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a b s t r a c t 

Hepatic in vitro models that accurately replicate phenotypes and functionality of the human liver are 

needed for applications in toxicology, pharmacology and biomedicine. Notably, it has become clear that 

liver function can only be sustained in 3D culture systems at physiologically relevant cell densities. Addi- 

tionally, drug metabolism and drug-induced cellular toxicity often follow distinct spatial micropatterns of 

the metabolic zones in the liver acinus, calling for models that capture this zonation. We demonstrate the 

manufacture of accurate liver microphysiological systems (MPS) via engineering of 3D stereolithography 

printed hydrogel chips with arrays of diffusion open synthetic vasculature channels at spacings approach- 

ing in vivo capillary distances. Chip designs are compatible with seeding of cell suspensions or preformed 

liver cell spheroids. Importantly, primary human hepatocytes (PHH) and hiPSC-derived hepatocyte-like 

cells remain viable, exhibit improved molecular phenotypes compared to isogenic monolayer and static 

spheroid cultures and form interconnected tissue structures over the course of multiple weeks in per- 

fused culture. 3D optical oxygen mapping of embedded sensor beads shows that the liver MPS recapit- 

ulates oxygen gradients found in the acini, which translates into zone-specific acet-ami-no-phen toxicity 

patterns. Zonation, here naturally generated by high cell densities and associated oxygen and nutrient 

utilization along the flow path, is also documented by spatial proteomics showing increased concentra- 

tion of periportal- versus perivenous-associated proteins at the inlet region and vice versa at the outlet 

region. The presented microperfused liver MPS provides a promising platform for the mesoscale culture 

of human liver cells at phenotypically relevant densities and oxygen exposures. 

Statement of significance 

A full 3D tissue culture platform is presented, enabled by massively parallel arrays of high-resolution 3D 

printed microperfusion hydrogel channels that functionally mimics tissue vasculature. The platform sup- 

ports long-term culture of liver models with dimensions of several millimeters at physiologically relevant 

cell densities, which is difficult to achieve with other methods. Human liver models are generated from 

seeded primary human hepatocytes (PHHs) cultured for two weeks, and from seeded spheroids of hiPSC- 

derived human liver-like cells cultured for two months. Both model types show improved functionality 

over state-of-the-art 3D spheroid suspensions cultured in parallel. The platform can generate physio- 

logically relevant oxygen gradients driven by consumption rather than supply, which was validated by 
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. Introduction 

3D in vitro cell culture models have become increasingly preva- 

ent for research in toxicology, pharmacology and disease model- 

ng [1] . The liver is among the tissues for which transitioning from 

onventional monolayer cultures to organotypic 3D models has ar- 

uably the largest impact. Even though 2D adhesion cultures are a 

obust, easy-to-use, and high-throughput compatible research tool, 

apid dedifferentiation of seeded primary hepatocytes within hours 

imits their utility to short-term experiments [ 2 , 3 ]. An increasing 

umber of applications require liver cultures that are functionally 

table for multiple days to weeks. Examples are i) clearance predic- 

ions of drug candidates with low metabolic turnover, which are 

ncreasingly common in drug discovery, ii) evaluations of chronic 

epatotoxicity, which constitute the majority of clinically observed 

diosyncratic liver injury cases, and iii) screening of compounds in 

odels of chronic liver disease to identify novel candidate drugs. 

Advanced 3D human hepatocyte culture models presented in 

ecent years improve the maintenance of the organotypic microen- 

ironment, including multicellular spheroids and microphysiolog- 

cal systems (MPS) [4–9] . Spheroid culture formats are reason- 

bly easy to use, reproducible, allow medium to high throughput 

creening, and have shown vast improvements in retention of ma- 

ure phenotypes compared to 2D adhesion cultures [10] . However, 

pheroids do not recapitulate hepatic zonation that is important 

or the study of zone-specific drug toxicities and interzonal inter- 

ctions. This is likely due to the inability of static culture to estab- 

ish and maintain oxygen gradients present in liver tissue in vivo , 

hich range from ≈50 mmHg in periportal tissue to ≈20 mmHg in 

erivenous tissue of the liver acinus [11] . Consequently, zonation 

equires more complex perfused liver systems that allow for the 

ontrolled establishment and maintenance of physiologically rele- 

ant gradients in oxygen tension. 

