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Abstract
Liver microphysiological systems (MPSs) are promising models for predicting hepatic 
drug effects. Yet, after a decade since their introduction, MPSs are not routinely used 
in drug development due to lack of criteria for ensuring reproducibility of results. We 
characterized the feasibility of a liver MPS to yield reproducible outcomes of experi-
ments assaying drug toxicity, metabolism, and intracellular accumulation. The ability 
of the liver MPS to reproduce hepatotoxic effects was assessed using trovafloxa-
cin, which increased lactate dehydrogenase (LDH) release and reduced cytochrome 
P450 3A4 (CYP3A4) activity. These observations were made in two test sites and 
with different batches of Kupffer cells. Upon culturing equivalent hepatocytes in the 
MPS, spheroids, and sandwich cultures, differences between culture formats were 
detected in CYP3A4 activity and albumin production. Cells in all culture formats 
exhibited different sensitivities to hepatotoxicant exposure. Hepatocytes in the MPS 
were more functionally stable than those of other culture platforms, as CYP3A4 ac-
tivity and albumin secretion remained prominent for greater than 18 days in culture, 
whereas functional decline occurred earlier in spheroids (12  days) and sandwich 
cultures (7  days). The MPS was also demonstrated to be suitable for metabolism 
studies, where CYP3A4 activity, troglitazone metabolites, diclofenac clearance, and 
intracellular accumulation of chloroquine were quantified. To ensure reproducibility 
between studies with the MPS, the combined use of LDH and CYP3A4 assays were 
implemented as quality control metrics. Overall results indicated that the liver MPS 
can be used reproducibly in general drug evaluation applications. Study outcomes led 
to general considerations and recommendations for using liver MPSs.
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INTRODUCTION

Microphysiological systems (MPSs) are micro- engineered 
cell culture platforms used to study physiologically relevant 
cell function by simulating key properties of the extracel-
lular microenvironment within a specific tissue type. When 
assessing drug toxicity, metabolism, and transport, the liver 
is the central organ of study, and among the most common 
MPS modalities for drug development applications.1– 3 Liver 
MPSs are designed to maintain hepatocyte- like cells or pri-
mary human hepatocytes (PHHs) in three- dimensional (3D) 
culture, under continuous fluid exchange, and in co- cultures 
with other cell types, such as primary human Kupffer cells 
(PHKCs); conditions known to collectively improve function 
and physiological relevance of these cells.1 As reviewed else-
where regarding contexts of drug evaluation,1– 5 liver MPSs 
have been demonstrated to potentially improve the estima-
tion of drug pharmacokinetics,6– 8 model drug- drug interac-
tions,9 predict human- specific toxicity,10 and detect toxicity 
that depends on drug metabolism.11 Despite recent advance-
ments in the field, data from MPSs are not routinely used by 
the pharmaceutical industry in the regulatory stages or drug 
evaluation.12 This is primarily due to a lack of available qual-
ity control and performance criteria for consistent use of the 

devices and reproducibility of results between experimental 
sites, which are major limitations for translating experiments 
with MPSs into contexts of use in drug development.13,14 
Proof of concept results from pilot studies performed upon 
the prototyping of MPSs upheld their potential utility in drug 
discovery and motivated drug development stakeholders to 
start investigating performance standards for risk assessment 
uses or for predicting drug absorption, distribution, metabo-
lism, and excretion (ADME).2,3 This study addresses the need 
for performance standards of liver MPSs for general uses in 
drug pharmacology and toxicology, as applications in these 
fields rely on the metabolic function of cells, the stability and 
robustness of their function, and on their response to hepato-
toxic compounds.1

