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A B S T R A C T   

Microphysiological systems (MPS) aim to mimic the dynamic microenvironment and the interaction between 
tissues. While MPS exist for investigating pharmaceuticals, the applicability of MPS for cosmetics ingredients is 
yet to be evaluated. The HUMIMIC Chip2 (“Chip2′′), is the first multi-organ chip technology to incorporate skin 
models, allowing for the topical route to be tested. Therefore, we have used this model to analyze the impact of 
different exposure scenarios on the pharmacokinetics and pharmacodynamics of two topically exposed chem-
icals, hyperforin and permethrin. The Chip2 incorporated reconstructed human epidermis models (EpiDerm™) 
and HepaRG-stellate spheroids. Initial experiments using static incubations of single organoids helped determine 
the optimal dose. In the Chip2 studies, parent and metabolites were analyzed in the circuit over 5 days after 
application of single and repeated topical or systemic doses. The gene expression of relevant xenobiotic 
metabolizing enzymes in liver spheroids was measured to reflect toxicodynamics effects of the compounds in 
liver. The results show that 1) metabolic capacities of EpiDerm™ and liver spheroids were maintained over five 
days; 2) EpiDerm™ model barrier function remained intact; 3) repeated application of compounds resulted in 
higher concentrations of parent chemicals and most metabolites compared to single application; 4) compound- 
specific gene induction e.g. induction of CYP3A4 by hyperforin depended on the application route and frequency; 
5) different routes of application influenced the systemic concentrations of both parents and metabolites in the 
chip over the course of the experiment; 6) there was excellent intra- and inter-lab reproducibility. For 
permethrin, a process similar to the excretion in a human in vivo study could be simulated which was remarkably 
comparable to the in vivo situation. These results support the use of the Chip2 model to provide information on 
parent and metabolite disposition that may be relevant to risk assessment of topically applied cosmetics 
ingredients.   
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epithelial electrical resistance; XME, xenobiotic metabolizing enzyme. 
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1. Introduction 

Non-animal methods are essential for the paradigm shift towards 
animal-free qualification of new compounds (Berggren et al., 2017). 
Guided by ethical considerations and regulatory requirements such as 
the cosmetics directive (EU, 2009), the cosmetics industry is developing 
and evaluating alternative testing strategies and methodologies. Novel 
in vitro assays, in silico approaches and testing strategies have been 
developed for several toxicological endpoints, such as skin irritation, 
corrosion and phototoxicity (Liebsch et al., 1997; OECD, 2019a, b; 
Portes et al., 2002), eye irritation and corrosion (OECD, 2017, 2018), as 
well as genotoxicity via the topical (Chapman et al., 2014; Reisinger 
et al., 2018) and oral routes (Reisinger et al., 2019). However, there are 
no validated in vitro systems to address systemic toxicity, resulting in a 
gap for the ab initio assessment of compounds that become bioavailable 
after skin permeation, oral uptake, or inhalation. In addition to the 
current lack of translation for the assessment of systemic toxicity 
following topical application in vitro, the assessment of distribution to 
the skin and subsequent toxicity following systemic exposure (e.g., via 
oral administration) cannot currently be addressed using static in vitro 
models. To address these gaps, dynamic microphysiological systems 
(MPS) integrating 3D tissues have recently emerged as promising plat-
forms for the in vitro assessment of systemic toxicity-related questions 
(Marx et al., 2016; Truskey, 2018; Van Ness et al., 2017). “Organ-
s-on-chip” and “multi-organ chip” co-cultures aim to emulate the in vivo 
tissue architecture and physiology of single organs and the interactions 
between the different tissues, respectively. These models can provide 
insights into the toxicokinetic and toxicodynamic properties of chem-
icals. Indeed, several reports support the use of MPS for investigating the 
effects of systemic exposure of pharmaceuticals (Edington et al., 2018; 
Maass et al., 2017; Sung and Shuler, 2009). One such technology is the 
TissUse HUMIMIC Chip model, which can be equipped with combina-
tions of multiple different organoids (an “organoid” is defined here as a 
general term to refer to a 3D tissue construct representing an organ, each 
representing 1:100,000 of the functional unit of the human body) in 
distinct compartments connected by microfluidic channels on a platform 
the size of a standard microscope slide (Atac et al., 2013; Hasenberg 
et al., 2015; Maschmeyer et al., 2015b; Materne et al., 2015; Schimek 
et al., 2013; Wagner et al., 2013). Directed fluid flow is driven by 
on-chip peristaltic micropumps, which are activated by pressured air or 
vacuum, resulting in a progressive lowering and raising of the 500 μm 
thick elastic membranes. The directed, pulsatile flow emulates in vivo--
like conditions and ensures a sequential exposure of the tissues to the 
applied chemical. 

While there are several examples of how the MPS models can be used 
to investigate drug effects (Hübner et al., 2018; Maass et al., 2017; 
Maschmeyer et al., 2015a; Sung and Shuler, 2009) and support its use in 
regulatory toxicology (Gordon et al., 2015), there are few reports 
describing the use of these models for use in the safety assessment of 
cosmetic ingredients. The main exposure route of most cosmetic ingre-
dient is via the skin; therefore, the HUMIMIC technology includes the 
integration of a skin compartment to investigate the skin barrier func-
tion and potential “first pass” metabolism of topically applied chemicals 
(Hübner et al., 2018; Maschmeyer et al., 2015b; Wagner et al., 2013). In 
this study, we evaluated a “skin and liver" equipped HUMIMIC Chip2 
(referred to as the “Chip2′′), for its ability to provide biokinetic infor-
mation on the application scenario-dependent differences in the 
bioavailability and metabolic fate of chemicals. To this end, one 
microfluidically-connected compartment of the Chip2 was equipped 
with a reconstructed human epidermal skin model and the other 
compartment was equipped with liver-stellate spheroids (Atac et al., 
2013; Hasenberg et al., 2015; Maschmeyer et al., 2015a; b; Wagner 
et al., 2013). To evaluate the robustness and reproducibility of the 
Chip2, we selected EpiDerm™ models for skin in order to avoid 
donor-donor variability. EpiDerm™ models are reported to be meta-
bolically functional in static cultures for several days (Götz et al., 2012) 

and exhibit metabolic characteristics similar to native human skin 
(Hewitt et al., 2013). Although the penetration of chemicals is reported 
to be higher using EpiDerm™ models than native human skin (Acker-
mann et al., 2010), we considered it to be a suitable model for the 
purposes of these studies since we were investigating inter-laboratory 
reproducibility. Liver spheroids were generated from a combination of 
HepaRG cells and human hepatic stellate cells (HHStec). There were two 
main reasons for the combination of non-parenchymal cells and HepaRG 
cells. The first was that, in our experience, the addition of HHStecs 
improved spheroid formation and maintained their compact and smooth 
spherical structure. The second was that the use of HHStecs resulted in a 
model that was closer to the in vivo liver structure than when only 
HepaRG cells were used. Although other non-parenchymal cells exist in 
the liver, the use of only one type was practically simpler and less 
resource intensive (thus decreasing variability across experiments). 
HHStecs maintain the extracellular matrix environment and store 
vitamin A under steady state conditions, the activation of HHStecs in-
duces myofibroblastic features relevant for the wound healing response 
of the liver (Friedman, 2008) but also for the development of liver 
fibrosis (Higashi et al., 2017; Puche et al., 2013). HepaRG cells are 
considered a good alternative to human hepatocytes (Hart et al., 2010; 
Jetten et al., 2013), and were also used to demonstrate reproducibility. 
HepaRG cell-based liver spheroids have been shown to be relevant he-
patic models (Ramaiahgari and Ferguson, 2019; Ramaiahgari et al., 
2017; Wang et al., 2015); moreover, the 3D format and physiological 
flow conditions improve hepatic cell viability and functionality (Mufti 
et al., 1995; Park et al., 2008; Tilles et al., 2001; Vinci et al., 2011). 

In these preliminary proof-of concept studies evaluating the skin- 
liver Chip2, we selected two chemicals with well-described meta-
bolism and modulatory effects on a number of xenobiotic metabolizing 
enzyme (XME) activities, namely, permethrin and hyperforin. 
Permethrin is a synthetic pyrethroid used for the treatment of head lice 
and scabies. Further human exposure can also result from its use as a 
pesticide. The chemical structure of permethrin and the main metabolic 
pathway are shown in Fig. 1. The liver is the major site of permethrin 
metabolism in humans. In vitro human metabolism studies showed that 
CYP3A4 and CYP2C19 are involved in the ester bond cleavage of 
permethrin (Lavado et al., 2014). However, hCE-1 (human carbox-
ylesterase 1) and hCE-2 are the main enzymes responsible for the hy-
drolysis of permethrin to 3 phenoxybenzyl alcohol (PBOH, denoted in 
Fig. 1 as “PM3′′) and cis- or trans-3-(2,2 dichlorovinyl)-2,2-dime-
thyl-(1-cyclopropane) carboxylic acid (CVA, “PM1′′) (Hedges et al., 
2019). PBOH is subsequently oxidized by alcohol dehydrogenase (ADH) 
and aldehyde dehydrogenase (ALDH) to phenoxybenzoic acid 
(PBCOOH, “PM5′′) (Choi et al., 2002), and CVA is conjugated to form a 
glucuronide (Tomalik-Scharte et al., 2005). Hyperforin is a component 
of St. John’s Wort, a popular herb largely used in the treatment of 
depression but also as a topical remedy for sun protection and as an 
antimicrobial. It has been implicated in a number of clinically significant 
interactions with medicinal drugs, including induction of CYP3A4, 
CYP2E1 and CYP2C19 on the transcriptional level (Moore et al., 2000; 
Saxena et al., 2008) and competitive and noncompetitive inhibition of 
several CYP enzymes (e.g. CYP2C9, CYP3A4, CYP2D6) (Lee et al., 2006; 
Obach, 2000; Pal and Mitra, 2006). The chemical structure of hyperforin 
and the main metabolic pathways are shown in Fig. 2. In in vitro studies 
using human liver microsomes and recombinant CYPs, a total of 57 
hyperforin metabolites were detected (Hokkanen et al., 2011). Of those, 
six were identified as monohydroxides, while the others were formed via 
two or more hydroxylation reactions, via dehydrogenation, or by com-
binations of these reactions. The CYP2C and CYP3A families were shown 
to play a central role in the metabolism of hyperforin (Hokkanen et al., 
2011); therefore, it induces its own metabolism (autoinduction). 