Hepatic zonation has been pursued in reported models of 2D 

tatic cultures at different oxygen tensions [ 12 , 13 ], 2D flow-over 

ultures [ 14 , 15 ], and 3D flow-through cultures based on 3D printed

caffolds [16] and bundled cell-laden microfibers [17] . Flow-over 

nd flow-through perfusion models provide close contact and con- 

equently highly efficient gas- and nutrient-exchange with cells in 

irect contact with the perfusion liquid. However, the flowing liq- 

id also exerts super-physiological levels of shear stress and may 

revent the establishment of local tissue concentration gradients 

resent in vivo . Model cell types have mainly been liver cell lines, 

s well as primary rodent and human hepatocytes. While these dif- 

erent culture format approaches are promising and have modeled 

mportant expression and secretory characteristics of liver tissue, 

o model with physiological oxygen gradients along the perfusion 

xis of a continuous and densely perfused 3D tissue has been re- 

orted. 

Here, we present a mesoscale culture system of 3D intercon- 

ected liver tissue at physiological cell densities supporting oxy- 

en gradients resembling those in the liver acinus in vivo ( Fig. 1 ).

e developed an MPS with synthetic vasculature arrays that tra- 

erse cell culture cavities with spacings that resemble physiological 

nter-capillary distances. The MPS is mounted in a custom designed 

icroscopy-compatible table-top incubator with temperature and 

as control as well as heated glasses for condensation-free opti- 

al access, ensuring robust tubing connection in a controlled and 

septic environment that can be monitored during long-term cul- 
337 
gen-sensitive microbeads, which is exploited to demonstrate zonation-

odels. 

 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

ure. The synthetic vasculature arrays are 3D printed in a mechan- 

cally stable yet diffusion-open hydrogel that can be directly con- 

ected to external perfusion tubing. The MPS design enables lon- 

itudinal imaging of the entire replicated liver acinus in situ and 

upports live oxygen mapping based on embedded microsensor 

eads to monitor the establishment and maintenance of physiolog- 

cal oxygen gradients, which translate into zone-specific functional 

ifferences. Primary human hepatocytes (PHH) and human induced 

luripotent stem cell-derived hepatocyte-like cells (HLC) cultured 

or two weeks and two months, respectively, remain metabolically 

ctive, and PHH cultures remain responsive to inducers of nuclear 

ormone receptor signaling, and sensitive to hepatotoxins with a 

one-specific toxicity pattern. Furthermore, we demonstrate phe- 

otypic improvements compared to isogenic cultures in 2D and 

tatic 3D spheroid cultures, indicating that increased cell density 

nd massively parallel microperfusion synergize to further enhance 

iver cell phenotypes. 

. Materials and methods 

.1. 3D liver MPS design, printing, and sterilization 

The hydrogel-based 3D liver MPS was designed using CAD 

oftware (Inventor Professional 2018, Autodesk). The custom-build 

tereolithographic hydrogel printer along with cytotoxicity assess- 

ent of printing resins have been presented in our previous work 

18] . The optimized pre-polymer solution used here consisted of 

80 mg mL −1 poly(ethylene glycol) diacrylate (PEGDA; M n 700 g 

ol −1 ; Sigma-Aldrich), 20 mg mL −1 poly(ethylene glycol) diacry- 

ate (PEGDA; M n 50 0 0 g mol −1 ; Creative PEGWorks), 11.25 mg 

L −1 quinoline yellow (Sigma-Aldrich), 5 mg mL −1 lithium phenyl- 

,4,6-trimethylbenzoylphosphinate (LAP, Sigma-Aldrich) in water. 

rinting used an exposure time of 4.5 s (luminous flux of 14 mW 

m 

−2 at 365 nm) per printed layer with a step height of 20 μm. 

he printing time was 90 min per chip. The pre-polymer solution 

as passed through a 0.22 μm pore size filter before printing to 

emove any particulates. The final prints were immersed in 2.5% 

lutaraldehyde in PBS (G6257, Sigma-Aldrich) for 48 h followed by 

mmersion in 70% ethanol for 24 h, both at room temperature. The 

olution exchange was performed in a fume hood due to the tox- 

city of glutaraldehyde. Following glutaraldehyde and ethanol ster- 

lization, sample containers were only opened in LAF benches to 

nsure sterility. Samples were incubated four times 12 h in fresh 

BS to remove residual sterilization reagents and printing solution 

omponents. As the final step, chips were incubated in complete 

ell culture medium for the targeted culture application for 6 h to 

void medium component dilution into the print material on cell 

eeding. The developed post-printing sterilization protocol reliably 

revented contamination stemming from imprinted bacteria while 

voiding damage to the structure of the hydrogel chips. Without 

ddition of high molecular weight monomer (PEGDA M n 50 0 0 g 

ol −1 ), immersion in 70% ethanol caused crack formation. Steril- 

zation by heat or hydrogen peroxide treatments led to crack for- 

ation with all investigated resin formulations. 