Prior to establishing specific contexts of use for MPSs, 
where the technology may demonstrate clear advantages over 
current approaches and tools, the reproducibility of a systems’ 
performance should be tested to ensure adequate reliability 
for drug evaluation, especially when considering applications 
in the later stages of drug development, where MPSs are ac-
knowledged to hold great potential in replacing, reducing, or 
refining animal tests or clinical trials.1,15 Here, a liver MPS 
was evaluated for its ability to yield reproducible results, 
following quality control criteria that enforced consistency 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Microphysiological systems (MPSs) have been designed to recreate organ-  or tissue- 
specific characteristics of extracellular microenvironments that enhance the physio-
logical relevance of cells in culture. Liver MPSs enable long- lasting and stable culture 
of hepatic cells by culturing them in three- dimensions and exposing them to fluid flow.
WHAT QUESTION DID THIS STUDY ADDRESS?
What is the functional performance relative to other cell culture platforms and the 
reproducibility of a liver MPS for assessing drug development and evaluation ques-
tions, such as toxicity, metabolism, and pharmacokinetics?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The liver MPS systematically detected the toxicity of trovafloxacin. When compared 
with spheroids and sandwich cultures, this system had a more stable function and differ-
ent sensitivity to troglitazone, tamoxifen, and digoxin. Quantifying phase II metabolism 
of troglitazone and intracellular accumulation of chloroquine demonstrated the poten-
tial use of the liver MPS for studying drug metabolism and pharmacokinetics. Quality 
control criteria for assessing chip function were key for reliably using the liver MPS.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Due to its functional robustness and physiological relevance (3D culture, cells expose 
to fluid flow and co- culture of different cell types), the liver MPS can, in a reproducible 
manner: (i) detect inflammatory- induced drug toxicity, as demonstrated with trovaflox-
acin, (ii) detect the toxicity of other drugs, such as troglitazone, tamoxifen, and digoxin, 
with different effects than those detected in spheroids and sandwich cultures, (iii) en-
able studies of hepatic function that rely on prolonged cellular activity, and (iv) detect 
phase II metabolites and drug accumulation to potentially support the interpretation of 
clinical data. The integration of MPSs in drug development will be facilitated by careful 
evaluation of performance and reproducibility as performed in this study.
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across multiple test sites and MPS batches. Previous inves-
tigations using the liver MPS have involved a variety of end 
point assays of cell death and hepatic function,7– 9,11,16– 19 of 
which some are also used here. In addition to lack of criteria to 
reduce inter- batch or inter- site variability in MPS results, the 
complexity in operating MPSs can also introduce challenges 
in generating reproducible results.1,14,15 When using MPSs, 
ensuring cellular stability dependent on system assembly, 
priming, and more complex cell seeding methods can require 
levels of experimental planning and expertise far beyond what 
is required for maintaining two- dimensional (2D) cultures. 
Based on the reported results and discussion, general consid-
erations and recommendations are provided in Supplementary 
Materialfor liver MPSs to be used in a reproducible manner. 
For specific contexts of use, Fowler et al.3 comprehensively 
described unmet needs in ADME studies that could be ad-
dressed with MPSs, whereas Baudy et al.2 established detailed 
criteria for developing systems for predicting drug risk with 
liver MPSs. Along with these recent contributions, additional 
expert perspectives further described opportunities in the drug 
development field, where liver MPSs may eventually play par-
adigm shifting roles,5,12,20,21 as tools that yield reproducible 
results and have cellular functional stability.

The liver MPS used in the current study was developed at 
the Massachusetts Institute of Technology,22 leveraging micro-
fluidic techniques,23 and has been used in multiple laboratory 
sites and in different pilot studies for varied potential applica-
tions in drug testing,7- 9,11,16– 19 suggesting its operational ro-
bustness and replicability. In addition to the characterization 
done so far with this system,8,9,11,16– 19 the liver MPS may also 
be used to expand on the capabilities of current cell culture 
approaches generally used in pharmacology5 and toxicology/
safety applications.12 To explore this possibility, we tested the 
utility of the liver MPS for general drug development appli-
cations related to detecting drug toxicity, metabolism, and 
intracellular accumulation, which are key pharmacological 
determinants for drug development studies.20 Reproducibility 
of MPS results was tested considering previously published 
work and the experimental outcomes from two test sites, from 
using different cell batches and from other cell culture plat-
forms (spheroids and sandwich cultures).

METHODS

Detailed methods are provided as Supplementary Material, 
where a dedicated section details the execution of each ex-
periment and Figures  S1– S4 graphically represent the se-
quence of steps for each described experimental execution. 
The liver MPS was assembled (Figures S5, S6) according to 
manufacturer recommendations (CN Bio Innovations Ltd.). 
Viability of PHHs was ensured to be above 85% (Figure S7). 
Reproducibility of results was verified by detecting trova-
floxacin toxicity (Figure S1) between different MPS batches. 

PHKCs were activated with lipopolysaccharide (LPS; 
Figures  S8, S9). Toxicity of troglitazone, tamoxifen, and 
digoxin on spheroids and sandwich cultures were compared 
with their effects on liver MPS cultures (Figures S2, S10). 
Troglitazone phase II metabolites and chloroquine intracellu-
lar accumulation in the MPS were also quantified after days 
of incubation (Figure S4) to further test its use in applications 
that rely on characterizing phase II metabolism or drugs with 
slow clearance. Execution of experimental goals is also de-
scribed in detail in Supplementary Materials.

RESULTS

The overall goal of this study was to test the performance 
of the liver MPS in reproducibly predicting drug hepato-
toxicity, analyzing drug metabolism and intracellular drug 
accumulation. We first demonstrated the reproducibility of 
the liver MPS in detecting hepatotoxicants using trovafloxa-
cin, before comparing it with other hepatic culture formats 
regarding their response to other toxicants and their func-
tionality. The liver MPS was subsequently assessed for its 
ability to be used for drug metabolism, clearance, and dis-
tribution studies using troglitazone, diclofenac, and chloro-
quine. Finally, the appropriate use of quality control criteria 
was assessed to ensure that reproducible data was generated 
from MPS studies.

Consistency in MPS results across sites and 
with different batches of Kupffer cells

We sought to test if using the liver MPS in two sites or with 
two different batches of PHKCs (lot number of each batch 
in Supplementary Materials) could lead to differences in re-
sults between identical experiments. The experimental plan 
(Figure  S1) consisted of exposing PHHs co- cultured with 
PHKCs in the liver MPS9 to trovafloxacin, which induces id-
iosyncratic hepatotoxicity in humans,24 or to levofloxacin,25 
which does not cause hepatotoxicity.26