The application scenarios were single or repeated doses applied 
“systemically” to the liver compartment of the Chip2 or topically to the 
surface of the EpiDerm™ models. The Chip2 experiments were carried 
out in two laboratories to evaluate the transferability and intra-lab 
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reproducibility of the technology. The maintenance of the viability and 
metabolic function of the organoids over 6 days in the Chip2 was also 
assessed. 

2. Materials and methods 

2.1. Chemicals 

Permethrin (Catalogue number 45,614) and hyperforin (dicyclo-
hexylammonium) salt (Catalogue number H1792− 1MG) were pur-
chased from Sigma Aldrich. Labs 1 and 2 used the same batches of 
chemicals. Permethrin was a mixture of cis- and trans-isomers, with 38.7 
% cis-isomer and 59.4 % trans-isomer. The purity was of analytical 
standard, with the cis+trans-isomer mix having a purity of 98.1 %. The 
purity of hyperforin was ≥98 % (measured by HPLC). All other chem-
icals used in these experiments were of the highest purity. 

2.2. Pre-tests using static incubations with either EpiDerm™ models or 
liver spheroids 

Pre-tests were conducted in Lab 2. These static experiments served to 
determine the effect of permethrin and hyperforin on several parameters 
in EpiDerm™ models and liver spheroids incubated separately. Mea-
surements included metabolite formation, viability, penetration through 
the EpiDerm™ models and XME gene expression in liver spheroids. 
Permethrin was analyzed in a single experiment (n = 3) and hyperforin 
was analyzed in three separate experiments (n = 3). 

2.2.1. Dose selection for static incubations with either EpiDerm models or 
liver spheroids 

Stock solutions of permethrin in DMSO and hyperforin in ethanol 
were prepared according to the final dose. Both chemicals have a high 
logP (logP values for permethrin and hyperforin are 7.15 and 8.35, 
respectively); therefore, aqueous solvents were not suitable for the 
preparation of stock solutions of test chemicals. While hyperforin was 
best dissolved in ethanol, we found that DMSO was the better solvent for 
permethrin in that it tended not to precipitate on the skin surface. The 

"dose" applied in experiments refers to the final nominal concentration 
in the medium irrespective of the application volume or route, not 
including the expected binding to the polydimethylsiloxane (PDMS) 
circuit or potential binding to the organoid proteins. For systemic 
application, 4 μl of the stock solution was added to the medium to result 
in a concentration that was twice as high as the final target concentra-
tion. This was then added to an equal volume of medium containing 
liver spheroids to result in the final concentration. The intended final 
concentrations of all dosing solutions in culture medium (via the sys-
temic route) were confirmed by measuring the concentration in aliquots 
of 1:1 mix of dosing solution and medium (thus, there was no irrevers-
ible non-specific binding to medium proteins). For dermal exposure, 2 μl 
of the stock solution were applied to the surface of the EpiDerm™. This 
dose was equivalent to the target concentration in the medium if 100 % 
of the dose enters the systemic circulation (500 μl). 

Concentrations tested in the pre-tests were chosen based on pub-
lished data. Das et al. (2008) analyzed the effect of 25–200 μM 
permethrin on human hepatocytes and observed a 
concentration-dependent induction of CYP3A4 activity and an increased 
expression of mRNA of multiple CYPs at 100 μM. Minor toxicity of 
permethrin (according to adenylate kinase release and caspase) was 
observed at 100 μM but no toxicity was observed at lower concentration 
(50 μM). Therefore, we tested 1–100 μM permethrin (stock solutions of 
permethrin from 250 μM to 25 mM). The selection of concentrations for 
hyperforin was based on studies evaluating its CYP induction effects of 
concentrations up to ~40 μM. Komoroski et al. (2004) showed a 
dose-dependent induction in CYP3A4 and CYP2C9 mRNA expression 
between 0.1 and 1.5 μM (non-pure, unstable form); therefore, we started 
with a target concentration range of 1–40 μM (stock solutions of 
hyperforin from 250 μM to 10 mM). 

2.2.2. Static incubations with EpiDerm™ models only 
EPI-296 epidermis equivalents were purchased from the MatTek 

Corporation. The 96-well skin models in Millicell hanging inserts were 
transferred to a 96-well multi-well containing 250 μl EPI-100-NMM-WE 
medium. EpiDerm™ models were incubated at 37 ◦C and 5 % CO2 for 1 h 
prior to chemical exposure and subsequently incubated, without a 

Fig. 1. Permethrin metabolites formed in in vitro and in vivo and the XMEs involved. ADH = alcohol dehydrogenase, ALDH = aldehyde dehydrogenase; CES1 =
carboxylestesterase-1; UGT = UDP-glucuronosyltransferases. 
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medium change, for up to 48 h. 

2.2.3. Preparation and static incubation of liver spheroids only 
Cryopreserved HHStec were from Provitro (Catalogue number SC- 

5300) and were cultured in Stellate Cell Medium (SteCM from Provi-
tro) until a confluence of ~80 % was reached. Differentiated HepaRG 
cells (HPR116) were from Biopredic International (Rennes, France). 
Four days prior to formation of spheroids, HepaRG cells were thawed 
and cultured in HepaRG medium containing 0.5 % (v/v) DMSO. The 
following day, medium was changed to HepaRG medium containing 2% 
DMSO. HepaRG cells were harvested using trypsin/EDTA and then 
mixed with HHSteC cells in a 25:1 ratio. This ratio was considered 
optimal in (a) forming firm spherical spheroids and (b) avoiding fibrotic 
spheroids, which may occur at a higher ratio of HHSteC cells due to 
activation, proliferation and extracellular matrix formation. Cells were 
then pipetted into each well of a 384-well ultra-low attachment plate. 
Each liver spheroid consisted of 50,000 cells. The fully loaded plate was 
centrifuged at 100 x g for 1 min and then cultured at 37 ◦C and 5 % CO2 
on a shaker for 3 days. The spheroids were transferred to 24-well ultra- 

low attachment plates with 20 spheroids per well in 1 ml. For the in-
cubations, test chemical or its corresponding solvent were added to the 
appropriate wells. The liver spheroids were then incubated, without a 
medium change, for 24 and 48 h, at which time points aliquots of the 
medium were collected for analysis. 

2.3. Pre-test to determine non-specific binding in empty Chip2 circuits 

In “empty Chip” experiments, chemicals were applied to the Chip2 
circuits in exactly the same way as that in the main systemic experiments 
(see Section 2.4.1), by testing either a single application with daily fresh 
medium changes or repeated application with medium changes con-
taining the test chemical. Briefly, 250 μl EPI-100-NMM-WE “Co-culture 
Medium” (from MatTek) was added to the circuit, followed by 250 μl Co- 
culture Medium containing twice the final concentration of test com-
pound. Final concentrations tested were 5, 25 and 50 μM permethrin 
and 0.64, 2.5 and 5 μM hyperforin. Subsequent daily medium exchanges 
were performed by removing 250 μl medium and replacing it with 250 μl 
fresh medium without test compound (single application) or with test 

Fig. 2. Hyperforin metabolites formed in vivo and in vitro according to literature, which were also detected in incubations with liver spheroids in the pre-tests.  
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compound (repeated application). On Day 5, all of the medium was 
removed from the circuit and 500 μl 100 % DMSO was added. After a 
further 24 h incubation, all of the DMSO was removed from the circuit. 
All medium and DMSO samples removed were analyzed for the presence 
of the parent compound. 

2.4. Chip2 experiments with EpiDerm™ and liver spheroids 

Skin-liver Chip2 experiments were conducted by two laboratories. 
“Lab 1′′ was TissUse GmbH and “Lab 2′′ was Beiersdorf AG. The Chip2 
circuits and associated equipment were from TissUse GmbH (Berlin, 
Deutschland, “Lab 1′′). Each application scenario was conducted in one 
experiment by both laboratories, with n = 5 Chip2 circuits tested in Lab 
1 and n = 3 circuits tested in Lab 2. The same batches of EpiDerm™ 
models, HepaRG cells and HHStec were used in both laboratories by the 
same personnel. 

2.4.1. Set up of the skin-liver Chip2 and application of chemicals 
The Chip2 circuits were filled with EPI-100-NMM-WE “Co-culture 

Medium” at least one day prior to the start of the Chip2 experiment. 
Twenty liver spheroids (prepared as described in Section 2.2.3) were 
transferred to the spheroid culture compartment of the Chip2, and 
EpiDerm™ trans-well inserts were integrated into the second culture 
compartment. The Chip2 experiments employed the same 96-well EPI- 
296 epidermis equivalents in Millicell hanging inserts as those used in 
the static experiments. A volume of 500 μl medium was added to the 
circuit and subsequent daily medium exchanges were performed by 
removing 250 μl and replacing it with 250 μl fresh medium. The Chip2 
circuits were connected to the HUMIMIC Starters operating unit at a 
pressure of 350 mbar and vacuum of 300 mBar with 0.5 Hz as the pump 
frequency, resulting in a flow rate of 2.7 (± 0.2) μl/min. 

The target doses for permethrin and hyperforin were 25 and 1.25 μM, 
respectively. For comparative assessment of exposure route effects, the 
chemical was either applied to the surface of the EpiDerm™ model (2 μl 
per model, topical) or to the liver compartment of the Chip2 (systemic). 
A single dose scenario refers to the application of the chemical at “Day 
0′′ (i.e. 24 h after the EpiDerm™ models and liver spheroids had been 
added to the Chip2 compartment). A repeated dose scenario refers to the 
application of chemical on Day 0 and reapplication (without washing 
the skin surface) every 24 h after this time point (i.e. Day 1, 2, 3 and 4). 
The "dose" refers to the final concentration in the whole systemic cir-
culation irrespective of the application volume or route. For example, 
the target “dose” of permethrin was 25 μM, which was the expected 
medium concentration after application of 2 μl of a 6250 μM stock so-
lution in DMSO to the skin surface and 100 % entering the 500 μl circuit 
volume. For systemic application, the dose was added during the “half 
medium change” (the removal of 250 μl from the circuit and addition of 
250 μl fresh medium) – therefore, 250 μl medium containing twice the 
final concentration was added to the circuit after 250 μl of the “old 
medium” was removed. 

