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A B S T R A C T   

To reduce, replace, and refine in vivo testing, there is increasing emphasis on the development of more physi
ologically relevant in vitro test systems to improve the reliability of non-animal-based methods for hazard 
assessment. When developing new approach methodologies, it is important to standardize the protocols and 
demonstrate the methods can be reproduced by multiple laboratories. The aim of this study was to assess the 
transferability and reproducibility of two advanced in vitro liver models, the Primary Human multicellular 
microtissue liver model (PHH) and the 3D HepG2 Spheroid Model, for nanomaterial (NM) and chemical hazard 
assessment purposes. The PHH model inter-laboratory trial showed strong consistency across the testing sites. All 
laboratories evaluated cytokine release and cytotoxicity following exposure to titanium dioxide (TiO2) and zinc 
oxide (ZnO) nanoparticles. No significant difference was observed in cytotoxicity or IL-8 release for the test 
materials. The data were reproducible with all three laboratories with control readouts within a similar range. 
The PHH model ZnO induced the greatest cytotoxicity response at 50.0 μg/mL and a dose-dependent increase in 
IL-8 release. For the 3D HepG2 spheroid model, all test sites were able to construct the model and demonstrated 
good concordance in IL-8 cytokine release and genotoxicity data. This trial demonstrates the successful transfer 
of new approach methodologies across multiple laboratories, with good reproducibility for several hazard 
endpoints.   

1. Introduction 

Over 50 years ago, the pursuit to perform more humane animal 
research began with the evolution of the 3Rs principles to Replace, 
Reduce and Refine animal testing (The 3Rs | NC3Rs, n.d). These prin
ciples have been adopted into national and international legislation and 
continue to drive the advancement of in vitro based alternatives for 
pharmaceutical, chemical and engineered nanomaterial (NM) hazard 

assessment today. The successful implementation of in vitro test systems 
into regulatory risk assessment requires reliable prediction of toxico
logical outcomes associated with human exposure to exogenous sub
stances. Liver models are designed to support in vitro hepatotoxicity 
screening, as the liver is the organ often affected by adverse drug re
actions, with liver injury being the principal reason for drug with
drawals (18–30%) from the market (Onakpoya et al., 2016; Siramshetty 
et al., 2016). There has been significant development in improved in 
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vitro liver culture systems, spanning 3D spheroids, microtissues and 
organ-on-a-chip models (Lauschke et al., 2019; Lauschke et al., 2016; 
van Grunsven, 2017). These advanced liver culture systems more closely 
emulate human physiology, through the inclusion of multiple cell types, 
and provision of 3D structures, fluid-flow, and relevant oxygen con
centrations, coupled to more human relevant exposure regimes (Lle
wellyn et al., 2021a). 

The liver is responsible for an array of functions, including main
taining metabolic homeostasis, synthesising and storing important bio
logical molecules, hormone regulation and the detoxification of 
endogenous and exogenous substances (Trefts et al., 2017). Not only is 
the liver the major target organ for drug metabolism, but it is also the 
main site for secondary NM deposition following translocation from the 
site of primary exposure (e.g. following inhalation, ingestion, injection 
or dermal penetration) (Kermanizadeh et al., 2015). Whilst the field has 
made great strides in understanding nanosafety over the last 10-years, 
there have been a number of nano-specific limitations, from NM char
acterisation and dosimetry considerations, through to in vitro model 
design and assay interference (Llewellyn et al., 2021a; Hirsch and 
Schildknecht, 2019; Bohmer et al., 2018; Hirsch et al., 2011). To over
come some of these issues, there has been a focus on the development of 
physiologically relevant advanced 3D in vitro liver models that demon
strate liver-like functionality, metabolic activity, and support nanosafety 
assessment (Llewellyn et al., 2020; Conway et al., 2020). Two such 
advanced liver model systems utilised in this study, have been shown to 
accurately detect chemicals (e.g. diclofenac, aflatoxin B1, benzo[a]pyr
ene (B[a]P)) known to elicit a toxic response, as well as support NM 
hazard assessment (Llewellyn et al., n.d.; Kermanizadeh et al., 2019a; 
Kermanizadeh et al., 2012). 

The primary multi-cellular liver model is the most representative in 
vitro model for the human liver and has been deemed the ‘gold standard’ 
for in vitro drug metabolism and toxicology. This commercially avail
able, scaffold-free, 3D hepatic microtissue (3D InSight™ multi-donor 
human liver microtissue, InSphero) composed of primary human he
patocytes, human liver-derived Kupffer cells, and sinusoidal endothelial 
cells has been shown to identify hepatoxic effects associated with zinc 
oxide (ZnO), titanium dioxide (TiO2) and cerium dioxide (CeO2) NMs 
during a two week, sub-lethal (0.62 μg/mL – 10.0 μg/mL) repeated 
exposure regime (Kermanizadeh et al., 2019a). Post exposure, the PHH 
microtissues were also shown to recover and emulate aspects of liver 
regeneration similar to that found in vivo. These microtissues, however, 
can be limited by inter-individual donor variability and the lack of 
actively proliferating cells required to support genotoxicity testing 
endpoints required for regulatory approvals, including the In Vitro 
Micronucleus Assay (OECD Test Guideline 487) (Conway et al., 2020; 
Sison-Young et al., 2017). An easily accessible, relatively cost-effective 
alternative to the PHH models, is the well characterised cell line-based 
3D HepG2 spheroid model, which due to its proliferative nature can 
support genotoxicity testing for both chemicals and NMs (Conway et al., 
2020). Llewellyn et al., established that the HepG2 model could support 
extended culture periods (up to 14 days) and found that the NM asso
ciated toxicological response differed in relation to the exposure dura
tion selected (Llewellyn et al., n.d.). In addition, an NM genotoxicity 
potency ranking was established, based on significant micronuclei in
duction observed in the 3D HepG2 spheroids following acute, low-dose 
(0.2 μg/mL – 10.0 μg/mL) exposure to a range of NMs (TiO2, ZnO, silver 
(Ag), barium sulfate (BaSO4) and CeO2,) (Llewellyn et al., n.d.). 