Lactate dehydrogenase (LDH) production (Figure 1a– c) 
and cytochrome P450 3A4 (CYP3A4) activity (Figure 1d– f) 
were quantified following exposure of the MPSs to compounds 
at concentrations of 25 and 100 µM, and in the presence or 
absence of LPS. Increased levels of LDH to above 4- fold of 
baseline were observed for all treatments with 100 µM tro-
vafloxacin with LPS, and no significant differences relative 
to control were detected in LDH production when LPS was 
not co- dosed with trovafloxacin. With or without levofloxa-
cin, LPS reduced CYP3A4 activity to levels below 50% of 
baseline. However, 100 µM trovafloxacin, independently of 
LPS, further reduced CYP3A4 activity to levels below 10% 
of baseline. These results were observed in both experimental 
sites and independently of the batch of PHKCs.
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Prior to use, PHKCs were characterized based on their re-
sponse to LPS when co- cultured with PHHs in the liver MPS 
(Figures  S8, S9). Following LPS exposure for 24 h, PHHs 
in co- cultures with PHKCs in the MPS exhibited reduced 
albumin production but without increasing LDH release 
(Figure S8a,b). Activation of PHKCs by LPS, which lead to 
impaired hepatic function without cell death, was confirmed 
by measuring the production of interleukin 6, which increased 
above 8- fold of baseline (Figure S8c). The batch of PHKCs 
used in site B also showed impaired hepatic function once 
activated by exhibiting reduced CYP3A4 activity (Figure S9) 
without a major change in LDH production (Figure 1c). These 
results qualified the batches of PHKCs to be quiescent in the 
MPS at baseline, unless activated with LPS.

Levofloxacin had no effect on LDH production or 
CYP3A4 activity (Figure 1). A twofold increase in LDH in-
duced by 25 µM trovafloxacin co- dosed with LPS was de-
tected in site B (Figure 1b), whereas such an effect was not 
detected in the same PHKCs in site A. However, similar ef-
fects of 25 µM trovafloxacin with LPS on CYP3A4 activity 
were observed in both sites (Figure 1d,e). In summary, exper-
iments performed in both sites and with different batches of 
PHKCs yielded similar results.

PHHs cultured in the liver MPS exhibit 
different sensitivity to hepatotoxicants

To determine whether PHHs maintained in a liver MPS ex-
hibited altered sensitivity to hepatotoxicants relative to cells 
in spheroids or sandwich cultures, all three platforms were 
exposed to varying concentrations of troglitazone, tamoxifen, 
and digoxin (Figure S2). Concentration- dependent effects of 
these hepatotoxicants on LDH production, CYP3A4 activ-
ity, and albumin production are shown for each platform in 
Figure 2 (half- maximal effective concentration [EC50] values 
shown in Table 1). Overall, results showed that the sensitiv-
ity of PHHs to these hepatotoxicants differed depending on 
the cell culture platform used. Cells cultured using liver MPS 
exhibited higher resistance to troglitazone (MPS, EC50 = 
210.9 ± 107.8 μM; spheroid, EC50 = 67.1 ± 13.6 μM; sand-
wich culture, EC50 = 35.1 ± 22.2 μM) and tamoxifen (MPS, 
EC50 = 36.7 ± 3.0 μM; spheroid EC50 = 13.7 ± 2.4 μM; and 
sandwich culture, EC50 = 23.8 ± 14.8 μM) relative to other 
platforms tested. Divergently, cells maintained in liver MPS 
exhibited a level of resistance to digoxin that was similar to 
those in sandwich culture (MPS, EC50 = 84.4 ± 30.8 μM; 
sandwich culture, EC50 = 122.3 ± 17.3 μM), whereas cells 

F I G U R E  1  Toxic effects of trovafloxacin detected with PHHs co- cultured with PHKCs in the liver MPS in two different experimental sites 
and using two validated lots of PHKCs. Site A was CN Bio Innovations in Cambridge, UK, and site B was FDA laboratories in Silver Spring, MD, 
USA. Trovafloxacin (T) and levofloxacin (L) were added to the cell culture medium of the liver MPS at a concentration of 25 or 100 µM in the 
presence (+) or absence (−) of lipopolysaccharide (LPS) at a concentration of 1 µg/ml to activate PHKCs. After 2 days of exposure, cell death was 
estimated by measuring LDH (a– c) and CYP3A4 activity (d– f) in the cell culture medium. Boxes represent average values and error bars represent 
the SEM. Identical lots of PHHs and PHKCs were used between site A (a, d) and site B (b, e). A separate lot of PHKCs was also used in site B (c, 
f). For each panel, *p < 0.005 and **p < 0.05 by unpaired t- test with Welch’s correction. * and ** above column indicate statistical significance of 
difference relative to the control - LPS. Unless indicated otherwise, differences between values for presented conditions are not statistically different 
from the control - LPS. For (e) and (f), the statistical significance of differences between values of T25 +LPS condition and other conditions are 
also presented, such as T100 +LPS (e, f) and T100 - LPS (e). Three different wells were used per condition, except for experiments performed in 
site A, where 4 wells were used for condition L100 +LPS and T100 +LPS. LDH, lactate dehydrogenase; MPS, microphysiological system; PHHs, 
primary human hepatocytes; PHKCs, primary human Kupffer cells
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cultured in spheroids were more sensitive to digoxin (sphe-
roid, EC50 = 6.4 ± 0.9 μM).