2.4.2. Medium sampling from the Chip2 circuit 
At early time points up to 8 h, 80 μl of the circuit medium was 

removed and transferred to an Eppendorf tube. On Day 1–5, 250 μl of the 
500 μl circuit medium was removed and, of this, 80 μl was aliquoted into 
Eppendorf tubes or 96-well plates for MS analysis and stored at − 80 ◦C. 
All remaining supernatants were transferred into 96-deep well plates 
and stored at 4 ◦C until LDH, glucose, lactate and albumin analyses were 
performed. At the end of the culture period, tissues were harvested from 
the Chip2 and processed further for histochemical and qPCR analysis. 

2.4.3. Tissue harvest from the Chip2 circuit 
To analyze the tissues at different time points (Day 1, Day 2 and Day 

5) of exposure, respective Chip2 experiments were stopped and Epi-
Derm™ models and liver spheroids were collected and subjected to 
histological and transcriptional analyses. Several liver spheroids were 

transferred to a cryomold filled with TissueTek and frozen at − 80 ◦C. 
EpiDerm™ models were cut in half. One half was transferred into a 
cryomold with TissueTek and frozen at − 80 ◦C. For cryosectioning, both 
tissues were transferred to the cryostat and sectioned at a blade tem-
perature of − 18 ◦C and object head temperature of − 17 ◦C. After 
reaching the central region, sections with an 8 μm thickness were cut 
and transferred to object slides. The glass slides were stored at room 
temperature for drying and subsequently stored at − 20 ◦C until hema-
toxylin & eosin (H&E) staining. The other half of the EpiDerm™ model 
and the rest of liver spheroids were transferred into “RA1 lysis buffer” 
(from the NucleoSpin 8 RNA Core Kit (Macherey Nagel, REF 740465.4)) 
for mRNA expression analysis. These samples were frozen and stored at 
− 80 ◦C until RNA isolation. 

2.5. End point measurements employed in static and Chip2 experiments 

2.5.1. Viability measurements 
The viability of the organoids in static and Chip2 experiments was 

measured using several end point parameters. A decrease in the value of 
the viability end point of more than 10 % of the solvent control value 
was considered to be a biologically relevant loss of viability. End points 
included the following: MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) metabolism (static EpiDerm™ models only), 
ATP content (static liver spheroids only), albumin production (static 
liver spheroids and Chip2 experiments), glucose consumption (Chip2 
experiments only), lactate production (Chip2 experiments only), and 
release of LDH (static incubations with EpiDerm™ models and liver 
spheroids, and Chip2 experiments). The structure of EpiDerm™ models 
was also monitored using H&E staining and immunohistochemical 
staining of nuclei (DAPI, blue), proliferation marker (Ki67, red) and 
apoptosis marker (TUNEL, green). 

For the MTT assay, EpiDerm™ models were incubated with MTT in 
NMM-WE medium for 3 h before extraction of the metabolite with iso-
propanol and measurement of the absorbance at 590 nm. ATP was 
measured using the CellTiter-Glo 3D assay from Promega (Catalogue 
number G9682). 

Human serum albumin content of the medium was measured in Lab 1 
using Albumin in Urine / CSF FS Kit from DiaSys and in Lab 2 using the 
“Human Albumin ELISA Quantitation Set” from Bethyl Laboratories, 
Inc. (Catalogue number E80− 129). 

Lactate concentrations in the medium were measured in Lab 1 using 
the FluitestR Lactate kit from Analyticon and in Lab 2 using the “lactate 
determination kit” from Diaglobal GmbH (Catalogue number LAC 142). 
Glucose concentrations in the medium were measured in Lab 1 using the 
Glucose (HK) Kit (Catalogue number 981,779) from Thermo Fisher Di-
agnostics and in Lab 2 using the “glucose determination kit” from Dia-
global GmbH (Catalogue number GLU 142). 

The LDH content of the medium and lysed EpiDerm™ models and 
liver spheroids was measured in Lab 1 using the LDH (IFCC) Kit from 
Thermo Fisher Diagnostics and in Lab 2 using the “Cytotoxicity Detec-
tion KitPLUS (LDH) from Roche. Concentrations were quantified using 
an LDH standard from Roche (L-LDH, 10,127 230 001) to construct a 
calibration curve from 0.781 to 50 mU/ml. The viability in static and 
Chip2 experiments was calculated as a percentage of the LDH in the 
medium compared to the total LDH content in the incubation i.e. one 
EpiDerm™ model and/or 20 liver spheroids. 

The total LDH content each EpiDerm™ model and 20 liver spheroids 
was determined by releasing all LDH using a lysis method. This was 
achieved by incubating them separately for 1 h in 500 μl 0.1 % Triton X- 
100, followed by homogenization using a tissue shredder. The samples 
were centrifuged before taking an aliquot for LDH analysis. For static 
incubations with a single organoid, the total LDH for that organoid was 
used to calculate viability; whereas, for Chip2 experiments, the total 
LDH content was the sum of the LDH in one EpiDerm™ model and 20 
liver spheroids. The following calculations were used to calculate rela-
tive viability in static and Chip2 experiments. 
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Adjusted LDH activity (LDHMED,ADJ) = LDHMED - LDHBLANK             (1) 

Where the LDH activity in medium sample = LDHMED and LDH activity 
in blank (fresh medium without any organoids) = LDHBLANK 

% Viability of organoids =
LDHTOTAL − LDHMED,ADJ

LDHTOTAL
× 100 (2)  

Where LDHTOTAL represents the LDH activity in lysed organoid(s) (Total 
LDH). 

The viability of the organoids after application of test chemical was 
expressed as a percentage of the viability of the solvent control treated 
Chip2: 

% of solvent control viability=
%viability after chemical application

%viability solvent application
×100

(3) 

The integrity of the EpiDerm™ models was assessed according to 
TEER values measured within the 96-well Millicell inserts using a 3D- 
printed trans-well-mount. This device was developed by TissUse 
GmbH (Lab 1) for the Chip2 to ensure reproducible TEER values. The 
TEER measurements were in accordance with the expected TEER values 
measured in standard Trans-wells (data not shown). 

2.5.2. qPCR analysis of liver spheroids 
The isolation of total RNA from the liver spheroids was performed 

using the NucleoSpin® RNA Kit (Lab 1) or the RNeasy® Mini Kit from 
Qiagen (Lab 2). After collection, tissues were directly re-suspended in 
lysis buffer, containing the reducing agent β-mercaptoethanol and 
stored at − 80 ◦C until further processing. After thawing the samples, the 
RNA-isolation was performed following the manufacturer’s instructions. 
The RNA was finally eluted in RNase-free H2O. The concentration and 
purity of the isolated RNA was determined using a NanoDrop spectro-
photometer. The RNA was either used immediately for cDNA synthesis, 
or stored at − 80 ◦C. cDNA synthesis by reverse transcription was carried 
out with the TaqMan® Reverse Transcription Reagents (Lab 1) or 
Applied Biosciences High Capacity cDNA Reverse Transcription Kit (Lab 
2). 

Real-time qPCR analysis of permethrin and hyperforin samples was 
performed in Lab 1 using the SensiFAST™ SYBR® Lo-ROX kit. Every 
PCR reaction contained 7.5 μl cDNA and 2.5 μl primer mix and was 
analyzed with the QuantStudio® 5 Real-Time PCR System. At Lab 2, 
Real-time qPCR for the permethrin samples was carried out using Taq-
Man® Low Density Arrays (LDA), according to the manufacturers’ in-
structions. Real-time qPCR analysis of hyperforin samples was 
performed using the RT2 SYBR Green ROX qPCR Mastermix and Custom 
RT2 Profiler PCR Arrays (Format E) from Qiagen, according to the 
manufacturers’ instructions. The expression-levels were quantified 
through normalizing the cycle thresholds (as the measured values) of the 
genes of interest to a housekeeping gene, according to the following 
formula with E = amplification efficiency, HK = housekeeping gene, 
target = gene of interest: 

Ect
target

Ect
HK 

Genes measured were: XME genes: CYP1A1, CYP1A2h, CYP2A6, 
CYP2B6, CYP2C9, CYP2C19, CYP3A4, CYP3A5 h, CYP2E1h, ALDH1A1, 
ADH1Ap, AKR1C1p, EPHX1, HCE1 (CES1), HCE2 (CES2), GSTP1h, 
GSTM1, SULT1A1h, SULT1E1h UGT1A1, UGT1A9, PTGS2h, BAAT h; 
transporter genes included: ABCB1 (MDR1), ABCC3 (MRP3)p, ABCC4 
(MRP4)p; functional genes included: albumin, caspase-3, Ki67p, AK1p, 
RNGTT, MMP9, PSMC3; and house− keeping genes included: TBP, 
GAPDH. Genes with a superscript “p” or “h” were tested in permethrin or 
hyperforin incubations only, respectively. 

2.5.3. Parent and metabolite analysis 
Medium samples for Liquid Chromatography - Tandem Mass Spec-

trometry (LC–MS-MS) metabolite analysis were prepared by adding 40 
μl acetonitrile plus internal standards (griseofulvin, diazepam and 
diclofenac) to 40 μl of the standards or samples, respectively. After 
centrifugation (2200 x g, 5 min at room temperature), the supernatant 
was transferred into vials for quantification of permethrin, hyperforin 
and semi-quantitative measurement of their metabolites. The HPLC 
system consisted of a Dionex UltiMate 3000 RS pump and Dionex Ulti-
Mate 3000 RS column compartment and Accela Open Autosampler 
(Thermo Fisher Scientific, USA). 

For permethrin samples, LC was performed in the gradient mode 
using 0.1 % formic acid in acetonitrile (solvent A) and 0.1 % formic acid 
in water (solvent B); the pump flow rate was set to 600 μl/min. Sepa-
ration was performed on an Accucore Phenyl-Hexyl, 2.6 μm, 50 × 2.1 
mm (Thermo Fisher, Germany) analytical column with a pre-column C6- 
Phenyl, 2.6 μm, 4 × 2.0 mm (Thermo Fisher, Germany) for quantifica-
tion using gradient elution. The gradient was: 0.0 min = 5 % A; 0.1 min 
= 5 % A; 1.6 min = 97 % A; 2.7 min = 97 % A; 2.8 min = 5 % A and 3.5 
min = 5 % A. The sample injection volume was 12 μl. The LLOQ (lower 
limit of quantification) for permethrin was 15.6 nM. Permethrin was 
confirmed to be soluble in medium up to 500 μM. 