.2. Incubation system for long-term cell culture and in situ imaging 

An MPS holder system was developed to facilitate stable flu- 

dic connection of the MPS and its perfusion tubing and to 

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. Schematic of the liver MPS hydrogel chip. Cells or spheroids are seeded by pipetting directly into each of the three culture cavities, without or with addition of 

oxygen sensor beads. The immersed 3D printed chip is perfused in a simple loop between the inlet and outlet, with the surrounding medium functioning as reservoir. A 

cross-sectional view through the center cavity of the liver model acinus cavity shows the 2D array of synthetic vasculature channels that enable the establishment of oxygen 

tension gradients mimicking the in vivo situation. The hydrogel channels allow for diffusion of supplied oxygen, nutrients, and drugs as well as collection of cell products 

such as albumin and cellular waste, while shielding cultured cells from shear forces of the perfusion medium. 
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nsure sterility, limit evaporation, and ease handling during seed- 

ng and medium exchange. The holder system was designed using 

AD software (Inventor Professional 2018) and printed with a Form 

B stereolithographic printer in Dental LT resin (both Formlabs). 

ost-processing to ensure cytocompatibility consisted of 3 steps, 

omprising 15 min wash in isopropanol (34,863, Sigma-Aldrich) in 

 FormWash sonicator bath (Formlabs), two times 1 h immersion 

n isopropanol on a shaker plate at 50 rpm, and three times im- 

ersion in deionized water for 48 h. Holders were sterilized by 

iping the outer surfaces with 70% ethanol and subsequent UV- 

 exposure for 30 min on each side using a UV sterilization box 

Clean View UV Cabinet, Cleaver Scientific) inside a LAF bench. 

ustom-built incubators compatible with mounting on a micro- 

cope stage and with heated top and bottom glasses, controlled 

as supply, and integrated heaters and temperature sensors were 

sed for long-term culture of MPS’s mounted in the holder sys- 

em. Each incubator was supplied by a gas flow of 30 μL min 

−1 of

remixed 95% air/5% CO 2 using mass flow controllers (type 1179A, 

KS) passed through a 0.22 μm membrane filter (Q-Max Syringe 

ilter, Frisenette). Incubators and holders were sterilized by wiping 

heir outer surfaces thoroughly with 70% ethanol and exposure to 

V-C for 30 min on all sides. A closed perfusion tube loop was as- 

embled from Santoprene® tubing (GPR-0 051–0 08, Advanced Elas- 

omer Systems) with inner diameter 0.51 mm in combination with 

ump stopper tubing (Pharmed BPT SC0731, Ismatec, Cole-Palmer) 

nd custom cut 21 G stainless steel needles of 30 mm length (Ad- 

esive Dispensing). The closed tubing loop driven by a peristaltic 

ump passes the incubator wall via a 3D printed tube guide. The 

erfusion rate was set to 120 μL min 

−1 unless indicated otherwise 

or specific experiments. Assembled tubing loops were sterilized by 

ushing 70% ethanol followed by PBS and autoclaved at 121 °C for 
338 
5 min. The incubator created an aseptic, sealed environment with 

nterfacing for heating controllers, gas supply and perfusion tubing. 

eated top and bottom glasses allowed for microscopy throughout 

ong-term culture periods by ensuring temperature stability across 

he culture volume and preventing water condensation that would 

ompromise visual access. The temperature was monitored to be 

5.5–37.0 °C during long-term culture. 