In liver MPS and spheroid cultures, reductions in 
CYP3A4 activity and albumin production occurred at lower 
hepatotoxicant concentrations than those at which LDH 
production was increased (Table 1). These results suggest 
that loss of hepatic function can precede cell death. The 
dose- toxicity curves obtained for LDH, CYP3A4, and albu-
min end points generally correlated well between liver MPS 
and the other two platforms. Of all toxicants tested, the ef-
fects of troglitazone varied most widely between platforms, 
as well as between end points within the same platform. 
These results suggested that microenvironments unique to 
each platform may differentially affect hepatic function and 
toxicity.

PHH cell function is more stable in liver 
MPS cultures

To determine whether altered sensitivity of liver MPS PHHs 
to hepatotoxicants could be due to a change in their functional 
stability over time, CYP3A4 activity and albumin produc-
tion were continuously monitored in the absence of hepato-
toxicants for each culture platform (Figure S3). As expected, 
CYP3A4 activity (Figure 3a,b) decreased over time following 
initial measurements for all platforms tested. However, the 
fold change of variation was different between platforms and 
CYP3A4 activity in spheroids diverged in relation to other 
platforms when normalized to protein content quantified from 
the cellular lysate (Figure 3a) or to the total number of seeded 
cells (Figure 3b). CYP3A4 activity in spheroids was higher in 

F I G U R E  2  LDH release (pink circles), CYP34A activity (orange squares), and albumin production (green triangles) responses to 48 h of 
exposure to a range of concentrations of troglitazone, tamoxifen, and digoxin, in all 3 platforms: liver MPS, spheroid, and sandwich culture. All 
concentration ranges cover approximately three orders of magnitude, and upper and lower concentration limits were selected to encompass the 
half- maximal inhibitory concentration for all three responses in each platform- drug condition. Responses were normalized to the recorded value 
for the lowest drug concentration (highest, for LDH) and presented as a decimal value in arbitrary units. Each data point represents the average of 
three biological replicates, and error bars indicate the SEM, not presented if shorter than the size of the symbol. Results of three technical replicates 
from one MPS well are presented for 800 µM troglitazone. Results of three technical replicates of albumin measurements from one MPS well are 
presented for 6.25 nM digoxin. LDH, lactate dehydrogenase; MPS, microphysiological system
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relation to sandwich cultures and within the range of MPS ac-
tivity when normalized to number of seeded cells (Figure 3b), 
instead of amount of lysed protein (Figure 3a). Despite diver-
gencies between normalization strategies in relative spheroid 
activity, CYP3A4 activity in the liver MPS decreased at a 
lower rate compared with other platforms. CYP3A4 activ-
ity decreased most rapidly in sandwich cultures. The activity 
observed in sandwich cultures on day 3 was followed by a 
drop to ~ 50% of that value on day 5, and eventual loss of 
detectable CYP3A4 activity by day 12. By contrast, sustained 
CYP3A4 activity was observed through day 29 in the liver 
MPS, where it remained above 20% of day 3 activity, in addi-
tion to being greater than that observed in sandwich cultures. 
In spheroids, CYP3A4 activity was sustained for longer than 
in sandwich cultures. On day 10, CYP3A4 activity in sphe-
roids was ~ 50% of day 3 activity, followed by a decrease 
below 20% of day 3 activity after day 20. Overall and inde-
pendently of normalization strategies, CYP3A4 activity in 
PHHs was more stable in liver MPS cultures when compared 
with that observed in spheroids or sandwich cultures.

To further assess the functional stability of PHH cultures, 
albumin production was measured from each type of cell culture 
platform until day 19 of culture and normalized to the amount of 
lysed cellular protein after experiments (Figure 3c) or number of 
seeded cells (Figure 3d). In albumin production, spheroids and 
sandwich cultures presented higher values at day 3 relatively 

to the MPS when normalized to the number of seeded cells. 
Independently of normalization strategy, albumin values of 
spheroids and sandwich cultures decreased over time in culture, 
while increasing in the MPS. Albumin in sandwich cultures de-
creased to a minimum level within 10 days and to below 50% 
of day 3 level within 12 days in spheroids. In contrast, albumin 
production proceeded to increase above 100% over time in the 
MPS after day 3, reaching a peak value around day 15.

In summary, the stability of PHH function, defined by 
CYP3A4 activity and albumin production, was greater in the 
MPS, as these signals persisted for more than 2 weeks of mainte-
nance. In comparison, PHHs in spheroid and sandwich cultures 
exhibited earlier deterioration of hepatic function over time.

Quantification of phase II drug metabolites and 
drug intracellular accumulation

Characterizing human- specific drug metabolism and intracel-
lular accumulation are among the most relevant applications 
of liver MPSs in pharmacology.1 Given that troglitazone can 
generate phase II metabolites, we used this compound to 
explore the utility of the liver MPS in detecting and quanti-
fying phase II metabolites,27 in addition to phase I metabo-
lism (Figure  S4). Following application to the liver MPS, 
troglitazone was almost completely metabolized after 48 h 

T A B L E  1  Estimated concentration values that yield EC50 for variations in LDH production, CYP3A4 activity, and albumin secretion upon 
exposure of hepatocytes cultured in different platforms (liver MPS, spheroids, and sandwich cultures) to varied concentrations of troglitazone, 
tamoxifen, and digoxin