For hyperforin, LC was performed in the gradient mode using 
acetonitrile (solvent A) and 10 mM ammonium acetate in water (solvent 
B); the pump flow rate was set to 600 μl/min. Separation was performed 
on an Kinetex Phenyl-Hexyl, 2.6 μm, 50 × 2.1 mm (Phenomenex, Ger-
many) analytical column with a pre-column C6-Phenyl, 2.6 μm, 4 × 2.0 
mm (Thermo Fisher, Germany) for quantification gradient elution. The 
gradient was: 0.0 min = 5 % A; 0.1 min = 5 % A; 1.4 min = 97 % A; 2.7 
min = 97 % A; 2.8 min = 5 % A and 3.5 min = 5 % A. The sample in-
jection volume was 1 μl. The specified LLOQ hyperforin was 1 nM. 
Hyperforin was confirmed to be soluble in medium up to 40 μM. 

Mass spectrometry (MS) was performed on a Q-Exactive Plus mass 
spectrometer (Orbitrap™ technology with accurate mass) equipped 
with an H-ESI (heated electrospray interface) (Thermo Fisher Scientific, 
USA) connected to a PC running the standard software Xcalibur 
4.0.27.19. The most abundant and structure characteristics of 
permethrin and hyperforin metabolites observed and assigned by ac-
curate mass spectroscopic analysis are shown in Supplementary Table 1. 
A complete metabolite FullScan (in the negative and positive for 
permethrin and in the negative only for hyperforin) electrospray ioni-
zation modes with high resolution (70,000) analysis of the samples was 
performed to identify metabolic species by accurate mass. Blank samples 
were the respective medium without test chemical or organoids. Where 
applicable, MS/HRMS spectra were taken for structural elucidation. For 
permethrin, the MS was operated in the full scan MS-selected ion 
monitoring (MS-SIM) (m/z: 120–800) mode. The m/z value for the 
[M+H]+ and [M− H]- ion of permethrin was 391.0862 and 389.0706, 
respectively. For hyperforin, the MS was operated in the full scan MS- 
SIM (m/z: 120–900) mode. The m/z value for the [M− H]- ion of 
hyperforin was 535.3780. The putative metabolites were identified 
based on the test item fragmentation pattern of the precursor compound 
and their corresponding characteristic fragments, as shown for 
permethrin and hyperforin in Supplementary Table 1. 

An indication of the metabolic functionality of the organoids over 
time was determined by calculating the increases in metabolite con-
centrations over 24 h i.e. the time between the half-medium changes. In 
the absence of standards for quantification, peak areas were used for 
estimating relative changes in metabolite concentrations. The concen-
tration of metabolites in the circuit directly after medium change was 
halved due to the removal of half the medium and the addition of 250 μl 
fresh medium (the “half-medium change”). This new diluted concen-
tration of total metabolites (Concmed 1) was not actually measured but 
can be calculated by dividing the measured concentration at that time 
point by 2: 
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Table 1 
Overview of pre-test results using static organoid incubations over 48 h. Permethrin was tested at 1 – 100 μM and hyperforin was tested at 0.004 – 40 μM in both EpiDerm™ models and liver spheroids. When the loss of 
viability compared to the solvent control-treated incubations was less than 10 %, the chemical was considered “not cytotoxic”. Cytotoxic concentrations of chemical caused more than 10 % loss of viability compared to 
solvent control-treated incubations. NA = not applicable, ND = not determined.  

Parameter Permethrin Hyperforin 

Non-specific binding in circuits 
without EpiDerm™ or liver 
organoids 

Extensive binding (94− 96 % adsorbed) in 24 h - ~60 % recovered by DMSO wash Extensive binding (75− 85 % adsorbed) in 24 h and 4− 9 % recovered by DMSO wash   

EpiDerm™ Liver spheroids EpiDerm™ Liver spheroids 
Cytotoxicity – MTT metabolism Not cytotoxic over 1–100 μM ND Not cytotoxic over 0.004–40 μM. ND 
Cytotoxicity – ATP content ND Not cytotoxic over 1–100 μM ND Tested 0.004–40 μM. Cytotoxic at ≥ 0.32 μM at 24 and 

48 h. 
Cytotoxicity – Albumin 

production 
ND Not cytotoxic over 1–100 μM ND Tested 0.004–40 μM. Cytotoxicity evident at ≥ 0.32 μM 

at 24 and 48 h. 
Cytotoxicity – LDH Not cytotoxic over 1–100 μM Not cytotoxic over 1–100 μM Not cytotoxic over 0.004–40 μM. Tested 0.004–40 μM. Cytotoxicity evident at ≥ 5 μM at 

24 and 48 h. 
Penetration through 

EpiDerm™ organoids 
Very low at all doses tested (1–100 μM) 
– only trace amounts of parent in 
medium over 48 h. 

NA Increasing penetration with increasing dose (1− 20 
μM) – 17 %, 2.8 % and 0.1 % of the applied dose of 
1, 5 and 20 μM parent after 24 h 

NA 

Metabolites produced No metabolites detected in the 
medium 

12 confirmed metabolites including major in 
vivo metabolites: CVA and its conjugates, PBOH 
and PBCOOH 

2 single and 1 double oxidized metabolite detected 6 metabolites identified, including all major metabolites 
reported in vitro were also produced in liver organoids 

XME, transporter or functional 
gene induction 

ND Majority of genes not altered and genes that 
were affected (UGT1A1, CYP2B6, CYP1A1) 
were induced by less than 3-fold 

ND Main effect on CYP3A4 (42-fold induction), with minor 
induction of: CYP1A1, CYP2B6, and CYP3A5 induced by 
up to 3-, 2- and 2.1-fold, respectively 

Precipitation on skin surface Precipitation evident – starting at 25 
μM after 48 h 

NA No precipitation NA  
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Total metabolite concentration after half-medium change (Concmed 1)

=

∑
peak areas in medium

2 

Metabolites continue to be formed over the following 24 h and are 
directly measured in the subsequent sample of medium removed from 
the circuit. The total concentration of total metabolites in this sample 
was calculated to be: 

Metabolite concentration at the subsequent medium change 
(Concmed 2) =

∑
peak areas in medium 

Therefore, the difference between the time points over 24 h was 
equivalent to the activity: 

Activity(peak area increase/h) =
Concmed 2- Concmed 1

24 h 

The main permethrin metabolites (according to peak area) were 
assigned as PM1, PM2, PM3, PM5, PM6, PM9, PM11 and PM12 and the 
main hyperforin metabolites were assigned as HM1, HM2, HM3 and 
HM6. 

2.6. Statistical analysis 

All experiments were carried out with more than three independent 
experimental setups. Values are expressed as a mean ± SD. Statistical 
analyses were conducted using Prism GraphPad software, Version 8.4.3. 

Statistical differences for fold induction of genes were conducted by first 
transforming fold-induction values into log2[fold-induction], and then 
testing with a one-sample t-test whether the mean was significantly 
different from 0 (for this, a statistical difference is denoted with * when p 
< 0.05). All other statistical differences were evaluated using unpaired 
two-tailed t-test for analysis of two samples and one-way ANOVA with 
Greisser-Greenhouse correction and Dunnett post-hoc test for multiple 
comparison of matched data with one variable and two-way ANOVA 
with Greisser-Greenhouse correction and Turkeys post-hoc test for 
matched data with two variables. A statistical difference is denoted with 
* when p < 0.05, with ** when p < 0.01 and *** when p < 0.001 
(Table 1). 

3. Results 

3.1. Single static incubation with EpiDerm™ or liver spheroids for 
selection of the test doses 

A range of doses of each test chemical was evaluated in separate 
static incubations of EpiDerm™ models and liver spheroids for 24 and 
48 h to determine the optimal dose for the Chip2 experiments. Applied 
criteria for the final dose were that the chemical (1) was metabolized at 
least by liver spheroids, (2) showed some penetration of the EpiDerm™ 
models, (3) was non-cytotoxic and, (4) ideally, altered XME gene 
expression in the liver spheroids as indication for their responsiveness to 
chemical exposure. An overview of the results from the static in-
cubations with EpiDerm™ models and liver spheroids is shown in 
Table 2. 

3.1.1. Organoid viability 
The viability of the EpiDerm™ models was assessed by measuring 

their metabolism of MTT, as well as LDH leakage into the medium. Both 
cytotoxicity markers confirmed that neither chemical was toxic to Epi-
Derm™ models at any of the doses tested. The viability of liver spheroids 
was assessed based on three endpoint parameters, namely, ATP content, 
human serum albumin production and LDH leakage. Permethrin was not 
toxic to liver spheroids at 24 or 48 h at any of the concentrations tested 
(1–100 μM). In contrast to permethrin, hyperforin was very toxic to the 
liver spheroids, whereby, in the first experiment, it was markedly toxic 
at most concentrations tested (1–40 μM). Additional experiments tested 
much lower concentration ranges, starting with 0.004 μM to a maximum 
of 1 μM. A decrease in albumin production was the most sensitive in-
dicator of cytotoxicity, since this was decreased at concentrations which 
did not affect ATP content and LDH release. Based on albumin produc-
tion, 0.16 μM was the highest non-cytotoxic hyperforin concentration 
and at the next higher dose, 0.32 μM, albumin production decreased to 
67 % of solvent control-treated organoids. At 0.32 μM ATP was also 
decreased to 66 % after 24 h, whereas LDH release increased only after 
48 h at 5 μM and higher. 

3.1.2. Penetration through EpiDerm™ models 
The penetration of different doses of chemicals through EpiDerm™ 

models in static incubations was measured over 48 h. Only minimal 
penetration of permethrin through the EpiDerm™ models was observed. 
After application of doses of 5–100 μM, only trace amounts (<50 nM) of 
permethrin were sometimes detected in the medium, which were 
neither dose- nor time dependent. At 25 μM, only 0.06 % of the applied 
dose reached the medium below the EpiDerm™ models by 48 h. In 
contrast to permethrin, all doses of hyperforin between 0.64 and 5 μM 
slowly penetrated the EpiDerm™ models (~2 % and 1–3 % of the 
applied dose by 24 h and 48 h, respectively), with a lag time of at least 6 
h of the parent chemical (hyperforin was only present in the medium at 
the 12 h time point). 

3.1.3. Metabolism in EpiDerm™ models and liver spheroids 
Permethrin was extensively metabolized by liver spheroids, whereby 

Table 2 
Effect of systemic and topical application of solvents and test chemicals on TEER 
values of EpiDerm™ models in the Chip2 circuits over 6 days. Values are 
expressed as Ω/cm2 and are taken from one lab (Lab 1) and are a mean ± SD. ns 
= not statistically significant (P < 0.05) from the corresponding solvent control 
(SC) measurement at the same time point.   