.3. Oxygen sensor integration and co-localized live cell 3D oxygen 

apping 

The experimental procedure for bead coating, co-localized live- 

ell and oxygen mapping as well as signal processing of the CPOx- 

0-PtP is described in detail in our previous work [19] . Briefly, oxy- 

en sensor beads are integrated into 3D cell cultures, parallel fluo- 

escence and phosphorescence lifetime images are acquired using a 

onfocal FLIM/PLIM DCS-120 (Becker & Hickl) unit connected to an 

xio Observer Z1 (Carl Zeiss) with Fluar 5x/0.25NA (WD 12.5 mm) 

nd LD Plan Neofluar 20x/0.4NA (WD 8.9 mm) objectives. The ac- 

uired data is processed using a custom-made image analysis pro- 

ram [19] . For the liver MPS systems, 3 μL of 5 mg mL −1 platinum-

orphin based oxygen sensor beads CPOx-50-PtP (Colibri Photon- 

cs) were added to each cavity before seeding the cells. In addition, 

xygen sensor beads were added to the cell suspensions of all cell 

ypes at a concentration of 0.25 mg mL −1 . The commercially avail- 

ble sensor beads have previously been employed in numerous cell 

ulture studies without indications of affecting cell behavior [20] . 

s a further precaution, confocal imaging to assess the oxygen dis- 

ribution was only performed intermittantly to minimize the risk 

f analysis-induced effects on the cultured cells. 
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.4. Liver cell line maintenance and MPS culture 

Hep G2 hepatocellular carcinoma cells (85,011,430, ECACC, UK) 

ere cultured in complete medium consisting of EMEM (EBSS) 

upplemented with 2 mM glutamine (L-glutamine solution, CAS 

o. 56–85–9, BioXtra; G7513, Sigma-Alrich), 1% non-essential 

mino acids (MEM Non-essential amino acid solution, BioReagent; 

7145, Sigma-Aldrich), 10% v/v FBS (S1810, Biowest) and 1% v/v 

enicillin-streptomycin (Sigma-Aldrich). Cells were maintained in 

175 culture flasks at 37 °C and 5% CO 2 . Medium was exchanged 

very 3–4 days and cells were passaged upon 80% confluency. Cells 

ere used between passage 5 and 19 for liver MPS experiments. 

ep G2 were seeded at approximately 4 × 10 6 cells per liver MPS 

avity by preparing a suspension of 56 × 10 6 cells mL −1 (contain- 

ng oxygen sensor beads as described above) and seeding 70 μL of 

ell suspension per cavity. Gentle pipetting was used to populate 

oids around 3D channel arrays. During perfusion culture, medium 

as exchanged every 2 days. 

.5. Stem cell differentiation and culture 

Differentiation of human iPSC-derived hepatocyte-like 

pheroids in suspension culture was performed as described 

reviously [21] . On day 6 of differentiation, spheroids were 

hipped for seeding. Approximately 50 μL of spheroid mass, as 

easured if spun down, were seeded per cavity. Spheroids were 

eeded into the liver MPS and the voids around the synthetic 

asculature channel arrays were populated using gentle pipetting 

nd sedimentation. Medium exchange was performed every third 

ay using complete medium composition [21] . Oxygen microsen- 

or bead integration was performed as described above. Live 

taining was performed by perfusion with 1 μg mL −1 calcein 

cetoxymethyl ester (calcein AM) (Invitrogen eBioscience, Thermo 

isher) in complete medium. 

.6. Primary human hepatocyte culture 

Primary human cryoplateable hepatocytes (PHHs; BioIVT) were 

eeded at approximately 1.0 × 10 6 cells per liver MPS cavity. In 

rief, PHHs were thawed in a 37 °C water bath, immersed in 

 mL of pre-warmed InVitroGro CP medium (BioIVT) with 1% Tor- 

edo antibiotic mix (BioIVT), counted and diluted to approximately 

4 × 10 6 cells mL −1 in William’s E Medium (A1217601, Thermo 

isher) with 10% exosome-depleted FBS (A2720803, Thermo 

isher). Then, 70 μL of cell suspension was seeded into each chip 

avity and pipetted carefully to populate voids around the 3D 

hannel array. For the first 6 days of culture, medium with FBS 

as used, after which consecutive medium exchanges were done 

ith FBS-free medium [22] . 