μM Liver MPS Spheroids Sandwich cultures

Method LDH CYP3A4 Albumin LDH CYP3A4 Albumin LDH CYP3A4 Albumin

Troglitazone

EC50 406.6 191.6 34.6 94.2 55.1 51.9 77.7 25.0 2.6

Mean 210.9 67.1 35.1

SEM 107.8 13.6 22.2

R – – – 0.20 0.80 0.71 0.09 0.77 0.83

Tamoxifen

EC50 41.3 31.1 37.7 18.3 12.7 10.1 53.2 12.3 5.9

Mean 36.7 13.7 23.8

SEM 3.0 2.4 14.8

R – – – 1.0 1.0 0.80 1.0 1.0 0.5

Digoxin

EC50 146.5 77.1 41.6* 8.1 5.6 5.4 102.3 108.0 156.7

Mean 88.4 6.4 122.3

SEM 30.8 0.9 17.3

R – – – 0.79 −0.04 −0.04 0.80 1.0 0.80

SEM of EC50 values were calculated from the variations of each functional endpoint to varying concentrations of hepatotoxicants. *-  maximum set to 1 to calculate this 
value. The presented correlation parameter r was calculated for each type of response (LDH, CYP3A4, and albumin) from nonparametric Spearman correlation test 
relative to the respective type of response in the liver MPS.
Abbreviations: EC50, half- maximal effective concentration; LDH, lactate dehydrogenase; MPS, microphysiological system.
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of incubation for both concentrations tested (Figure 4a). As 
expected for modeling physiologically relevant metabolism, 
phase II metabolites of troglitazone (glucuronidation and 
sulfation) were quantified in the cell culture medium, with 
higher amounts detected in 50 µM than in 100 µM troglita-
zone, possibly due to toxic effects on metabolic pathways 
when dosed at the highest concentration. Next, the metabo-
lism of diclofenac was quantified by analyzing culture me-
dium samples from the liver MPS, and its concentration was 
observed to decrease over time (Figure S11a), showing that 
it was metabolized. However, glucuronidated diclofenac was 
shown to become unstable in solution at 37°C within 2 h of 
incubation (Figure S11b) and therefore was not detected in 
the MPS medium after 48 h, as detected with troglitazone. 
Consequently, phase II metabolites produced by PHHs in the 
liver MPS could be detected if stable in cell culture medium.

To assess the potential of the liver MPS in quantifying 
the intracellular accumulation of compounds relative to the 

extracellular milieu, we exposed PHHs cultured in the MPS 
to chloroquine (Figure 4b,c), as it is known to accumulate in 
the liver in vivo.28,29 Following treatment, chloroquine was 
detected in cellular lysates in amounts fivefold higher than 
those of the extracellular medium. To ensure that these re-
sults were not impacted by compound adsorption to the MPS 
materials, concentrations for lidocaine, phenacetin, propran-
olol, prednisolone, diclofenac, and ibuprofen were measured 
in the culture medium before and after 48- h circulation in the 
liver MPS. As shown in Figure S12, no significant change 
in concentration was observed for any of these compounds 
when measuring before and after circulation in the liver MPS. 
These data suggest minimal involvement of nonspecific in-
teractions between compounds and microfluidic materials 
when modeling intracellular drug accumulation. However, 
other compounds with differing physical- chemical properties 
may bind to the device and may therefore require a similar 
evaluation prior to testing.

F I G U R E  3  Hepatic function lasts longer and is more stable when cells are cultured in the liver MPS than when cultured as spheroids or 
sandwich cultures. PHHs were cultured in the liver MPS, within spheroids and as sandwich cultures and the function of these platforms was 
analyzed. (a, b) Average CYP3A4 activity was measured for each culture platform at discrete times and (a) normalized to the total protein of 
cellular material or (b) normalized to the number of cells used for each platform. (c, d) Albumin production at different times and (c) divided 
by the total cellular protein lysed from platforms and the number of days between media changes or (d) divided by the used number of cells and 
the number of days between media changes. Three wells of the liver MPS, three spheroids, and six wells with sandwich cultures were analyzed. 
Error bars correspond to SEM and are not presented if shorter than the size of the symbol. One- way ANOVA was performed to evaluate the 
variance between means up to 10 days of culture. For CYP3A4 activity (b), ANOVA pvalue was 0.022 for liver MPS, < 0.0001 for spheroids and 
< 0.0001 for sandwich cultures. For albumin production (d), p value was 0.1 for the liver MPS, 0.002 for spheroids, and < 0.0001 for sandwich 
cultures. Correlation parameter r calculated from nonparametric Spearman correlation test relative to functional variations in the liver MPS is 
presented in (b) and (d) for functional variations of spheroids (rspheroids) and sandwich cultures (rsandwich cultures). ANOVA, analysis of variance; MPS, 
microphysiological system; PHHs, primary human hepatocytes
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Quality control for individual MPS wells 
by measuring CYP3A4 activity and 
LDH production

To validate the use of nondestructive and minimally invasive 
assays as reliable quality control metrics of MPS replicates, 

CYP3A4 activity and LDH production were measured 
from perfusate material (Figure  5a,b) in conjunction with 
scaffold imaging (after experiments) and gene expression 
analysis (after imaging: Figure  5c). These parameters were 
studied for individual wells within a single liver MPS plate 
(Figure  5), where imaging and gene expression analysis 