TEER values (Ω/cm2) on Treatment day 

− 1 (n =
42) 

0 (n = 6) 2 (n = 3) 5 (n = 3) 

Systemic application 
No application 

501 ±
172 649 ± 93 

ND 578 ± 105 
SC for permethrin – 

single 
651 ± 120 549 ± 135 

SC for permethrin - 
repeated 

583 ± 93 537 ± 42 

Permethrin – single 
646 ± 28 
(ns) 

700 ± 77 
(ns) 

Permethrin - repeated 
671 ± 64 
(ns) 

712 ± 80 
(ns) 

SC for hyperforin – 
single 

544 ± 5 452 ± 62 

SC for hyperforin - 
repeated 

452 ± 62 454 ± 65 

Hyperforin – single 
515 ± 129 
(ns) 

537 ± 47 
(ns) 

Hyperforin - repeated 
474 ± 37 
(ns) 

545 ± 121 
(ns)  

Topical application 
No application 

495 ±
160 

514 ±
126 

ND 502 ± 30 
SC for permethrin – 

single 
390 ± 26 398 ± 20 

SC for permethrin - 
repeated 381 ± 42 356 ± 86 

Permethrin – single 387 ± 5 (ns) 
494 ± 47 
(ns) 

Permethrin - repeated 
453 ± 25 
(ns) 

387 ± 61 
(ns) 

SC for hyperforin – 
single 

416 ± 46 432 ± 65 

SC for hyperforin - 
repeated 323 ± 22 189 ± 36 

Hyperforin – single 
417 ± 60 
(ns) 

584 ± 123 
(ns) 

Hyperforin - repeated 323 ± 46 
(ns) 

245 ± 18 
(ns)  
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more than 90 % was depleted by 24 h. Twelve metabolites were iden-
tified, including all of the main in vivo metabolites denoted in Fig. 1. 
Hyperforin was more slowly metabolized by liver spheroids, in which 
40–60 % of the initial amount remained after 24 h and 31–49 % after 48 
h. Ten oxidized metabolites of hyperforin were produced in liver 
spheroid incubations (Fig. 2), including the main single (HM1 and HM2) 
and double oxidized products detected in vivo (HM5 and HM10). 

No permethrin metabolites were detected in the media of EpiDerm™ 
model following topical application (parent and metabolites in the 
EpiDerm™ models were not determined). By contrast, six oxidized 
metabolites of hyperforin were produced as it passed through the Epi-
Derm™ models. These included HM1, HM2, HM3 and HM4, which are 
single oxidation metabolites, HM5, which is a double oxidation metab-
olite and HM6, which is formed via hydration and oxidation. The for-
mation of these metabolites indicates that the EpiDerm™ models had 
functional CYP activities. 

It was not possible to quantify any of the metabolites due the lack of 
reference material; therefore, for simplicity of presentation in this paper, 
we have only reported on findings on the metabolites known to be 
produced in vivo and with the highest peak areas (although it is 
acknowledged that peak areas are only semi-quantitative). 

3.1.4. Liver spheroid XME gene expression 
The majority of the 22 XME, transporter and functional genes 

measured in liver spheroids were not altered by permethrin compared to 
solvent control and genes that were affected were induced by less than 3- 
fold. While CYP3A4 was not markedly or dose-dependently induced in 
liver spheroids, another PXR-regulated gene that was induced in a dose- 
dependent manner was UGT1A1 (fold increases by 5, 25 and 50 μM 
permethrin were 1.2 ± 0.5 (not significant), 1.9 ± 0.2 (p < 0.05) and 2.6 
± 0.4 (p < 0.05), respectively after 24 h). CYP2B6 was also induced by 
approximately 2-fold but this was not dose-dependent (fold increases by 
5, 25 and 50 μM permethrin were 1.1 ± 0.1 (not significant), 1.8 ± 0.5 
(not significant) and 1.9 ± 0.2 (p < 0.05), respectively after 24 h and 1.8 

± 0.6 (not significant), 2.0 ± 0.2 (p < 0.05) and 1.9 ± 0.3 (p < 0.05), 
respectively after 48 h). The AhR-regulated gene, CYP1A1, was induced 
in a dose-dependent manner (fold induction after 24 h by 5, 25 and 50 
μM permethrin was 1.2 ± 0.5 (not significant), 1.9 ± 0.1 (not signifi-
cant) and 2.8 ± 0.6 (p < 0.05), respectively). 

The levels of 27 XME, transporter and functional genes were 
measured in liver spheroids treated with hyperforin. This chemical at 
concentrations of 0.64 and 1 μM induced several genes after 24 h and 48 
h. These concentrations may have caused some toxicity, but they were 
not overtly toxic based on the LDH leakage measurements and the fact 
that XME genes were induced, as this would not happen if the organoids 
were completely compromised. The highest fold induction was observed 
with CYP3A4, which was statistically significantly (p < 0.05) induced by 
0.64 and 1 μM hyperforin by 32.5 ± 12.4-fold and 15.6 ± 12.6-fold after 
24 h by, respectively, and by 17.5 ± 6.1 and 48.0 ± 49.9-fold after 48 h, 
respectively. There was also a small but statistically significant (p <
0.05) induction by 0.64 and 1 μM hyperforin of CYP1A1 at 48 h (2.1 ±
1.9-fold and 2.9 ± 1.6-fold, respectively), CYP2B6 at 24 h (3.2 ± 1.5-fold 
and 2.1 ± 1.1-fold, respectively), and CYP3A5 at 24 h (2.8 ± 0.8-fold 
and 2.2 ± 0.5-fold, respectively). 

3.1.5. Non-specific binding 
The selection of the optimal dose for the Chip2 experiments also 

depends on the non-specific binding of the chemical to the organoid 
compartment and circuit walls. A marked decrease in the free fraction of 
a chemical due to this effect would affect the ability to detect it and its 
metabolites, as well as reduce any impact the chemical has on organoid 
XMEs. In the absence of protein (i.e. an empty chip), permethrin bound 
to the walls of the Chip2 circuit during the first 24 h (4–6 % of the initial 

Table 3 
Comparison of conditions used for static and dynamic incubations. The 
values stated for the % binding of different doses of permethrin and hyperforin 
in the Chip2 model are shown together with the mean (± SD) measured con-
centrations in the circuit on Day 2, 3 4 and 5 (in parentheses) during which time 
the concentrations had reached a plateau.   

Static Dynamic 

EpiDerm model used EPI-296 epidermis equivalents 96-well skin models in 
Millicell hanging inserts 

Medium EPI-100-NMM-WE medium (recipe proprietary but 
known to contain BSA) 

Volume 250 μl 500 μl 

% binding in the 
absence of 
EpiDerm™ or liver 
spheroids 

Hyperforin: 17 % (3 h) Hyperforin: 

Permethrin: 47 % (3 h) 

0.64 μM = 82 % (0.115 
± 38 μM) 
2.5 μM = 35 % (1.61 ±
0.23 μM) 
5 μM = 38 % (3.12 ±
0.66 μM) 
Permethrin: 
5 μM = 99 % (0.101 ±
0.03 μM) 
25 μM = 93 % (0.70 ±
0.39 μM) 
50 μM = 85 % (1.5 ±
0.81 μM) 

% binding in the 
presence of heat- 
inactivated liver 
spheroids 

Hyperforin: 16 % (3 h) 

Not measured Permethrin: 0 % (3 h) 

Occlusion 

Partial-occlusion: covered 
with a standard plate lid, 
allowing for some 
evaporation 

Complete occlusion: 
compartment closed 
with a screw lid  Fig. 3. H&E staining of cross-sections of EpiDerm™ over time and with 

application of solvent or permethrin. 
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concentration remained). This binding was readily reversible using 
medium or DMSO washes. 

Hyperforin also bound to the walls of the Chip2 circuit during the 
first 24 h, although the extent of loss of parent chemical (35 %–82 % of 
the initial concentration remained after 24 h) was less than for 
permethrin, with saturation of binding occurring at a concentration 
between 0.64 and 2.5 μM (Table 3). Since liver spheroid pre-tests 
showed that concentrations higher than 0.32 μM caused a decrease in 
liver spheroid functionality (albumin production and ATP content), the 
concentration of hyperforin in empty chip experiments after systemic 
application was used to estimate the highest safe dose that would be 
expected to induce XMEs. The repeated application of 0.64 μM and 2.5 
μM hyperforin to empty chips over 5 days resulted in maximum con-
centrations measured in the medium of 115 nM and 1.6 μM, respec-
tively. Unlike permethrin, the presence of protein (i.e. heat-inactivated 
liver spheroids) did not markedly alter the extent of non-specific binding 
in polycarbonate plates (Table 3); therefore, empty chip concentrations 
were taken to represent levels that would be present in Chip2 circuits 
containing organoids. We considered 115 nM to be too low (it may not 
cause changes to the XMEs and metabolites may not be measurable) and 
1.6 μM to be too high (causing toxicity). Therefore, we set the nominal 
target test dose of hyperforin for the Chip2 experiments at 1.25 μM. This 
equates to 0.23− 0.81 μM once non-specific binding in PDMS circuits 
(35–82 %, Table 3) was considered. Although this range overlaps the 
concentration at which cytotoxicity started to be evident in the static 
experiments with liver spheroids (0.32 μM), it is also in the range of 
concentrations shown to result in a good induction of CYP3A4 (0.64 and 
1 μM). It was assumed that the susceptibility of liver spheroids to 
toxicity would be lower in the Chip2 because of the dynamic flow of 
medium, the controlled oxygenation of the medium and the daily half 

medium changes. This was supported by the viability data from the 
Chip2 experiments (see Section 3.2.2). 

3.1.6. Chemical precipitation 
The appearance of the EpiDerm™ models was monitored after 

topical application of the chemicals. While neither vehicle nor hyper-
forin affected the appearance of the surface of the EpiDerm™ models, 
permethrin appeared to precipitate. The effect was apparent, although 
minimal, at 25 μM and increased with increasing doses. For this reason, 
we considered 25 μM to be the likely optimal target nominal dose for 
permethrin since this was the highest concentration with minimal pre-
cipitation. The observations of permethrin in these tests were made on 
partially occluded EpiDerm™ models (a plate lid was applied), and the 
same degree of precipitation was not expected in the Chip2 because it 
was completely occluded and the surface was moist. 