.7. Assessment of metabolic activity 

For the assessment of metabolic activity of liver MPS, a previ- 

usly described assay was applied [23] . Briefly, primary liver MPS 

amples with or without 72 h prior induction with 10 μM ri- 

ampicin (Sigma-Aldrich) in complete medium were incubated in 

etabolic assay solution containing 10 μM amodiaquine (A7299, 

erck) and 10 μM midazolam (midazolam hydrochloride, B. 

raun). Samples were taken directly from the recirculating medium 

n the perfusion tubing after 4 h, 6 h, 8 h, and 10 h and quenched

n acetonitrile containing internal standard (Pruvanserin). Concen- 

ration of downstream metabolites N -desethylamodiaquine and 1 ′ - 
H-midazolam formed by CYP2C8 and CYP3A4 respectively were 

easured using LC-MS/MS. Analysis was performed using an AB 

ciex API 6500 + triple quadrupole (AB Sciex LLC) coupled with 

 Waters Acquity I-Class UPLC (Waters Corporation). Electrospray 
339 
onization in positive mode with multiple reaction monitoring was 

sed and data processing was performed with Analyst software 

Version 1.7, AB Sciex LLC). Detailed information about parameter 

ettings and analytical column and gradient can be found in Sup- 

lementary Table S1 and S2. 

.8. Hepatotoxicity assessment 

Liver MPS were exposed from day 8 and for 7 days with ac- 

taminophen (Merck, Germany). On day 15 of culture, cells were 

tained with 1 μg mL −1 calcein AM and 1 μg mL −1 propidium 

odide (Invitrogen, Thermo Fisher). Fluorescence from the liver 

PS was visualized with an AxioObserver Z1 with confocal mi- 

roscope unit LSM 700 (Carl Zeiss). Image processing to quantify 

he metabolic activity as a function of axial distance from the inlet 

ide of each MPS was done using Fiji [24] . In brief, a region-of-

nterest (ROI) covering tissue regions parallel and perpendicular to 

he channel orientation was defined using the ROI Manager. The 

esulting combined ROI was converted to an image mask used for 

pplying a boolean “AND” operation on the green and red channels 

eparately. Next, horizontal line profiles averaging the entire mask 

eight were extracted from the green and red channels, as well as 

or the mask itself, using the Profile tool. Lastly, the green and red 

ntensity profiles were normalized to the extracted mask intensity 

rofile to compensate for the varying number of pixels in the ver- 

ical dimension contributing to the averaged fluorescence intensity. 

veraging with a rolling window width of 100 μm was applied to 

he normalized green and red intensity profiles. 

.9. qRT-PCR analysis of tissues 

Total RNA was isolated from each chamber of the chips by 

eans of QIAzol lysis treatment followed by reverse transcription 

f 10 0–20 0 ng into cDNA using SuperScript III reverse transcrip- 

ase (Invitrogen). Expression levels were analyzed on a 7500 Fast 

eal-Time PCR system (Applied Biosystems) by qPCR using Taq- 

an probes (Table S1). Expression levels were calculated using the 

�Ct method with GAPDH as the housekeeping gene. 

.10. Proteomic analysis of cells 

Cell pellets (obtained by collecting cells from the inlet and out- 

et of the chips) were lysed in 10 μL of 8 M urea and 40 μL

f 0.2% ProteaseMAX 

TM surfactant (Promega) in 20% acetonitrile 

ACN) and 100 mM Tris–HCl, pH 8.5, and supplemented with 0.8 

L protease inhibitor cocktail (Pierce) before sonication in water 

ath for 10 min. Following addition of 29.2 μL of 50 mM Tris–

Cl, the samples were sonicated using VibraCell probe (Sonics & 

aterials, Inc.) for 25 s with pulse 2/2 s (on/off), at 20% ampli- 

ude. Lysates were spun down at 12,0 0 0 rpm at 4 °C for 10 min.

roteins were reduced by adding 3 μL of 250 mM dithiothreitol 

Sigma) and incubated at 37 °C for 45 min and alkylated with ad- 

ition of 4 μL of 500 mM iodoacetamide (Sigma) at room tem- 

erature for 30 min in the dark. Then 0.2 μg of sequencing grade 

odified trypsin (Promega) was added to the samples and incu- 

ated for 16 h at 37 °C. The sample was cleaned on a C18 Hy-

ersep plate with 5–7 μL bed volume (Thermo Fisher Scientific), 

ried using a vacuum concentrator (Eppendorf) and resuspended 

n 11 μL of 50 mM TEAB and labeled with TMTpro-18plex mass 

ag reagent kit (Thermo Fisher Scientific) adding 20 μg reagent in 

.5 μL ACN in a scrambled order and incubated at RT for 2 h. The

eaction was stopped by addition of hydroxylamine to a final con- 

entration of 0.5% and incubation at RT for 15 min before samples 

ere combined and cleaned on a C-18 HyperSep plate with 40 μL 

ed volume (Thermo Fisher Scientific). 
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TMTpro-labeled peptides were reconstituted in solvent A (0.1% 