F I G U R E  4  Application of liver MPS to drug metabolism and pharmacokinetics studies. (a) Detection of phase II metabolites of troglitazone: 
troglitazone glucuronide and troglitazone sulfate. Culture medium containing 50 or 100 µM of troglitazone was added to 3 wells per concentration 
of the liver MPS and maintained for 2 days to be metabolized. Troglitazone and metabolites in the medium were detected with liquid 
chromatography– mass spectrometry before and after being added to the liver MPS. *p < 0.03 by the unpaired Mann- Whitney nonparametric 
test. Error bars correspond to SD. (b) In addition to analyzing the supernatant culture medium in the liver MPS, cells within scaffolds were lysed 
to evaluate intra- tissue accumulation of drugs. (c) Culture medium containing 31.5 µM of chloroquine was added to 2 wells of a liver MPS and 
incubated for 2 days to measure its intra- tissue accumulation with liquid chromatography– mass spectrometry after digesting the cell- containing 
scaffolds. For both samples, a 10- fold higher concentration of chloroquine was observed in the tissue lysate relative to the supernatant sample. 
MPS, microphysiological system

F I G U R E  5  Assessing LDH production and CYP3A4 activity as quality control measures for individual wells. Before changing the cell 
culture medium on day 4 of operation after seeding cells, LDH was assayed in medium collected from each well (a) and CYP3A4 activity (b) was 
measured to evaluate the quality of cellular function in the wells of a liver MPS plate. Error bars represent the SD of three measured technical 
replicates. *0.05 < p < 0.02 and **0.02 < p < 0.002 and ***p < 0.002 by unpaired t- test with Welch’s correction. *, **, and *** above the 
presented data sets indicate statistical significance of difference in LDH or CYP3A4 production relative to the mean of values from well B1. 
Unless indicated otherwise, presented mean values were not statistically different from the mean values obtained from well B1. (c) Each scaffold 
corresponding to a liver MPS well was imaged with brightfield microscopy after being removed from the plate. Scale bar represents a length of 
1 mm. For gene expression analysis (d, e), Qiagen’s RT2 Profiler PCR Array for Human Drug Metabolism was used to assess a panel of 84 genes 
involved in drug metabolism. Sample B6 was excluded from the gene expression analysis for having a lower yield than required by the assay. 
The mean of the five least variant targets on the panel array was used as the endogenous control value for the denominator of the normalized Ct 
values (ΔCt) calculation. (d) Hierarchical clustering plot of gene expression. Heat map represents ΔCt of expression of a panel of genes (rows) 
for each isolated scaffold (columns). Euclidean distance and average linkage were used as parameters for the clustering. (e) Principal component 
plot from software CLC Genomics Workbench (Qiagen) depicting the projection of the samples onto a two- dimensional space spanned by the 
first and second principal component of the covariance matrix. Box plot inside of main plot presents the distribution of ΔCt values. LDH, lactate 
dehydrogenase; MPS, microphysiological system; n.s. indicates not significant
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were used as confirmatory measurements for quality con-
trol parameters. Analysis of one liver MPS plate (12 wells) 
showed that LDH production in a particular well (B6) was 
statistically greater than the amount produced in other wells 

(Figure 5a). In accordance with this result, images of the scaf-
fold in well B6 revealed a lower cell count compared with 
the other wells (Figure 5c), thus confirming its unsuitability 
for use based on this criterion. Although a higher degree of 
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inter- well variability was observed when assaying CYP3A4 
activity (Figure 5b), this measurement appeared to coincide 
with abnormal cellular density, as demonstrated with scaffold 
A3, which exhibited low cell density as well as nonuniform 
cell distribution. However, a relationship between CYP3A4 
activity and visual features of microtissues was not evident 
in some cases, as exemplified by scaffolds A6 and B5, which 
visually resembled scaffold B4 (Figure  5c). For each plate 
used in experiments, we disqualified data collected from wells 
associated with high LDH production values that were statisti-
cal outliers or CYP3A4 activity below 50% of the maximum 
measured value. Wells A3 and B6 would clearly match these 
exclusion criteria, and wells A6 and B5 would be flagged for 
later consideration if identified as statistical outliers.

To further test whether these criteria are effective in dis-
tinguishing functional wells from defective wells, we an-
alyzed inter- well variability in the expression of 84 genes 
screened using a pathway- specific polymerase chain reaction 
array used to detect human drug metabolism. The total RNA 
yield from well B6 was lower than the suggested 400 ng input 
level for the assay and was therefore excluded from analy-
sis. The tested samples were hierarchically clustered based 
on the expression of the 84 genes in the drug metabolism 
panel (Figure 5d). A principal component analysis of gene 
expression profiling data was performed to better evaluate 
well clustering (Figure  5e). Overall, no major differences 
in gene expression were observed between wells, however, 
wells A3 and B2 clustered separately from the other wells. 
Well B2 clustered more closely with the other wells than A3. 
Based on unbiased cluster analysis of samples (Figure  5d, 
Figure S13), wells A3, A6, and B2 were classified as out-
liers within a control group consisting of wells A1, A2, A4, 
A5, B1, B3, B4, and B5. Fold change in gene expression of 
the outlier group relative to the control group are presented 
in Figure  S14, and genes that varied significantly between 
groups are listed in Table S2. Of the 84 genes tested, 8 were 
upregulated and 11 were downregulated in the outlier group 
relative to control. Altogether, these results supported the use 
of LDH production and CYP3A4 activity as reliable, nonin-
vasive, quality control indicators for experiments conducted 
with the liver MPS. As these, other hepatic biomarkers or 
metabolism assays quantified from the perfusate could also 
be equally useful quality control metrics, which may depend 
on context of use.