3.2. Chip2 experiments – viability measurements 

3.2.1. EpiDerm™ H&E histology and TEER values 
There was a good maintenance of the EpiDerm™ structure over 5 

days after systemic and topical application of solvents or test chemicals. 
An example of the H&E staining of sections of EpiDerm™ models taken 
from experiments in Lab 1 with the repeated topical application of 
DMSO or permethrin is shown in Fig. 3 (treatment with hyperforin not 
shown). This treatment can be considered to be the most mechanically 
disruptive handling compared to systemic application, since the solvent 
or chemical was directly applied to the EpiDerm™ surface. Topical 
application of solvents or test chemicals resulted in very minor disrup-
tion of the stratum corneum (which became thicker over time) and an 
intact epidermis up to Day 5. This finding was in accordance with the 

Fig. 4. Organoid viability in the Chip2 circuit 
according to (A) LDH leakage, (B) glucose, (C) 
lactate and (D) albumin contents in the medium 
over time after repeated systemic and topical 
application of the solvent controls. Values in 
experiments in Lab 1 (closed circles, n = 6) and 
Lab 2 (open circles, n = 4-5) are a mean ± SD. 
Values with a dotted line represent topical 
application and values with a continuous line 
represent systemic application. In (C), the 
dotted line at the 2300 mg/l value represents 
the concentration of glucose in fresh medium. 
The % viability of organoids was calculated 
according to Eq. 2. A statistical difference from 
the Day 0 medium measurement is denoted 
with * when p < 0.05, with ** when p < 0.01 
and *** when p < 0.001.   
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TEER values, which were generally lower than those in non-treated 
models and systemic application models (Table 2). TEER values after 
application with solvents and test chemicals were similar at each time 
point, indicating that the test chemicals per se were not causing any 
effect on this parameter. Although the application of chemicals to the 
surface of the EpiDerm™ was done carefully, it is likely that there was 
some mechanical disruption from the pipette and possibly also from the 
solvent (DMSO for permethrin and ethanol for hyperforin). This was 
more evident when test chemicals were repeatedly topically applied, in 
which the TEER values were lower after repeated than after single 
application. 

3.2.2. In-line measurements in the Chip2: LDH, glucose, lactate, albumin 
For all Chip2 experiments, the viability of the EpiDerm™ models and 

liver spheroids was measured by analyzing the medium for LDH, 
glucose, lactate and albumin content. Fig. 4 shows these measurements 
from repeated systemic and topical application of solvents (ethanol or 
DMSO) in both laboratories. There was a very good intra- and inter- 
laboratory reproducibility of all measurements after single and 
repeated systemic and topical application of solvents. The reproduc-
ibility was also observed for permethrin and hyperforin applications 
(Supplementary Fig. 1 and 2). 

The percentage of total LDH released into the Chip2 circuit at each 
time point was very low (<4 % of the total amount in one circuit con-
taining one EpiDerm™ model and 20 liver spheroids) in all systemically 
and topically treated and non-treated circuits in both laboratories 
(Fig. 4A). The total cumulative amount of LDH (in mU) released into the 
medium over 5 days was always less than 9 % of the total amount in the 
organoids. The release of LDH into the medium was unaffected by either 
test chemical (Supplementary Fig. 1 and 2). 

The concentration of glucose in experiments performed in both 
laboratories was consistent over time and indicated that ~50 % of the 
concentration added was consumed by the organoids (Fig. 4B). In line 
with the consumption of glucose, the production of lactate was also 
generally consistent over time (Fig. 4C). The concentration of glucose 
and lactate in the medium was unaffected by either test chemical 

(Supplementary Fig. 1 and 2). 
The values of human serum albumin in the medium were generally 

higher and more variable in measurements in Lab 1 than in Lab 2 
(Fig. 4D); however, this was not due to the different kits used to measure 
albumin, since comparable values of the same test medium samples were 
measured using both kits (this was also true for glucose and lactate 
values, data not shown). The differences in the kits used was not 
considered to impact the results since both laboratories normalized the 
values to solvent control values; moreover, both measurements detected 
the decrease in albumin production caused by hyperforin (Supplemen-
tary Fig. 1). Importantly, the rate of albumin production in control cir-
cuits was maintained or increased over time in experiments from both 
laboratories (Fig. 4B). The production of albumin was unaffected by 
topical application of either test chemical (Supplementary Figs. 1 and 2) 
or by systemic and topical application of permethrin (Supplementary 
Fig. 2). A single application of hyperforin was considered non-toxic since 
initial albumin production values in these circuits were also lower (9.9 ±
1.8 mg/ml) than that measured in solvent control medium (11.5 ± 1.2 
mg/ml) before its application. 

In Lab 1, the systemic application of hyperforin resulted in a decrease 
in the % control albumin production after repeated systemic doses only 
(Supplementary Fig. 1A). In Lab 2, both single and repeated doses of 
hyperforin caused a decrease in % control albumin production (Sup-
plementary Fig. 1A). After single application the production of albumin 
was maintained over 5 days (~2.5 μg/ml) and the % decrease was 
mainly due to control values increasing (from 2.3 ± 0.8 μg/ml on Day 1 
to 4.9 ± 0.3 μg/ml on Day 5). By contrast, values in albumin production 
after repeated systemic application decreased over time, from 2.7 ± 0.7 
μg/ml on Day 1 to 1.0 ± 0.3 μg/ml on Day 5. This effect was considered 
to reflect only minor toxicity since none of the other viability parameters 
(glucose consumption, lactate formation and LDH release) were affected 
by any treatment scenario of hyperforin (Supplementary Fig. 1). 

Fig. 5. Effect of application route and frequency: concentrations of permethrin (A and B) and hyperforin (C and D) in the Chip2 medium after a single (A and C) or 
repeated (B and D) systemic and topical application. Mean ± SD from 3 (Lab 2) and 5 (Lab 1) circuits are shown. Systemically (circles) and topically (squares) applied 
chemicals from Lab 1 (closed symbols) and Lab 2 (open symbols). 
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3.3. Chip2 experiments – test chemicals 

3.3.1. Metabolism of parent chemicals 
In the Chip2 experiments, the concentrations of the initial dosing 

solutions were measured to monitor the actual doses applied (unlike the 
pre-tests, which tested concentrations at the end of the incubations). 
While the same topical dose of permethrin was applied in both labora-
tories (~16 μM), the systemic dose was marginally different: 11 and 18 
μM in Lab 1 and Lab 2, respectively. Notably, none of these actually 

reached the nominal target dose of 25 μM, which was likely to be due to 
the low solubility of this chemical and the difficulties in achieving 
complete dissolution of the solid. 

The kinetics of the parent chemical, permethrin, after single and 
repeated systemic and topical application in both laboratories are shown 
in Fig. 5A and B. After systemic application, the concentration of 
permethrin rapidly decreased to 55 nM (Lab 1) and 175 nM (Lab 2) over 
the first 24 h (Fig. 5A). This was likely due to both non-specific binding 
and rapid metabolism, based on the pre-test incubations with empty 

Fig. 6. Effect of application frequency: initial (PM1) and latent (PM11) permethrin metabolites present in the Chip2 after single (continuous line) and repeated 
(dotted line) systemic application in two laboratories. Solid lines depict single application and dotted lines depict repeated application of permethrin. Mean ± SD 
from 3 (Lab 2) and 5 (Lab 1) circuits are shown. 
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chips, as well as the production of metabolites during this time. The 
concentration of permethrin continued to decrease to 0 nM (Lab 1) and 
23 nM (Lab 2) by Day 5 due to metabolism and its removal from the 
circuit due to the medium change (removing half the volume). Repeated 
application of permethrin resulted in higher concentrations in the me-
dium over time, such that levels were 134 nM (Lab 1) and 140 nM (Lab 
2) by Day 5 (Fig. 5B). 

In contrast to the systemic route of application, permethrin was not 
detectable in the medium after topical application, as observed in both 
laboratories (Fig. 5A and B). This was in accordance with the pre-test, 
showing very little penetration of the parent compound through Epi-
Derm™ models into the medium. There was still no parent chemical 

present in the medium even after repeated application of permethrin 
(Fig. 5B). 

After systemic application of hyperforin, >75 % of the applied dose 
remained in the medium 6− 10 h later (Fig. 5C), in accordance with the 
relatively slow metabolism of this chemical observed in static in-
cubations. The concentration continued to decrease over time from 
100− 120 nM on Day 1 to 17− 20 nM on Day 5. As with permethrin, 
repeated application resulted in higher sustained concentrations of the 
parent chemical (325 nM compared to 20 nM in Lab 1 and 215 nM 
compared to 17 nM in Lab 2 after repeated and single systemic appli-
cation, respectively) (Fig. 5D). 

Unlike permethrin, a single topical application of hyperforin resulted 

Fig. 7. Effect of application route and frequency: hyperforin single oxidized metabolites (HM1 and HM2). Values are peak areas. Mean ± SD from 3 (Lab 2) and 5 
(Lab 1) circuits are shown. Solid lines depict single application and dotted lines depict repeated application of hyperforin. 
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in measurable levels in the systemic compartment, peaking on Day 1 
(3− 6 nM). The concentrations were much lower than the applied dose 
and the concentrations after systemic application (Fig. 5C). These 
findings were in accordance with the low but readily measurable 
penetration of hyperforin through EpiDerm™ models under static con-
ditions, although the relative amount of hyperforin in the systemic cir-
culation of the Chip2 after 24 h (0.5 % of the applied dose) was 
marginally lower than that in the static models (2 % of the applied dose 
(1 μM)). After repeated topical application, the amount of hyperforin 
gradually increased over time to levels close to those after systemic 
application on Day 5 in experiments in Lab 2 (133 nM and 215 nM after 
topic and systemic application, respectively) (Fig. 5D). The increase in 
hyperforin was also evident in experiments in Lab 1; however, concen-
trations after topical application only reached 20 nM on Day 5 
(compared with 325 nM after systemic application). 

3.3.2. Metabolite formation 
The 12 metabolites of permethrin formed in static incubations with 

liver spheroids were also detected in the Chip2. To demonstrate the 
effect of route and dosing frequency, the production of only two 
permethrin metabolites detected in the medium after single and 
repeated systemic and topical application of permethrin in experiments 
from both laboratories are presented (Fig. 6). These metabolites repre-
sent a direct cleavage metabolite (PM1) and a conjugated metabolite 
formed after several transformations (PM11, the glucuronide of phe-
noxybenzoic acid). The profiles of these metabolites are typical for most 
of the metabolites detected and were comparable between the two 
laboratories (data not shown). 