Whilst both the PHH and HepG2 in vitro liver models have been 
applied in NM hazard assessment studies investigating a variety of 
endpoints (Llewellyn et al., 2020; Conway et al., 2020; Llewellyn et al., 
n.d.; Kermanizadeh et al., 2019a; Kermanizadeh et al., 2019b; Kerma
nizadeh et al., 2014; Llewellyn et al., 2021b), they need to undergo 
validation to support their use for regulatory purposes. Therefore, this 
study aimed to assess the transferability and reproducibility of the pri
mary multi-cellular liver microtissues and the 3D HepG2 liver model 
across both academic and industrial laboratories, by undertaking an 

inter-laboratory trial. To achieve this, two independent inter-laboratory 
trials were conducted, one for the PHH microtissue model including the 
host laboratory (Laboratory A) and two academic laboratories (Labs B 
and C); and another for the 3D HepG2 spheroid model involving the host 
laboratory (Laboratory I) and three other recipient laboratories (aca
demic: Laboratory II and Laboratory III; industrial contract research 
organization (CRO): Laboratory IV). This trial aimed to assess the 
robustness of these models and their applicability for evaluating cyto
toxicity, (pro-)inflammatory response and genotoxicity, following NM 
exposure. 

2. Results 

2.1. Primary multi-cellular liver microtissue model 

As the multicellular liver models are produced by the manufacturer 
(InSphero) and shipped directly to the participating laboratories, no 
model optimisation was required. 

2.1.1. Cytotoxicity 
To assess cytotoxicity, the integrity of the cell membrane was eval

uated using the presence of an intracellular phosphotransferase enzyme, 
adenylate kinase (AK). Following acute (24 h) exposure to TiO2 and ZnO 
NMs, the cellular supernatant was analyzed for the presence of AK via 
the quantification of light emitted from the sequential reaction of ATP 
and luciferin, catalysed by luciferase, to form light. For the multicellular 
liver model, the cytotoxicity data for the positive control chemical, 
Triton-X was consistent between all three laboratories (Fig. 1). The 

Fig. 1. (A) Light microscopy images of three representative untreated PHH 
microtissues. The microtissue were mounted in a custom stage on an inverted 
microscope (Motic, Germany). The images were acquired using a 40× air 
objective (Olympus, UK) using a Canon 650d camera (Canon, UK). (B) Cyto
toxicity response following acute (24 h) exposure to TiO2 and ZnO NMs, across 
three independent academic laboratories. Untreated media only was used as the 
negative control whilst 1.0% Triton-X was used as the positive assay control. 
Mean data (n = 3) ± SEM is presented. Statistical significance was determined 
using a two-way ANOVA test with a Tukey’s multiple comparisons test and is 
indicated as follows: * = p < 0.05 vs. untreated control. 
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toxicity responses to the NMs were very similar, with the ZnO exposure 
(50 μg/mL) showing the highest level of cytotoxicity (3.3% - 15.6%) and 
TiO2 exposure (25 μg/mL) showing the lowest level of cytotoxicity 
(0.0–1.4%) across all three laboratories. Whilst the cytotoxicity varied 
between laboratories, with Laboratory C data appearing consistently 
higher than that of the host laboratory and Laboratory B, the data trends 
were consistent and there was no statistically significant difference 
observed between the laboratories in response to individual NM expo
sure treatments. In addition, neither TiO2 or ZnO NMs induced a sta
tistically significant increase in cytotoxicity, relative to the untreated 
negative control, in the PHH microtissue models following 24-h expo
sure. Diclofenac was also used as a supplementary positive control by 
the host laboratory, Laboratory A and Laboratory C, but not by Labo
ratory B due to supplier restrictions. Nonetheless, 240 μM of diclofenac 
was shown to induce moderate cytotoxicity (2.3–13.8%) in both labo
ratories respectively (data not shown). 

2.1.2. IL-8 (pro-)inflammatory response 
The cytokine, IL-8, is a major mediator of the inflammatory response 

and was selected for analysis, as it is a commonly used early-phase 
biomarker and is secreted by several cell types, including hepatocytes 
(Bishara, 2012). As a result, data in Fig. 2 is from two laboratories 
(Laboratory A and Laboratory B). These data show that both NMs (ZnO 
and TiO2) induce IL8 release from the primary liver models in a dose 
dependent manner, with the greatest IL-8 release after exposure to TiO2 
(Laboratory A) and ZnO (Laboratory B) at the highest doses used (50 μg/ 
mL). Despite consistency in the data between the two laboratories the 
observed effects were not statistically significant (p ≥ 0.05) as a result of 
intra-replicate variation. Nevertheless, the graph shows clear trends for 
increased IL-8 cytokine release in both laboratories in a dose dependent 
manner for both NMs. 