DISCUSSION

Reproducibility of the liver MPS was characterized regarding 
its potential to predict hepatotoxicity, estimate drug metabo-
lism and accumulation, and study drug effects that require 
prolonged functionality of cells. Cell- based methods for drug 
development must be robust, yield reproducible results, have 

well- defined quality control criteria, and rely on materials 
that can be easily accessed or manufactured.1,30– 32 In the cur-
rent study, we followed this guideline by using commercially 
available cells, devices, instrumentation, and supplies. One 
challenge facing widespread MPS implementation is the dif-
ficulty in transferring MPSs to drug development laborato-
ries from academic groups, which often have the advantage 
of unique expertise in microfabrication and instrumentation 
methods, or semi- exclusive access to cell types. In addition to 
efforts from industry,2,3 testing centers have been created to 
address such translational hurdles, and initial results demon-
strated the need of different drug development stakeholders 
for generating key characterization data on MPS use.15,33,34

In the current study, experiments conducted in PHHs used 
the same batch of cells to ensure a primary focus on the re-
liability of MPS operation and to eliminate batch effects.35 
Previous studies using the liver MPS have demonstrated that 
batch effects can impact performance, and future evaluations 
should further investigate cell qualification criteria.8,9 In our 
trovafloxacin experiments, drug responses were compared 
from two distinct batches of PHKCs, as well as from multi-
ple test sites to confirm the reproducibility of data collected 
(Figure  1). Based on prior work published using the liver 
MPS, as well as past performance of other cell culture plat-
forms used to study hepatic function (i.e., spheroids and sand-
wich cultures), the following MPS performance properties 
were addressed: (i) reproducibility of results, (ii) functional 
stability, and (iii) ability to develop future contexts of use in 
drug evaluation.

Given the complexity of MPS operation, inconsistency 
between experimental replicates can arise due to several 
factors, including cells, devices, and handling of instrumen-
tation. Overall, our data allowed us to examine variability 
between MPS wells (Figure 5), MPS plates, distinct batches 
of qualified PHKCs, and between test sites (Figure 1). The 
standard error of the mean in LDH production or CYP3A4 
activity obtained with experimental replicates was low 
enough to allow detection of differences between drug con-
centration groups, as well as between groups treated or un-
treated with LPS. Concentration- dependent effects induced 
by tamoxifen, digoxin, and troglitazone on CYP3A4 activity, 
and LDH and albumin production were also clearly detected 
with qualified replicates from different MPS batches per 
condition (Figure 2). By performing quality control assays 
(LDH and CYP3A4) prior to testing, outlier samples were 
successfully excluded from experiments due to impaired 
cellular activity. In addition to this procedure, the quality 
of liver MPS assembly was also assessed. Replicating pre-
viously published results further confirmed the possibility 
to use the liver MPS with reproducibility. The quantified 
diclofenac clearance (Figure  S11a), phase I and phase II 
metabolism of troglitazone (Figure 4a), the ability to main-
tain the liver MPS for weeks (Figure 3), and the observed 
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microtissue morphology within scaffolds (Figure S15) were 
all observed in a manner consistent with that of previous 
reports.9,17– 19 Despite potential differences between sites 
or cell batches, 100 µM trovafloxacin with LPS induced a 
significant increase in LDH (Figure  1), and trovafloxacin 
and levofloxacin have previously been used to test liver sys-
tems.36 However, despite the convergence in results between 
test conditions, the magnitude of drug effect was variable 
between experiments. Discrepancies in levels of LDH and 
CYP3A4 activity (Figure 1) between test sites illustrate the 
need to standardize operations and procedures concerning 
MPSs.37,38 In summary, our results indicated that experi-
mentation with the liver MPS is likely to generate reproduc-
ible results when supported by quality control metrics based 
on LDH and CYP3A4 activity.

The functional stability of PHHs was studied by compar-
ing the longevity of signaling responses while maintained in 
MPSs, spheroids, and sandwich cultures (Figure 3). Overall, 
different toxicant responses were observed between culture 
platforms, while using the same batch of PHHs. At later time 
points after seeding PHHs, baseline CYP3A4 activity and 
albumin production were also observed to be greater and 
therefore more prolonged in liver MPS cells. Albumin pro-
duction above 37 μg/day/million PHHs, as noted by Baudy 
and colleagues2 to represent an acceptable liver activity, 
was observed in the MPS around day 15 after seeding cells 
(Figure 3d), suggesting this time point to be appropriate for 
liver safety applications. In addition, a more stable func-
tion in the tested MPS and the observed CYP3A4 activity 
and expression of ADME genes (Figure 5d,e, Figures S13, 
S14) met additional requirements for liver MPSs.2,3 Use of 
a media volume of 1.6 ml (Table S3), low nonspecific bind-
ing of compounds to the MPS (Figure S12), recirculation of 
media, and use of sufficient cellular mass were other charac-
teristics that met criteria for ADME applications.3 The ob-
served disparities in toxicant responses using the same batch 
of cells (Figure 2, Table 1) may indicate divergent functional 
activity that is determined by microenvironments particular 
to each platform (Tables  S3, S4) or relate to their unique 
pharmacokinetics as reflected by differences in the stability 
of CYP3A4 activity (Figure  3). For developing predictive 
assays of drug hepatotoxicity, future work should further 
optimize physiologically relevant dosing, time of exposure, 
relevant functional end points, measurement schedules, and 
wider ranges of drugs that represent diverse mechanisms 
and severity levels of drug- induced liver injury.39 Since 
CYP3A4 activity is affected by a variety of cellular proper-
ties, it was difficult to identify differences between platforms 
that may relate to specific drug toxicity mechanisms. Future 
work should investigate direct targets of tested drugs to bet-
ter understand differences between platforms. The function 
of PHHs in sandwich cultures is known to significantly de-
cline within a few days after plating,40 and their function 