After single systemic application, PM1 was quickly formed, with a 
peak observed between 4 and 12 h, which subsequently decreased over 
the remaining 4 days (Fig. 6A and B). The level of PM1 in experiments 
from both Lab 1 and 2 increased between 1 and 4 h (both levels at 4 h 
were similar to that measured on Day 1); however, the marked high level 
of PM1 at 12 h observed in Lab 1 was not observed in Lab 2 most likely 
because no sample was taken at this time point in Lab 2. PM11 was more 
slowly formed than PM1, with a peak amount observed slightly later, at 
24 h, possibly reflecting the sequential metabolism involved in its 

formation (Fig. 6E and F). Repeated systemic application of permethrin 
resulted in markedly increased levels of both metabolites than those 
observed after single application. The levels of PM1 and PM11 started to 
plateau by Day 4 after repeated application, suggesting a steady state 
concentration had been reached. 

Unlike the static EpiDerm™ penetration experiments in which no 
metabolites were formed, topical application in the Chip2 resulted in six 
permethrin metabolites detected in the medium from experiments from 
both laboratories. These included all the known in vivo metabolites 
shown in Fig. 1. Although the amounts of metabolites in the medium 
were not quantified, the peak areas of some the metabolites detected in 
the medium after topical application were on the same order of 
magnitude as those detected after systemic exposure. For example, after 
a single topical application of permethrin, the maximum peak areas of 
PM1, PM2, PM4, PM5, PM9 and PM11 were 107 %, 54 %, 79 %, 153 %, 
40 % and 50 % of the maximum peak areas detected after systemic 
application. By contrast, other metabolites that were present in low 
amounts (according to the peak areas) after systemic application were 
not detected (or only in trace amounts) in the medium after topical 
application (PM3, PM6, PM7, PM8 and PM10). 

Comparative analyses of single systemic and single topical 
permethrin exposure showed a clear difference in the kinetics of the 
main permethrin metabolites. While the concentrations of most me-
tabolites peaked on Day 1 after systemic application, they gradually 
increased over 5 days after topical application. Repeated topical appli-
cation did not increase the formation of PM1 and only marginally 
increased the formation of PM11. Interestingly, and in contrast to the 
systemic exposure route, levels of permethrin metabolites did not reach 
a plateau in the repeated topical application scenario. 

Five metabolite peaks were detected after systemic and topical 
application of hyperforin and a sixth (HM4) was only detected after 
systemic application. Fig. 7 shows the production of two single oxidation 
metabolites of hyperforin detected in the medium after single and 
repeated systemic and topical application of permethrin. The kinetic 
profiles of these metabolites after systemic application were comparable 
in both laboratories. Concomitant with the slower depletion of parent 
chemical, there was a slow formation of hyperforin metabolites; 
whereby peak metabolite levels were observed between Days 1 and 2 
after a single systemic application (Fig. 7A, B, E and F). Repeated sys-
temic application of hyperforin caused the levels of both metabolites to 
continue to increase, reaching a maximum level on Day 2, which was 
sustained until Day 5. 

Repeated topical application of hyperforin resulted in higher 
increasing levels of HM1 and HM2 over 5 days, evident in both labo-
ratories. This reflected the increased amount of parent chemical also 
detected in the medium (Fig. 5C and D). 

3.3.3. Effect of test chemicals on XME expression – effect of application 
scenario 

Permethrin did not significantly alter (by more than 2-fold) any of 
the genes analyzed in liver spheroids at any of the time points measured 
(Day, 1, 2 and 5) under any dosing scenario (data not shown). By 
contrast, hyperforin induced a number of genes by more than 2-fold at 
one or more time points after systemic application. These included 
CYP3A4, ABCB1, UGT1A1 and PTGS2. The highest fold induction by 
hyperforin was observed with CYP3A4 (up to ~45-fold (Fig. 8), 
compared to 2- to 3-fold for other genes). Clear differences in the tran-
scriptional response to hyperforin were observed in both laboratories for 
topical versus systemic application, whereby the CYP3A4 induction 
response was higher after systemic than after topical application (Fig. 8). 
This was also true for MDR1 (ABCB1) and UGT1A1, which were induced 
by ~2-fold on Day 2 after systemic application but was not induced after 
topical application (data not shown). The frequency of application also 
affected the CYP3A4 induction response; whereby the fold-induction on 
Day 5 was increased as a result of repeated application via both appli-
cation routes. 

Fig. 8. CYP3A4 gene expression levels in liver spheroids after systemic and 
topical application of hyperforin in Chip2 experiments in Lab 1 and Lab 2. Mean 
± SD from 3 (Lab 2) and 5 (Lab 1) circuits are shown. A statistical difference (P 
< 0.05) from the concurrent solvent control-treated liver spheroids is denoted 
by an asterisk and a statistical difference (P < 0.05) from the single application 
treated liver spheroids at the same time point is denoted by a hashtag. 
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There were some genes that were decreased by more than 2-fold at 
one or more time points, which included albumin, CYP2A6 and CYP2E1. 
Albumin was selected as a marker for liver spheroid functionality. In the 
static incubations with liver spheroids, hyperforin was shown to 
decrease albumin secretion into the medium at higher concentrations, 
indicating that this chemical caused some toxicity or at least a slight 
decrease in hepatocyte functionality. Transcriptional analysis of the 
Chip2 experiments conducted in both laboratories indicated a decrease 
in albumin expression under conditions in which hyperforin may have 
accumulated in the systemic compartment i.e. repeated application over 
longer times, albeit to a small extent (ratios to solvent control of 0.70- 
and 0.67-fold in Lab 1 and 0.81 and 0.62-fold in Lab 2). This was re-
flected in the medium analysis of albumin in Chip2 experiments, which 
showed a decrease in albumin secretion on Day 2–5 after repeated sys-
temic application of hyperforin (see Section 3.2.2 and Supplementary 
Fig. 2). 

3.3.4. XME activities over time 
Fig. 9 shows the calculated XME activities of organoids in experi-

ments measuring systemic and topical application of permethrin and 
hyperforin in both laboratories. Total activities measured using 
permethrin reflect both Phase 1 and 2 XMEs; whereas, activities from 
hyperforin incubations reflect Phase 1 XMEs only (it was not metabo-
lized to any phase 2 metabolites). With the exception of a single time 
point (Lab 2, hyperforin, Day 3, Fig. 9D), XME activities were not 
markedly lower than initial activities. Moreover, activities tended to be 
higher than initial values over time, notably when hyperforin was 
applied topically (demonstrated in both laboratories but statistically 
significant in Lab 1). 

4. Discussion 

In these preliminary proof-of concept studies evaluating the Chip2 
for topically applied cosmetics ingredients, we have used the HUMIMIC 
Chip2, a multi-organ chip connecting EpiDerm™ models and liver 
spheroids to explore its applicability to provide information about the 
influence of application scenarios on the bioavailability and metabolic 
fate of two chemicals. Furthermore, proof of concept experiments were 
designed to evaluate other fundamental aspects of the use of MPS for risk 
assessment. These include transferability to other laboratories, intra-and 

inter-laboratory reproducibility, maintenance of the viability of the 
EpiDerm™ models and liver spheroids, and, in the case of the current 
studies, maintenance of XME activities. All these aspects were demon-
strated in this study, from detection of medium viability markers to gene 
expression and parent/metabolite profiles. 

Based on our results with permethrin and hyperforin, the Chip2 is 
suitable for testing compounds with a low solubility and high logP (~6). 
Artificial binding of chemicals to plastic materials and PDMS affects the 
free concentration of a chemical and consequently needs to be consid-
ered for dose finding, data interpretation and in vitro in vivo extrapola-
tion, particularly for chemicals with a high logP such as permethrin and 
hyperforin (Groothuis et al., 2015; Wang et al., 2012). However, in the 
case of permethrin, metabolic stability tests indicated a rapid decline in 
cell-free incubations, whereas it was stable over 3 h when incubated 
with heat-inactivated cells. This indicates that the presence of protein in 
the incubation decreases non-specific binding to the PDMS. Protein was 
present in the Chip2 in the form of EpiDerm™ models and liver spher-
oids, thus allowing it to be available for metabolism. In addition, the 
binding to PDMS was also reversible, thus allowing it to be metabolized 
even if non-specific binding did occur. Therefore, matrix binding effects 
should be carefully evaluated in experiment-related context. Although 
hydrophobic molecules (logP >2.62) were reported to exhibit extensive 
adsorption to PDMS (Wang et al., 2012), other hydrophobic chemicals 
with LogP > 2.5, such as diethylstilbestrol, genistein and rhodamine 6 G 
were reported to show no binding to PDMS (Auner et al., 2019). Of note, 
the potential to enable topical application onto skin models may turn out 
as a major benefit of the MPS system to test insoluble compounds that 
pose major problems in standard 2D assays. 

Skin models (native or reconstructed human epidermal) have been 
reported to be viable only for short durations e.g., 2–3 days (Frasch and 
Barbero, 2018; Jacques et al., 2014); however, when native human skin 
or reconstructed human epidermal models were placed in trans-wells 
and cultured in the Chip2, they maintained a good structural architec-
ture for 28 days (Wagner et al., 2013). We also demonstrated a good 
maintenance of EpiDerm™ models and liver spheroid functions over the 
entire incubation period. The EpiDerm™ model barrier function 
remained intact, according to histology, TEER measurements, media 
analyses, and the detection of proliferating cells in the basal layer even 
on Day 5 (according to Ki67 staining (Petrovic et al., 2018), data not 
shown). Daily applications of test chemicals to the EpiDerm™ surface 

Fig. 9. XME activities of organoids in experi-
ments measuring systemic (closed circles) and 
topical (open circles) application of permethrin 
and hyperforin in both laboratories. Open cir-
cles depict topical application and closed circles 
depict systemic application. The dotted lines 
denote the initial activities for each application 
scenario. Values on the y-axis are the mean ±
SD of the sum of the increase in peak areas (PA) 
of all metabolites between the medium change 
and the following sample collection. A statisti-
cal difference from the Day 0 medium mea-
surement is denoted with * when p < 0.05, with 
** when p < 0.01 and *** when p < 0.001.   
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over 5 days were possible with no disruption of the barrier function and 
a minimal degree of disruption of the stratum. The liver spheroids were 
also well-maintained in the Chip2, as indicated by a low leakage of LDH, 
sustained glucose consumption and stable albumin production. We 
noted that albumin production, as a marker for primary hepatocyte 
functionality (Buyl et al., 2015), was the most sensitive marker for liver 
spheroid cytotoxicity, since other measurement, such as ATP decrease 
and LDH release, were only slightly altered at higher concentrations. 
Since the focus of these studies was on the metabolism of the two test 
chemicals, it was essential to demonstrate the maintenance of the 
metabolic competence of the organoids over time. This was assessed 
according to the production of permethrin and hyperforin metabolites 
between medium changes. The metabolic capacity of the liver spheroids 
was retained throughout the incubation, moreover, activities tended to 
increase over time. This increase was most notable when hyperforin was 
applied topically (a 2.6- and 4-fold increase in XME activities was 
demonstrated in Lab 1 and Lab 2, respectively), which are possibly due 
to CYP induction. Induction of functional XMEs (despite mRNA induc-
tion) may not be seen after repeated systemic application of hyperforin 
due to the minimal toxicity observed after Days 4 and 5. Increases in 
permethrin XME activities were not expected due to the lack of XME 
gene induction by this chemical. 