2.2. 3D HepG2 spheroid model 

2.2.1. Model transfer and optimisation 
The first step in the inter-laboratory transfer of the SOP to culture the 

3D HepG2 spheroid model was to evaluate the ability of the recipient 
laboratory to construct the model successfully prior to initiating any in 
vitro toxicity assessment. This initial stage was largely successful, as the 

recipient laboratories were able to construct the 3D HepG2 spheroid 
models. However, there were some minor issues experienced when 
establishing the models, which included reduced spheroid yield and the 
formation of non-spherical shaped spheroids. This was resolved with 
some additional advice included in the SOP (Llewellyn et al., n.d.; PA
TROLS SOP Handbook, n.d) regarding the use of specific plasticware (i.e. 
specific Nunc™ MicroWell™ 96-Well Microplates required), cell sup
plier (i.e. ATCC HB-8065 HepG2 cells, with no >7 passages upon 
retrieval from liquid nitrogen), seeding technique (i.e. pipette angled as 
close to 90◦ from the plate as possible) and handling of the plates (i.e. 
minimise disturbance during spheroid formation) (Fig. 3). 

Once rectified, the second attempt to construct the model was a great 
success, with the feedback from the other laboratories summarised in 
the following points:  

1. “The cell viability went up in both the vehicle and untreated models 
(> 90%). Most spheroids have a smooth border and good spherical 
shape.”  

2. “This technique allows for the fast preparation of liver spheroids (i.e. 
≤ 3 days), with no interference or batch-to-batch variation intro
duced from the presence of a matrix scaffold.” 

The 3D HepG2 spheroid model construction step was therefore 
successfully transferred and reproduced in three laboratories, each of 
which reported high yields of spheroids with good viability and 
compact, spherical structures (Fig. 3). 

2.2.2. IL-8 (pro-)inflammatory response 
In both laboratories, the TNF-α positive control induced a highly 

significant (p ≤ 0.0001) IL-8 response and the standard curves all fell 
within a similar range, thus confirming the IL-8 ELISA was executed 
effectively by all participants. The TNF-α response was the only signif
icant difference found between the two laboratories, with Laboratory II 
displaying a 1.78-fold increase in IL-8 release when exposed to 0.25 μg/ 
mL of TNF-α protein in comparison to Laboratory I. Overall, there was 
no statistically significant difference between Laboratory I and Labora
tory II in the IL-8 response observed following prolonged BaSO4 expo
sure, regardless of the NM exposure concentration. However, within the 
independent laboratory data sets, there was a notable difference in the 
BaSO4 concentration that induced the greatest IL-8 response relative to 
the untreated control (Fig. 4). Both laboratories observed an increase in 
IL-8 release following longer-term exposure to 0.2 μg/mL of BaSO4, as 
shown in Fig. 4, but only the host laboratory, Laboratory I showed a 
statistically significant (p = 0.008) increase as compared to the un
treated, negative control. Although the trends in IL-8 release differed 
slightly between the two laboratories, this was not significant. 

2.2.3. Genotoxicity response 
Previously it has been demonstrated that the 3D HepG2 spheroid 

model can be used to evaluate genotoxicity using the CBMN assay 
(Llewellyn et al., 2020). This 3D model has been adapted to allow for 
quantification of binucleated cells containing micronuclei, following 
acute exposure to both chemicals and NMs. During this interlaboratory 
trial, the recipient laboratory was able to successfully grow the 3D 
HepG2 spheroid model. Following exposure to a dose range of B[a]P, 
excellent concordance was observed across the host and recipient lab
oratories (Table 1). The recipient laboratory, Laboratory IV, reported 
the first induction of micronuclei at 4.0 μM in the 3D HepG2 liver 
spheroids, which is in alignment with the data generated by the host 
laboratory, Laboratory I. This demonstrates that the lowest observed 
effect level (LOEL) at which the first significant induction of micronuclei 
was observed was the same between the two laboratories, with a similar 
fold-change in micronuclei (Table 1). In addition, the toxicity data be
tween the two laboratories was also closely aligned with ≤5.52% dif
ference in cell viability values between both laboratories and a similar 
dose dependent decrease in cell viability observed. 

Fig. 2. IL-8 (pro-)inflammatory response in PHH microtissues, following acute 
(24 h) exposure to TiO2 and ZnO NMs, across two independent academic lab
oratories. An untreated, media only sample was used as the negative control. 
Mean data (n = 3) ± SEM is presented. Statistical significance was determined 
using a two-way ANOVA test with a Tukey’s multiple comparisons test and is 
indicated as follows: * = p < 0.05. 
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3. Discussion 

Interlaboratory trial experiments are a necessary step in the evalu
ation and validation of new approach methodologies for safety assess
ment purposes. As a result, the focus of this study was to assess the 
transferability and reproducibility of two advanced in vitro liver culture 
systems, the PHH microtissue and 3D HepG2 spheroid models, for NM 
hazard assessment. 