A, 2% ACN in water) and approximately 2 μg samples injected on 

 50 cm long EASY-Spray C18 column (Thermo Fisher Scientific) 

onnected to an Ultimate 30 0 0 nanoUPLC system (Thermo Fisher 

cientific) using a 120 min long gradient: 4–26% of solvent B (0.1% 

A in 98% ACN) in 120 min, 26–95% in 5 min, and 95% of solvent B

or 5 min at a flow rate of 300 nL/min. Mass spectra were acquired

n a Q Exactive HF Hybrid Quadrupole-Orbitrap mass spectrome- 

er (Thermo Fisher Scientific) ranging from m/z 375 to 1700 at a 

esolution of R = 120,0 0 0 (at m/z 200) targeting 1 × 10 6 ions for

 maximum injection time of 80 ms, followed by data-dependent 

igher-energy collisional dissociation (HCD) fragmentations of the 

op 18 precursor ions with a charge state 2 + to 7 + , using 45 s dy-

amic exclusion. The tandem mass spectra were acquired with a 

esolution of R = 60,0 0 0, targeting 2 × 10 5 ions for maximum in-

ection time of 54 ms, setting quadrupole isolation width to 1.4 Th 

nd normalized collision energy to 34%. 

Acquired raw data files were analyzed in Proteome Discov- 

rer v3.0 (Thermo Fisher Scientific) with MS Amanda v2.0 search 

ngine against human protein database (UniProt, 20,330 consen- 

us entries downloaded on 9 February 2023). A maximum of 

wo missed cleavage sites were allowed for full tryptic digestion, 

hile setting the precursor and the fragment ion mass tolerance 

o 10 ppm and 0.02, respectively. Carbamidomethylation of cys- 

eine was specified as a fixed modification. Oxidation on methio- 

ine, deamidation of asparagine and glutamine as well as TMTpro 

 + 304.207 Da) were set as dynamic modifications. Initial search re- 

ults were filtered with 5% FDR using Percolator node in Proteome 

iscoverer. Quantification was based on the precursor ion intensi- 

ies. Significantly enriched pathways were identified based on the 

EGG Pathway Database using the WebGestalt toolbox [25] . 

.11. Histology and immunostaining 

Tissues were fixed in 4% paraformaldehyde for 4 h, and af- 

er washing and dehydration they were embedded in paraffin. 

-μm paraffin-embedded sections were deparaffinized, rehydrated 

nd stained with hematoxylin-eosin (H&E). Prior to immunostain- 

ng antigen retrieval was performed in HistoStation (Milestone, 

taly). Endogenous peroxidase was blocked in 5% hydrogen per- 

xide (3 × 10 min) and then, sections were incubated with pri- 

ary rabbit anti-human albumin (DAKO, Denmark) or mouse anti- 

uman cytokeratin 18, clone DC 10 (DAKO, Denmark) or primary 

ouse anti-cytokeratin 19, clone BA 17 (DAKO, Denmark; 1:50) 

ntibody for 1 h at room temperature. After washing the sec- 

ions were exposed to anti-rabbit or anti-mouse DAKO EnVision + 

ystem-HRP Labeled Polymer (DAKO, Denmark) for 35 min 

t room temperature. Then the reaction was developed with 

,3-diaminobenzidine tetrahydrochloride (Sigma-Aldrich). Sections 

ere dehydrated, counterstained with hematoxylin and mounted 

n DPX (Sigma-Aldrich). Tissue sections were examined in Olym- 

us BX51 microscope equipped with DP71 camera. 

