure. Fol-
lowing implantation into mice models of liver injury, the 
hepato-organoids in this study matured to display increased 
synthesis of liver-specific 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 finding was 
the fact that 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 field, with this technology allowing the 
implantation of artificial organs into the human body, ones 

that demonstrate normal physiological function in vivo, 
and ones which may offer novel solutions to treat disease 
[259]. 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 uses an 80-µM printer nozzle, which allows the 
printing of cells up to five times the number of normal 
cells, with cells remaining viable for up to four months. 
Cell damage rates are also extremely low, with approxi-
mately 90% of cells surviving the printing process [260].

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 secretion of bile. Using 
the Regenova technology (not to be confused with Chi-
nese Regenovo) designed by Cyfuse, a Japanese biomedi-
cal 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 scaf-
folds. By removing the scaffolds, cell functionality could be 
extended as cells were not dependant on any outside sup-
port from a scaffold. The liver structures formed using this 
method exhibited self-organisation, ECM production, and a 
wide array of other metabolic functions that could be main-
tained over long periods. They anticipate that this unique 
liver model may become widely used in drug discovery 
studies, and may assist with the identification of new drug 
targets, safety studies, and pharmacokinetics [261].

Advanced 3D cell culture models: a regulatory 
perspective

With these promising advances observed worldwide, regu-
lators are moving into the 3D space in order to accelerate 
drug discovery. In the USA, the NIH has 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, 
acknowledges 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 unsuc-
cessful, and therefore has launched a 3D tissue bioprinting 
program, combining living cells and scaffolds to test materi-
als in platforms that closely mimic human tissues and organs 
in order to better predict human responses to potential thera-
pies [262]. NCATS has also developed “on-chip” technol-
ogy with their Tissue Chip for Drug Screening initiative 
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[263]. It can be noted however that despite the work done in 
NCATS and other institutions, many challenges still remain 
to successfully construct various 3D bioprinting generated 
functional organs and actually apply them to pre-clinical 
assessment and regenerative medicine. This is particularly 
true with regard to obtaining FDA approval, and despite hav-
ing moderate success with producing candidates for rare dis-
eases that have been picked up by pharma and which have 
reached clinical trials, the only FDA approval it has achieved 
was in 2015 when it showed that the drug lymphangioleio-
myomatosis (LAM), previously used to prevent organ rejec-
tion, could be used to treat a rare lung disease. Dr Chris 
Austin, a neurologist at the NIH and director of NCATS, 
acknowledges that many roadblocks exist to drug develop-
ment, 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 com-
panies as in vitro alternatives to conventional animal tests, 
and that the pharma industry is “conservative” and slow to 
embrace new technologies [264]. A key issue can also be 
seen in the failure of the FDA to lay out specific pathways 
for accepting these new technologies in lieu of animal exper-
imentation [265]. 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) deficiency [264]. 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 techni-
cal and scientific perspective regarding these advanced tech-
nologies, many regulatory hurdles surrounding them exist. 
One such hurdle is the classification 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 regula-
tion, is it a medical device? These are questions that regula-
tors 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 
the USA 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 [266]. A study at 
Bournemouth University and funded by the EC published in 
April 2020 has assisted these issues and provides legal guid-
ance on the regulatory and intellectual property issues sur-
rounding 3D bioprinting technology, and it is acknowledged 
today that if EU regulatory classifies bioprinted products as 
medical devices, some degree of clarity will exist legally as 

guidelines for medical devices have been in place for dec-
ades. In the USA, the FDA has issued guidelines on 3D bio-
printed medical devices themselves, but not on the specifics 
of their printing. These guidelines are also not legally bind-
ing, meaning ambiguity still exists. These is no doubt that 
the era of 3D bioprinting will significantly advance modern 
medicine and the lives of countless patients; however, for 
this to happen, policymakers and regulators must ensure that 
the correct guidelines and regulations are in place. However, 
optimisation must be undertaken before they can be imple-
mented 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 pre-clinical screening of NBM liver toxicity at 
the regulatory level. Hence, the need for alternative models 
which can be successfully integrated into the NBM screen-
ing pipeline is still unmet.