3.1. Transferability of the liver models 

The first challenge was ensuring that the 3D tissue models could be 
successfully transferred from host laboratory to the recipient labora
tories, prior to evaluating their reproducibility for hazard assessment 
purposes. The PHH models were prepared assay-ready by commercial 
supplier and shipped to the recipient laboratories with limited inter
vention alongside previously validated SOPs detailing PHH handling 
protocols. The recipient laboratories that were unfamiliar with the 
models, adapted quickly to using the PHH microtissues and reported 
that no necessary changes or clarifications to the handling SOPs were 
required. 

In contrast, the 3D HepG2 model had to be constructed by the user, 
therefore the quality of the 3D In Vitro HepG2 Spheroid Model SOP and 
support provided had to be transcendent. It was notable that the 3D 
HepG2 liver spheroid model was successfully transferred to laboratories 
from both academic and industrial sectors with only minor issues 

encountered during the model construction. Common issues raised 
included a reduced spheroid yield and the formation of non-spherical 
shaped spheroids, but they were readily resolved with additional 
advice that was subsequently included in the SOP, (Supplemental In
formation) (Llewellyn et al., 2020; PATROLS SOP Handbook, n.d). The 
main outcomes from this trial were the necessity for ‘practice’ runs, to 
build familiarity with the models, before the formal trial commenced. 
Additionally, the importance of carefully structured, clear and 
comprehensive SOPs with the inclusion of additional ‘troubleshooting’ 
sections, was highlighted as these were invaluable for assisting the 
recipient researchers to successfully reproduce the models. 

3.2. Reproducibility of the toxicity data 

The data from the PHH inter-laboratory trial showed great consis
tency with mirrored trends for the selected positive controls and NMs, 
with no statistically significant difference between laboratories in the 
cytotoxicity or IL-8 release data found. The data was largely reproduc
ible, with all three laboratories reporting ZnO NMs to induce the greatest 
dose dependent cytotoxicity in the PHH model, as well as an NM asso
ciated dose-dependent response in IL-8 release. More inter-replicate 
variability was observed in the PHH tissues, than with the HepG2 
Spheroid model, but this was to be expected due to the smaller sample 
size (i.e. the number of microtissues harvested per treatment). A previ
ous study undertaken using the InSphero PHH co-culture microtissues 
were found to exhibit significant inter-donor variability (Kermanizadeh 

Fig. 3. Light microscopy images of HepG2 spheroid formation in the recipient laboratory, Lab III. (A-B) These images were obtained following construction of 
spheroids using a high passage (p18) of HepG2 cells that were seeded on Costar 96-well plates; both of which were not recommended in the initial version of the SOP. 
Following these issues, further detail was provided in the SOP to highlight the importance of passage number and specific use of Nucleon 96-well microplates plates 
as critical factors affecting spheroid formation. Images taken on a BioRad ZOE Fluorescent cell imager, using a 20× objective. Scale bar represents 100 μm. (C–D) 
Representative images of spheroid constructed using a low passage (p.7) of HepG2 cells and seeded on the Nucleon 96-well microplates as specified in the SOP. 
Images were taken at 10× objective, scale bar represents 100 μm. 
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et al., 2019a). Whilst the trend observed for the NM-induced biological 
response was very similar, the individual responses for cytotoxicity, 
caspase activity and cytokine (IL-6 and IL-8) secretion following expo
sure to a range of NMs was significantly different (Kermanizadeh et al., 
2019a). To reduce the chance of variation in toxicology data arising 
because of different donor tissues, InSphero ensured each laboratory 
involved in this trial received PHH microtissues from the same donors. 
As a result, any inter-laboratory variation observed following the trial is 
likely to have arisen during the handling of the PHH microtissues, NM 
preparation, exposure and harvest, or the individual assays themselves. 
In parallel with this, the HepG2 cells utilised by each laboratory in this 

study were purchased specifically for the trial and were sourced from 
identical suppliers. Whilst this reduces the variation in cell source, it 
does not eradicate variation in cell counting and seeding. Elliott et al., 
previously found that the variability in cell densities seeded for different 
replicates in one laboratory alone varied by as high as 20%, whilst 
Niepel and colleagues found variations in MCF10A seeding densities 
across five independent laboratories to be the source of up to a 200-fold 
difference in growth inhibition rates (Niepel et al., 2019; Elliott et al., 
2017). Variations in cell densities can affect the formation of the 
spheroids, the transport of nutrients and waste between the cells, and 
the cell viability. For example, the more compact a spheroid is due to 
higher cell numbers, the greater the levels of hypoxia in the core of the 
spheroid and subsequently, the greater the cell death and IL-8 release 
observed (Shah et al., 2018; Desbaillets et al., 1997; Sonna et al., 2003). 
As a result, variations in HepG2 cell densities could have been respon
sible for the slightly elevated IL-8 response observed in the untreated 
control reported by Laboratory II. Although the different IL-8 response 
observed between two different concentrations of BaSO4 are more likely 
to be due to NM preparation, dispersion and exposure or ELISA variation 
as mentioned previously. 