Typically, in vitro screening assays for hepatic or skin metabolism are 
carried out using static incubations (Di et al., 2012; Eilstein et al., 2020; 
Genies et al., 2019). Ideally, MPS models should be able to demonstrate 
in vivo observations that static in vitro assays fail to reveal. This was the 
case for permethrin. After topical application to EpiDerm™ models in 
static culture, only trace amounts of parent chemical and no metabolites 
were detected in the medium after 48 h of incubation (0.06 % of the 
applied dose). By contrast, topical application in the Chip2 resulted in 
measurable levels of metabolites in the medium. Therefore, permethrin 
had clearly penetrated the EpiDerm™ models, although the parent 
chemical was not detected, presumably due to its extensive metabolism 
by the liver spheroids. Moreover, although the amounts of metabolites 
are only semi-quantitative, the peak areas of metabolites were not dis-
similar to those after systemic exposure, suggesting considerably more 
than 0.06 % of the applied dose had penetrated. This was in accordance 
with predicted or measured in vivo human dermal absorption values for 
permethrin, which ranged from 0.5 % to 3.3 % of the applied dose (Ross 
et al., 2011; van der Rhee et al., 1989). Table 3 compares the conditions 
used in our experiments of static and dynamic incubations. These alone 
do not explain why there was such a difference between the results from 
static and dynamic incubations: (1) the medium was the same; therefore, 
there were no differences in sink conditions due to the presence of al-
bumin in the medium; (2) the size (96-well) and batch of EpiDerm™ was 
the same; (3) the volume was 2-fold higher in dynamic incubations, 
which would decrease the sensitivity to detect metabolites in this model 
compared to static incubations; (4) the non-specific binding of 
permethrin in medium-only Chip2 circuits (to PDMS) was much higher 
than in polycarbonate culture plates used in the static experiments. 
While this may be expected to reduce the free fraction of permethrin and 
its metabolites (and the ability to detect them), the presence of the 
EpiDerm™ and the liver spheroids is likely to reduce non-specific 
binding, making it only a minor influencing factor (as was seen for the 
static incubation with heat-inactivated liver spheroids). Apart from the 
influence of the dynamic flow used in the Chip2, another factor that 
could have altered the penetration of permethrin was the level of oc-
clusion. In static incubations the EpiDerm™ were semi-occluded with 
the plate lid and in the dynamic incubations, occlusion was complete 
(the compartment was closed using a screw lid). Occlusion could have 
increased the penetration of lipophilic permethrin (Hafeez and Maibach, 
2013b); however, the logP is not predictive of whether a lipophilic 
chemical’s penetration is enhanced by occlusion (Hafeez and Maibach, 
2013a). Therefore, unless the effect of occlusion is specifically measured 
for permethrin, it is not possible to confirm this effect. 

A higher extent of skin penetration of permethrin observed in the 

Chip2 experiments is consistent with human absorption studies, which 
estimate 2 % of the applied dose is excreted in the urine within 48 h of 
topical application, which is likely to be higher with ethanolic solvents 
(Committee on Toxicology, 1994). The accurate estimation of skin 
penetration is important in a safety assessment scenario. If static skin 
absorption studies had been used to estimate the systemic exposure of 
permethrin and its metabolites, they would have indicated little or no 
exposure, thus under-predicting the potential for systemic effects. This 
finding is especially important for permethrin since the parent chemical 
is neurotoxic and carcinogenic in laboratory animals at high doses 
(Committee on Toxicology, 1994) and one of its metabolites is an 
endocrine disruptor (Tyler et al., 2000). The rate of metabolism of py-
rethroids are linked to their acute toxicity, such that rapidly hydrolyzed 
trans isomers are much less toxic than their cis analogues i.e. the parent 
chemical is responsible for neurotoxicity (Kaneko, 2011). Thus, an un-
derstanding of the metabolic fate of permethrin after absorption, 
regardless of the route, is useful. To investigate this further, we 
compared our findings with those of an in vivo human study in which 
permethrin was topically applied to the heads of healthy volunteers, 
followed by a 45 min wash (Tomalik-Scharte et al., 2005). This study 
confirmed that topically applied permethrin does enter the systemic 
circulation, based on the detection of its main metabolite, CVA (PM1 in 
our analyses), and its conjugates in the urine. While the Chip2 used in 
this study does not incorporate a renal compartment, the excretion could 
be considered to be in the form of the medium change carried out on a 
daily basis. Despite this caveat, the profile of CVA/PM1 “excreted” in the 
Chip2 circuit was remarkably similar to the urinary excreted amount, 
resembling a peak excretion at 24 h that slowly declined over the 
remaining 4 days. This supports the added value of Chip2 experiments to 
safety assessment by providing in vivo-relevant estimates for the rate of 
metabolite formation and clearance over time. 

An advantage of the Chip2 is its potential to determine the effect of 
repeated application of chemicals over prolonged periods. We observed 
clear differences in the kinetics of the main permethrin and hyperforin 
metabolites after single and repeated systemic exposure. After a single 
application, the concentrations of metabolites peaked on Day 1 
(permethrin) or 2 (hyperforin) and then decreased over the following 
days. By contrast, after repeated systemic application, the levels of 
metabolites increased gradually over time, reaching near maximal levels 
by Day 5. Interestingly, while repeated topical application of hyperforin 
resulted in higher levels of its metabolites over time compared to a single 
dose, this was not the case for permethrin. This could be related to the 
relative amount of parent chemical entering the circuit, which were 
measurable and increased (from ~6 nM to 35− 133 nM) after repeated 
application of hyperforin; whereas, parent permethrin was not detected 
in the medium after single or repeated topical application. Importantly, 
the latter observation suggests that despite repeated application, meta-
bolic pathways in the liver would not be saturated under this dosing 
scenario; therefore, the fast detoxification by the liver limits the expo-
sure of the systemic circulation to permethrin parent chemical. This is 
important for risk assessments because parent permethrin is neurotoxic 
(Committee on Toxicology, 1994). 

In addition to evaluating the effect of the dosing scenario on the 
metabolic fate of chemicals, the effect of the test chemicals on the 
organoids can be evaluated in the same experiment. Here, we concen-
trated on analyzing the effect on XMEs in liver spheroids, since 
permethrin and hyperforin are both known to activate PXR (Lemaire 
et al., 2006; Moore et al., 2000) and induce CYPs in 2D in vitro hepatic 
models (Das et al., 2008; Jackson et al., 2014; Komoroski et al., 2004). 
Das et al. (2008) showed that 100 μM permethrin induced CYP1A1, 
CYP3A4, CYP3A5, CYP2B6 and CYP2A6 mRNA in human hepatocytes; 
however, the extent of induction was low and variable. We showed that 
a lower dose of 25 μM permethrin did not induce the expression of these 
CYPs in static culture or Chip2 incubations. This suggests that this 
pesticide at this concentration would not pose a risk of altering the 
metabolism of other co-exposed chemicals, especially not via the topical 
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route, since our results imply negligible plasma concentrations of 
permethrin due to the impact of skin barrier function and fast liver 
clearance. 

Hyperforin is a known inducer of CYP3A4 in human hepatocytes in 
vitro [49] and in humans (Linde et al., 1996; Wheatley, 1997). In 
addition to being used for oral treatment of depression, hyperforin (in St 
John’s Wort extracts) is used topically due to its beneficial antioxidant, 
anti-inflammatory, anticancer, and antimicrobial activities (Wolfle 
et al., 2014). While primary human hepatocyte-based induction studies 
may facilitate the detection of CYP3A4 induction, they do not evaluate 
exposure scenario-dependent differences in XME modulation. As indi-
cated by the static incubations with EpiDerm™ models, there was some 
CYP-dependent first-pass metabolism of hyperforin in the skin, which 
along with the barrier function, likely affects its bioavailability and, 
thus, its systemic effects i.e. on the liver spheroids. In accordance with 
this hypothesis, our results indicated that the induction of CYP3A4 
mRNA was lower at all time points after topical than systemic applica-
tion of hyperforin. In addition, the fold induction of CYP3A4 was highest 
on Day 5 after repeated dose applications. These differences were likely 
to be due to the respective systemic concentrations of parent hyperforin 
e.g. on Day 1 after a single application, the concentration of hyperforin 
was 3− 6 nM after topical application and 100− 120 nM after systemic 
application; and on Day 5 after systemic application, the concentration 
of hyperforin was 18− 20 nM after a single application and 214− 325 nM 
after repeated application. Notably, the concentrations measured in the 
Chip2 were relevant to steady state in vivo human plasma concentrations 
causing CYP3A4 induction, which are reported to be ~180 nM after 
three daily oral doses of 300 mg hyperforin (Biber et al., 1998). 

5. Conclusions 

In conclusion, our results demonstrate the reproducibility, reli-
ability, robustness, and relevance of the Chip2 using the example of 
investigating the effect of dosing scenarios on the metabolism of two test 
chemicals. The technology and expertise in handling the system were 
transferrable to a second laboratory and the results were reproducible 
within and across both laboratories. Importantly, the viability of Epi-
Derm™ models and liver spheroids and the XME capacity of the liver 
spheroids were shown to be maintained during the entire course of the 6- 
day experiment. We demonstrate this in vitro model is relevant and 
valuable to provide information on potential in vivo effects. While it is 
understood that this empirical model cannot mimic the complex in vivo 
human physiology, it can be used as a tool for safety assessment to 
provide information on the metabolic fate of a chemical after topical and 
systemic application. 
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