Conclusions

In conclusion, the vast array of applications for NBMs have 
made them extremely beneficial in many fields, 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 meth-
odologies for testing NBM toxicity, in particular hepato-
toxicity. Whilst conventional 2D in vitro monoculture liver 
models formed from immortalised 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-specific function, among other key 
failings. In vitro models also fall short in predicting toxic-
ity due to issues such as non-organ-specific 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 hepato-
cyte polarity. Whilst some of these issues may be overcome 
by using PHH, supply of these cells is limited; inter-donor 
variation and difficulties in maintaining a stable phenotype 
due to the 2D culture environment could be other limiting 
factors [74–78]. A further way to overcome key hurdles seen 
with conventional liver cultures, the culture of multiple liver 
cell types in co-culture models, does allow some advantages 
over monocultures; however, there are limitations on how 
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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 meth-
ods are animal models, used to provide a basic overview of 
the fate of NBMs in organs, and to provide information on 
dosing and potential toxicities. In vivo animal models for  
the screening of NBMs are most often undertaken in por-
cine or rodent models [96], in accordance with the Euro-
pean 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 intrin-
sic limitations, and whilst rodent models incur low costs, 
are 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 [110–112, 267]. 
Whilst porcine models are useful in the pre-clinical assess-
ment of NBMs due to the presence of human-specific cell 
types which cannot be found in rodents [116], 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 ani-
mal 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 accu-
rate at predicting human response as we may have previously 
assumed [148, 149], particularly regarding hepatotoxicity 
[152–154]. 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 impor-
tant emerging technologies in the NBM pre-clinical assess-
ment cascade [11], and in recent years, sophisticated, 
physiologically relevant 3D liver models that can more 
accurately predict the hepatotoxicity of NBMs have been 
developed [173]. These models not only recapitulate whole 
organ physiology, but are also fit for repeated exposures 
and chronic drug testing, an important consideration with 
regard to NBM pre-clinical assessment [19]. 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 appropri-
ate validation is undertaken and their efficacy in pre-clinical 
testing is proven.

From the work undertaken at the Max Planck Institute 
[257], to Organovo’s bioprinting [132, 190], advanced liver 

models are set to revolutionise drug and NBM safety screen-
ing, with funding agencies and regulators now paying close 
attention to the potential of these advanced technologies, 
something which is reflected in the multiple large-scale 
Horizon 2020–funded EU projects that have had many 
successful outcomes to date with regard to advanced liver 
models for NBM toxicity screening [250–256]. In the USA, 
the Wyss Institute is at the forefront of material and device 
bioprinting with their SWIFT technology, which is antici-
pated to be a silver bullet for resolving organ shortages 
worldwide [268]. Utilising “organ-on-chip” technology, 
the Wyss Institute has also successfully reproduced many 
complex organ-level responses in no less than ten different  
organ-on-chip models [269], and has also developed a 
device to link them, in a “body-on-chip” model [270]. Many  
of its innovations have also been commercially translated, 
with financial support obtained from many different govern-
ment agencies, and it also works in partnership with vari-
ous major pharmaceutical companies [249]. Further afield, 
countries like Brazil, Japan, and China have also made great 
progress with the development of advanced hepatic models 
and 3D bioprinting technology [258–261]. The scientific 
culture within the biomedical field has certainly shifted in 
recent years, and animal experimentation and 2D in vitro 
pre-clinical assessment are 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 beneficial than conventional pre-clinical 
assessment methods in NBM 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 whilst over-
coming the interspecies difference characteristics 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 in 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 pre-clinical assessment, it may be 
many years until researchers, stakeholders, funding agencies, 
and governments fully accept this change and make criti-
cal moves towards implementing these new methodologies. 
Thus, future efforts in the biomedical scientific community 
should aim at validating existing advanced methodologies 
and obtaining regulatory approval (e.g., OECD certification, 
EMA/FDA acceptance), an official recognition of the predic-
tive value of an advanced 3D methodology, a factor that will 
allow their widespread implementation across academia as 
well as industry.
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