For each experiment, an identical plate plan was followed by each 
laboratory and the microtissues located in the outermost wells of the 96- 
well plates were not included to circumvent the so-called “edge effects” 
that occur during longer incubation times of cells seeded in small vol
umes (i.e., evaporation) (Elliott et al., 2017). Each laboratory used NMs 
sourced from the JRC and conducted the NM preparation and exposure, 
in parallel, following the same NM dispersion SOP (Alstrup Jensen, 
2014), on the same day for all three biological replicates. This was 
important as NMs alone introduce additional variability due to the more 
complex nature of their physico-chemical characteristics and subse
quent interaction with the biological environment (e.g. agglomeration, 
precipitation and dissolution properties). Without a predefined NM 
dispersion protocol, with a specified timeframe between dispersion and 
dosing, differences in NM protein corona formation, particle agglom
eration and sedimentation can arise; all of which can introduce variation 
in NM exposure concentrations and particle-cell interaction (Elliott 
et al., 2017; Petersen et al., 2020). Following acute exposure, the su
pernatants were harvested and pooled from 8 PHH microtissues. A small 
volume of supernatant was utilised to run the AK cytotoxicity assay 
immediately, as stated in the manufacturer’s instructions, whilst the 
remaining supernatant was frozen at − 80 ◦C for IL-8 ELISA analysis at a 
later date. Even with a stringent SOP, followed simultaneously by all 
participating laboratories, there will always be slight differences in the 
NM stocks, reagents, endpoint kits, equipment availability and set-up, as 
well as the technical ability and processing speed of the individual re
searchers. These inconsistencies may have contributed to the observed 
differences in the IL-8 inflammatory response found in both the PHH and 
HepG2 trials. Although the trends in IL-8 response between the labo
ratories were similar, the variations in raw data lead to marginally 
differing outcomes. The greatest IL-8 response in Laboratory I and 
Laboratory II’s HepG2 models arose following prolonged exposure to 
different concentrations of BaSO4. Another source of variation could 
have been the endpoint assay itself, as a result of the numerous wash 
steps in an ELISA (manual or automated) and different quality of re
agents / antibodies, to enzyme-substrate reaction time and plate readers 
(Petersen et al., 2020). Previous inter-laboratory trials have found 
varying degrees of alignment in ELISA derived cytokine data, with one 
trial reporting mixed results of IL-1β or TNF-α release following Ag NM 
exposure, and other trials illustrating similar trends in cytokine release 
across the participating laboratories, but the exact degree of cytokine 
release varied significantly between the laboratories (Xia et al., 2013; 
Piret et al., 2017; Barosova et al., 2021). All laboratories used IL-8 ELISA 
kits from the same manufacturer, but the IL-8 kits utilised had different 
lot numbers and were accompanied with different ELISA plates (e.g. half 
area vs full area plates) and plate readers. Our findings support that an 
ELISA can potentially yield a qualitative interlaboratory agreement, but 

Fig. 4. (Pro-)inflammatory IL-8 response in 3D HepG2 liver spheroids, 
following prolonged exposure to BaSO4 NMs, across two independent academic 
laboratories. An untreated, media only sample was used as the negative control 
whilst 0.25 μg/mL of TNF-α protein (NBP2–35,076-50μg, Biotechne, UK) was 
used as the positive assay control. Mean data (n = 3) ± SEM is presented. 
Statistical significance was determined using a Shapiro-Wilk normality test 
paired with a two-way ANOVA and Tukey’s multiple comparisons test and is 
indicated as follows: * = p < 0.05. Comparison between the laboratories is 
indicated by #, and the * demonstrates significance within independent labo
ratory data sets relative to the untreated negative control. 

Table 1 
Inter-laboratory Trial for Genotoxicity Testing with the Pro-Carcinogen Benzo 
[a]pyrene (B[a]P). DNA damage in HepG2 Liver Spheroids following acute (24 
h) exposure to B[a]P across two independent laboratories. A sample of 12 HepG2 
spheroids were pooled per treatment and 1000 binucleate cells were scored per 
replicate for the presence of MN. Mean data (n = 3) is presented. Statistical 
significance in relation to the untreated control is indicated in the table as fol
lows: * = p < 0.05.  

B[a]P Concentration (μM) 0.0 2.0 4.0 8.0 

Laboratory I 

Micronucleus Frequency 
(%) 

1.60 2.17 5.03* 6.20* 

Fold-Change from 
Untreated Control 

– 1.356 3.144 3.875 

Cell Viability (%) 100.00 95.90 93.44 90.16 

Laboratory 
IV 

Micronucleus Frequency 
(%) 1.10 1.10 2.70* 2.90* 

Fold-Change from 
Untreated Control 

– 0.000 2.455 2.636 

Cell Viability (%) 100.00 97.67 96.51 95.68  
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further refinement of the assay protocols is required to yield a quanti
tative agreement. Therefore, to improve data consistency in the future, it 
is suggested that either all the supernatant samples are taken from the 
participating laboratories and sent back to the host laboratories for 
endpoint analysis, or regents purchased by a single laboratory and 
distributed to others participating in the inter-laboratory trial. 

For genotoxicity testing utilising the in vitro micronucleus assay, it 
was encouraging that the recipient laboratory was able to replicate data 
generated by the host laboratory, with a matching LOAEL of 4.0 μM B[a] 
P. Previously, it has been demonstrated that HepG2 cells exhibited a 
higher induction of micronuclei at a lower dose of B[a]P in the 3D model 
than when they were grown in 2D (Conway et al., 2020; Shah et al., 
2018). This data was highly encouraging, demonstrating excellent 
transfer of the 3D HepG2 spheroid model to another laboratory and 
highlights the importance of standardized protocols for general cell 
practice and accompanying endpoint assays (Hirsch and Schildknecht, 
2019). 