is prolonged when cultured as spheroids.41 Hepatic function 
is also partially determined by cell polarity in PHHs,42 and 
future work should elucidate the MPS- specific factors that 
might regulate polarity.

For each platform, the functional end points presented in 
Figure  3 were normalized to media volume and quantified 
cellular protein content (Figure  3a,c) or number of seeded 
cells (Figure 3b,d), and all experiments were conducted in the 
same medium. However, the protein quantification method 
(Supplementary Materials) did not seem to be sensitive 
enough to determine the total protein in spheroids (Figure 3). 
Future work should investigate how the protein quantifica-
tion method can fail to estimate the amount of cellular ma-
terial. Differences in cell to volume ratio between platforms 
(Table S3), and in cell density could have contributed to inter- 
platform variation. Table S4 details differences in operational 
and practical features between culture platforms. The dispar-
ity in EC50 values between the liver MPS and other platforms 
was largest for troglitazone (Figure 2). The response of he-
patocytes to this compound can depend on culture format (2D 
vs. 3D).43 The mechanisms driving troglitazone toxicity re-
main unclear, but more stable metabolic activity and function 
of MPS cultures may increase resistance to toxicity. These 
results support the importance of understanding the relation-
ships between drug exposure/pharmacokinetics and efficacy/
toxicity when comparing between culture platforms or when 
trying to perform in vitro to in vivo translation.12,39 With tro-
vafloxacin, we showed how similar results could be obtained 
with the MPS in multiple sites, whereas the experiments with 
troglitazone, tamoxifen, or digoxin demonstrated how the 
same cells could yield divergent sensitivities to toxicants if 
cultured in the MPS. Future studies are also required to inves-
tigate the translation of MPS data to in vivo and demonstrate 
the benefits of using MPSs for specific contexts in relation to 
simpler alternatives. Our results suggest that the used MPS 
could benefit applications where co- culturing of PHHs with 
PHKCs is relevant, or to evaluate chronic drug effects or mul-
tiple exposures due to improved functional stability.

The potential use of the liver MPS for evaluating drug me-
tabolism and intracellular accumulation, which can support 
drug pharmacokinetics studies,44,45 was also investigated. 
The formation of phase II metabolites can often differ be-
tween animals and humans.46 Given that MPSs may confer 
stable cellular function and heightened resilience to toxicity, 
they could be used to refine predictions of drug ADME in 
humans. Troglitazone phase II metabolites were detected 
after 2 days of incubation in the liver MPS (Figure 4a). These 
metabolites were detected in higher amounts with exposure 
to 50 µM troglitazone when compared with 100 µM, which 
was closer to the range that induced toxicity (Figure 2) and 
may have impaired metabolism. The activity of enzymes 
involved in liver metabolism has been previously identi-
fied in the liver MPS,7,8,17,19,47 and these studies extensively 
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quantified the activity of CYP3A4 (Figures 1– 3, 5), which 
is the CYP isoform most commonly expressed in human 
hepatocytes48 and metabolizes up to 50% of drugs.49 In the 
current study, the metabolism of diclofenac was quantified 
(Figure  S11), also confirming previous results.18 However, 
we found that diclofenac phase II metabolites were unstable 
in culture (Figure S11b), and accurate quantification may re-
quire collecting the perfusate within the first hours of incu-
bation. Our data demonstrated that whereas the liver MPS 
enables analysis of drug metabolism, careful attention should 
be given to metabolite stability and timing for sample collec-
tion. Our detection of chloroquine within PHHs cultured in 
the MPS (Figure 4c) was consistent with in vivo results28,29 
and demonstrated the MPS potential for drug distribution 
studies.44 Cellular transport is central in regulating accumu-
lation, and MPS studies have reported robust transport ac-
tivity through drug clearance, gene expression, and imaging 
assays.7,8,17,18 In line with published results, our data con-
firmed the potential for MPS to predict drug metabolism and 
pharmacokinetics.

Additional applications for drug development should be 
explored with the liver MPS,12,50 as multiple types of liver 
systems have been developed, and future work should com-
pare them to assess strengths and weaknesses of each model. 
Collectively, the results from this study, in agreement with 
published data, show that the liver MPS can reproduce re-
sults. The use of quality control criteria to yield functional 
microtissues was key in enabling reproducibility. Moreover, 
the liver MPS stabilized hepatic function relative to other 
PHH culture platforms. In addition to this study, future work 
should evaluate liver MPSs as drug development tools for 
specific contexts of use.
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