3.3. Future recommendations 

The present inter-laboratory trial has demonstrated that both the 
PHH microtissue and 3D HepG2 liver spheroid models were successfully 
transferred to at least two different laboratories, including both aca
demic and industrial sectors. The trial assessed at least two different 
hazard endpoints, a feature previously recommended by Xia et al., as 
well as a positive chemical control and at least one NM for each model 
(Xia et al., 2013). This pre-validation inter-lab transferability and 
reproducibility study confirmed the efficacy of these advanced in vitro 
3D models for NM and chemical hazard assessment. The next steps in 
order for these models to be considered as part of the battery of stan
dardized in vitro tools for regulatory NM assessment, is to conduct a 
larger-scale round-robin approach with a greater number of chemicals 
and NMs and laboratories. A significant advantage of conducting this 
inter-laboratory trial was the advanced development of the SOPs 
required to set-up and apply the two 3D in vitro liver models successfully. 
These SOPs have now been tried and tested and form a strong foundation 
for future validation trials (https://patrols-h2020.eu/publications/so 
ps/index.php.). Based on this study, our recommendations to be 
considered when designing an inter-laboratory trial to assess the trans
ferability and reproducibility of an in vitro model, would be to:  

• Construct robust and detailed methodology following GIVIMP 
guidance (OECD, 2018), which highlights the importance of ful
filling the exact requirements set out by the SOP (e.g., cell sources, 
plasticware, dispersion protocols).  

• Ensure personnel are trained in person on the use of the models and 
different endpoints being carried out. This was not possible for this 
study, due to impact of COVID-19 on travel and lab closures. How
ever, alternative tools were utilised such as video recordings and 
webinars. 

• Ensure that the in vitro model is fully characterised using physio
logically relevant and functional endpoints prior to the inter- 
laboratory trial to confirm the fidelity and predictivity of the 
model. This provides benchmark data for others to compare the 
baseline output of their models when undertaking optimisation.  

• Conduct an initial trial run to identify and resolve any teething issues 
prior to the formal inter-laboratory trial, as this will save both time 
and resources on unnecessary repeats and build confidence in the 
data produced. ‘In-house’ expertise workshops or training videos 
with troubleshooting can prove beneficial in the early stages.  

• Include a known chemical positive alongside NMs known to give a 
positive and negative response, so that the expected toxicological 
response and classification can be clearly defined.  

• Send all raw data generated to the host laboratory for uniformed 
analysis. 

4. Conclusion 

In conclusion, both the PHH microtissue and the 3D HepG2 spheroid 
models were shown to be robust and successfully transferable between 
academic and industrial laboratories. Once optimised, there was good 
concordance between the cytotoxicity, (pro-)inflammatory and geno
toxicity responses observed with no significant difference in the data 
generated by each laboratory. This demonstrates the successful transfer 
of the SOPs across multiple laboratories, with strong reproducibility in 
hazard endpoint data subsequently generated. It will next be necessary 
to undertake validation trials to support the potential future use of these 
models for regulatory NM hazard assessment. 

5. Materials and methods 

5.1. In vitro models 

5.1.1. Primary human multi-cellular liver microtissue model 
The PHH model utilised was a commercially available, scaffold free, 

3D InSight™ multi-donor human liver microtissue model (InSphero, 
Switzerland) composed of primary human hepatocytes (Lot#: IPHH18), 
primary human liver derived Kupffer cells and sinusoidal endothelial 
cells (Lot: IPHN15). The microtissues were maintained using the 
commercially provided InSightTM human liver maintenance medium 
(CS-07-305B-01, InSphero, Switzerland), in order to reduce variation 
amongst laboratories. Liver microtissues, in the 96-well plate format, 
were shipped to the recipient laboratories. On the day of arrival, a fresh 
culture medium (70 μL per well) exchange was performed, and the 
plates were incubated at 37 ◦C, 5% CO2, 95% humidity. Following 24 h 
incubation, the microtissue plates were exposed to the test agents. 

5.1.2. 3D HepG2 spheroid model 
The 3D HepG2 spheroid model was developed ‘in-house’ using the 

Human Caucasian Hepatocellular Carcinoma derived epithelial cell line, 
HepG2 (ATCC HB-8065), cultured in Dulbecco’s Modified Eagle Me
dium (DMEM) with 4.5 g/L D-Glucose and L-Glutamine (GIBCO, Paisley, 
UK) supplemented with 10% Foetal Bovine Serum (FBS) and 1% Peni
cillin/Streptomycin antibiotic (GIBCO, Paisley, UK). A comprehensive 
SOP was generated following GIVIMP guidance, detailing how to 
construct the model, was distributed to all participating laboratories 
(Llewellyn et al., 2020). To form the 3D spheroid structure, HepG2 
monolayers were trypsinised (0.05% trypsin/EDTA solution; GIBCO, 
Paisley, UK), a cell stock of 2.0 × 105 cells/mL was prepared, and the 
HepG2 cells cultured using the hanging drop method in a 96-well plate 
format (Llewellyn et al., 2020). In brief, 20 μL of the cell suspension 
(4000 HepG2 cells per 20 μL hanging drop) was pipetted onto the 
inverted side of a 96-well tissue culture plate lid (Nunc™ MicroWell™ 
96-Well Microplates, Cat#: 167008, ThermoFisher Scientific, Denmark), 
before gently inverting the lid and placing back onto the 96-well plate 
filled with 100 μL of PBS (Conway et al., 2020). The plate was then 
placed in the incubator at 37 ◦C with 5% CO2 for three days before 
agarose transfer. Following 24 h incubation on agarose coated plates, 
the HepG2 spheroids were exposed to the test agents. 

5.2. Experimental design 

To assess the transferability and reproducibility of two in vitro liver 
models, PHH Microtissue Model and the 3D HepG2 Spheroid Model, the 
experimental design described in Table 2 was adopted for the inter- 
laboratory trial. 

5.3. Chemical and engineered nanomaterial (NM) treatments 

Full physico-chemical characterisation of the three NMs used in this 
study has been published previously (Llewellyn et al., n.d.; Keller et al., 
2021; Yin et al., 2015; Kermanizadeh et al., 2013; JRC Nanomaterials 
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Repository | EU Science Hub, n.d). 

5.3.1. Primary multi-cellular liver microtissue model 
To assess the reproducibility of the primary coculture microtissue 

liver model for NM hazard assessment, acute (24 h) exposure to 25.0 μg/ 
mL and 50.0 μg/mL of two NMs, TiO2 (NM-105, JRC Nanomaterials 
Repository, Italy) and ZnO (NM-111, JRC Nanomaterials Repository, 
Italy), were assessed in a simultaneous experiment involving the host 
laboratory and two other academic laboratories. The selection of the two 
doses were based on pilot work which investigated the acute toxicity of 
the selected NMs in the primary cell-based models. The decision for the 
selection of the higher concentrations was made to allow for the gen
eration of detectable NM-induced toxicological outcomes that would 
allow for better understanding of the transferability and reproducibility 
of the data generated between the different laboratories. In addition, an 
untreated, media control and a positive control chemical of 1.0% Triton 
X-100 (Sigma Aldrich, UK) were also utilised. 

5.3.2. 3D HepG2 spheroid model 
For the HepG2 spheroid model, only one NM, BaSO4 (NM-220, 

Fraunhofer IME, Germany) was assessed using a prolonged five-day 
exposure to two, low-doses of 0.2 μg/mL and 2.0 μg/mL across. Both 
low-dose NM concentrations were selected, as 0.2 μg/mL of BaSO4 was 
previously shown to induce an elevated interleukin-8 (IL-8) response 
following a prolonged five-day exposure, whilst the higher concentra
tion did not (Llewellyn et al., n.d.). To benchmark the 3D HepG2 
spheroid model appropriately, an untreated, media only, negative con
trol, and an assay positive chemical control of Tumor Necrosis Factor 
Alpha (TNF-α) protein (Cat# No: 2–35,076, BioTechne, UK) re- 
suspended in ddH2O according to manufacturer’s instructions and 
diluted to a final working concentration of 0.25 μg/mL, were used in this 
study for the IL-8 ELISA Assay. The host laboratory and one other aca
demic laboratory conducted the (pro-)inflammatory response inter- 
laboratory trial, whilst the host laboratory and a Contract Research 
Organization (CRO) conducted a genotoxicity inter-laboratory trial 
using the same 3D HepG2 spheroid model. For the genotoxicity study 
using the Cytokinesis-Block Micronucleus (CBMN) Assay, an untreated, 
media only negative control and a known liver carcinogen, B[a]P, were 
used to assess the inter-laboratory transferability and reproducibility. 
The HepG2 spheroids were exposed to concentrations of B[a]P ranging 
from 0.0 to 8.0 μM over a 24-h exposure period. 

5.4. NM preparation and exposure regimes 

Three NMs (TiO2 NM-105, ZnO NM-111, JRC Nanomaterials Re
pository, Belgium; BaSO4 NM-220, Fraunhofer IME, Germany) were 
stored as dry powders at room temperature until the day of exposure. 
NM stock solutions were prepared (2.56 mg/mL) and dispersed for 16 
min in 0.05% Bovine Serum Albumin (BSA) using the probe sonication 
(Branson Sonifier 250, Ø 13 mm, 400 W output power, 20 kHz) method 
described by Jensen et al., 2014 (Alstrup Jensen, 2014). Working stocks 
of NMs were made fresh for each experiment. Following dispersion, NMs 
were diluted in the appropriate cell culture media to the desired con
centrations required for either the PHH or HepG2 liver model. 

5.4.1. Primary multi-cellular liver microtissue model 
To perform the acute (24 h) NM exposures on the multicellular 

microtissue liver models, 70 μL of cell culture medium (8 wells per 
treatment) was aspirated per well and replaced with 50 μL of either 
media only, 1.0% Triton-X, or conditioned media containing either TiO2 
and ZnO NMs at 25.0 μg/mL and 50.0 μg/mL. The microtissue plates 
were then incubated for 24 h at 37 ◦C and 5% CO2 before harvesting 50 
μL of the cellular supernatant from each well. Supernatant from each 
treatment (8 wells in total; 400 μL) was pooled together for toxicological 
analysis. 

5.4.2. 3D HepG2 spheroid model 
To perform the prolonged (five-day) NM exposures using the HepG2 

spheroid model, 50 μL of culture medium was removed from each well 
(16 wells per data point) and replaced with equal volumes of supple
mented DMEM culture medium containing the exposure treatment; 
media only, 0.25 μg/mL TNF-α protein or conditioned media containing 
BaSO4 NMs at 0.2 μg/mL and 2.0 μg/mL. The HepG2 spheroids were 
then incubated for 5 days at 37 ◦C and 5% CO2, with media replenished 
on the third day by gently aspirating 50 μL of media from the surface of 
each well and replacing it with 50 μL of fresh media only. On the fifth 
day (120h), both the spheroids and the cellular supernatant were har
vested simultaneously by aspirating 100 μL from each well and pooling 
together (16 wells per data point) into a falcon tube. The spheroid sus
pension was then centrifuged for 5 mins at 230 xg, prior to transferring 
the cell supernatant to a fresh tube. Cell supernatants were then stored at 
− 70 ◦C until required for biochemical analysis. 

Acute (24 h) chemical exposures for genotoxicity assessment using 
the HepG2 spheroid model were carried out as previously described by 
Shah et al. (Conway et al., 2020; Shah et al., 2018). 

5.5. Adenylate kinase (AK) assay 

As a measure of cytotoxicity, the cellular membrane integrity was 
evaluated using the ToxiLightTM Bioassay Kit (LT17–217, Lonza, UK) as 
per manufacturer’s instructions. Pooled supernatant from the PHH 
microtissue plate was firstly centrifuged at 1000 xg for 2 mins, before 20 
μL of cellular supernatant was aspirated and added to a 96-well white, 
flat bottom luminescence compatible plate (CLS3912-100EA, Sigma, 
UK). Following this, 80 μL of adenylate kinase (AK) detection buffer was 
added to all wells, and the plate incubated at room temperature for 5 
min prior to measuring the luminescence using a standard plate-reading 
luminometer. 

5.6. Interleukin 8 (IL-8) assay 

Cytokine release was quantified by ELISA, using the cell supernatants 
described above in Section 2.3.1 and 2.3.2. DuoSet human antibody kits 
for IL-8 (DY208, DuoSet ELISA, R&D Systems) were used according to 
the manufacturer’s instructions. The detection antibody was diluted as 
follows: IL-8: 0.1% BSA, 0.05% Tween 20 in Tris-buffered Saline (TBS), 
and incubated with the samples for 2 h at RT. The signal was developed 
using streptavidin horseradish-peroxidase and TMB Substrate Reagent A 

Table 2 
Inter-laboratory trial experimental design to assess the transferability and 
reproducibility of two in vitro liver models; PHH Microtissue Model and the 3D 
HepG2 Spheroid Model.  

Experimental 
design 

Experiment 1 Experiment 2 

In Vitro liver 
model 

Primary Multi- 
cellular Liver 

Microtissue Model 
3D HepG2 Spheroid Model 

Exposure 
duration (hrs) 

24 120 24 

Treatment 
substance 

TiO2 and ZnO NM BaSO4 NM B[a]P 

Concentration 
25.0 μg/mL 
50.0 μg/mL 

0.2 μg/mL 
2.0 μg/mL 0.0–8.0 μM 

Experimental 
controls 

Untreated Media 
Control 

Triton-X Positive 
Control 

Untreated Media 
Control 

Aflatoxin B1 

Untreated 
Media Control 

Biochemical 
endpoints 

Cytotoxicity 
IL-8 (Pro-) 

inflammatory 
Response 

IL-8 (Pro-) 
inflammatory 

Response 

Cytotoxicity 
Genotoxicity 

Laboratories 
involved 

Laboratory A Laboratory I Laboratory I 
Laboratory B Laboratory II Laboratory IV 
Laboratory C Laboratory III   
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& B (Cat# No. DY999, R&D Systems, UK). Absorbance was measured at 
450 nm on an optical plate reader and the standard curve was plotted as 
4-parameter logistic fit using the http://MyAssays.com software. Three 
biological replicates were assessed in triplicate. 

5.7. Cytokinesis-block micronucleus (CBMN) assay 

To assess cytotoxicity and genotoxicity following acute (24 h) 
exposure to B[a]P, the CBMN Assay was undertaken in conjunction with 
the Cytokinesis-Block Proliferation Index (CBPI) post-acute exposure. In 
short, following the harvest and removal of the cellular supernatant as 
described above, the remaining pooled liver spheroids were then tryp
sinised and a proportion of the cells taken to make slides for 20% Giemsa 
staining and manual cytotoxicity assessment. The remaining cells in 
suspension were then fixed for semi-automated micronucleus scoring, as 
previously described by Llewellyn et al., 2020 and Conway et al., 2020 
(Llewellyn et al., 2020; Conway et al., 2020). A minimum of 1000 bi- 
nucleated cells were counted per exposure dose per biological repli
cate (n = 3), using the principles established by Fenech et al. and in 
accordance with the OECD Test No. 487: In Vitro Mammalian Cell 
Micronucleus Test guidelines (Fenech, 2000; OECD, Test No. 487, 2016; 
Doak et al., 2012). 

5.8. Statistics 

Data and statistical analysis were performed using Prism 8, Graph
Pad Software, Inc. (USA). Shapiro-Wilk test was used to calculate 
normality for each data set, followed by a two-way ANOVA, with 
Tukey’s multiple comparisons test to determine statistical significance 
(p value ≤0.05), unless otherwise stated. All experiments were per
formed with three biological replicates with mean data ± SEM 
presented. 
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