.12. Albumin secretion analysis 

Supernatant was collected from the bioreactor as well as from 

he 2D cultures at time points throughout the culture period. Su- 

ernatant was immediately frozen at −80 °C until analysis. Albu- 

in levels were quantified using a commercially available ELISA kit 

E80–129, Fortis Life Sciences) and following the manufacturer’s in- 

tructions. Briefly, all samples measured in duplicate were diluted 

:50 or 1:100 in sample buffer. 100 μL of samples or standards 

ere added to wells previously coated with the capture antibody 

A80–129A). After 1 h incubation, wells were washed 5x with the 

ashing buffer and 100 μL of HRP-conjugated reporting antibody 

A80–129P) was added for 1 h incubation. Afterwards, wells were 
340 
ashed as previously before adding 100 μL of TMB substrate for 

5 min incubation in the dark. At the end, 100 μL of the stop solu-

ion was added and absorbance was measured at 450 nm. Albumin 

oncentration was interpolated from the plotted standard curve. 

.13. Statistical analysis 

Results are presented as mean ± SEM unless stated other- 

ise. To determine statistical significance, unpaired two-tailed het- 

roscedastic t-tests were performed using GraphPad Prism (version 

0.0.2) with n ≥ 3 samples per group. All data are shown, and no 

utlier removal was performed. For all data, significance was de- 

ned as p ≤ 0.05. 

. Results 

.1. 3D printed liver MPS hydrogel culture chips 

Chips for the liver tissue models were fabricated with a custom- 

uilt projection stereolithographic 3D printer [18] using an opti- 

ized pre-polymer formulation containing a combination of two 

onomers of different average molecular weights, namely 180 mg 

L −1 poly(ethylene glycol) diacrylate (PEGDA) M n 700 g mol −1 

nd 20 mg mL −1 PEGDA M n 50 0 0 g mol −1 . This optimized for-

ulation yielded stable hydrogel culture chips with reliable con- 

ections to microperfusion tubing through direct needle insertion. 

rinting using only low molecular weight PEGDA was found to 

esult in occasional material fracture on repeated needle inser- 

ion. The devices could withstand swelling and deswelling without 

amage during sterilization with 70% ethanol and 2.5% glutaralde- 

yde, and during cell seeding where the hydrogel chips are taken 

ut of their immersion fluid for up to three hours. 

The primary function of the liver MPS chips is to supply high 

ell density 3D tissues with nutrients and to provide spatially en- 

ineered oxygen microenvironments resembling the oxygen gradi- 

nt present in the human liver acinus in vivo . To this end, the MPS

as designed to allow for culture of human liver cells at a den- 

ity of > 100 million cells mL −1 enabled by perfusion through syn- 

hetic diffusion-open vasculature channels (Figure 1; Supplemen- 

ary Figure S1 and Table S4). The printed chip contains three sep- 

rate cavities mimicking parallel liver acini, each traversed by 45 

ynthetic vasculature channels. Each cavity volume is 41 μL with a 

icrochannel-traversed tissue volume of 20 μL, i.e. , excluding the 

olume of channels and channel support structures. Each channel 

f octagonal cross-section has a designed wall thickness of 100 μm 

nd channel width of 160 μm. Cross-sectional analysis of printed 

evices shows that slight overcuring in the channel lumen results 

n equal channel width and wall thickness of 120 μm. The design 

eatured an inter-channel distance of 160 μm, giving a maximum 

istance from any point inside the tissue to the synthetic vascu- 

ature of 190 μm, thereby balancing tissue density and cell-cell 

onnections with diffusion distance. For the seeding of spheroids, 

hannel spacings were adjusted to 440 μm to support efficient sed- 

mentation of pre-formed cellular aggregates with a diameter up 

o 350 μm. The printing material was chosen to minimize non- 

pecific cell binding and exhibits very low cytotoxicity after thor- 

ugh post-printing washing [18] . The bottom of each cavity con- 

ists of a 200 μm thick layer of printed material with sufficiently 

ow light scattering to allow for high quality optical imaging. 

We integrated three parallel cell culture cavities per chip to in- 

rease throughput. Uniform perfusion rates of the synthetic vas- 

ulature in the three parallel cavities through one common out- 

et was achieved by fine tuning feeding channel dimensions. With 

ne common outlet, the flow speed in each parallel cavity is deter- 

ined by the sum of resistances in the inlet feeding channel, the 
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ain cavity, and the outlet feeding channel with the total resis- 

ance being influenced by both channel length and cross-sectional 

iameter. As channel length was impractical to change in the over- 

ll chip design, we achieved flow equilibration in the parallel cavi- 

ies of strongly differing f eeding channel lengths by tuning feeding 

hannel cross-sections. In addition, homogenous perfusion through 

ll parallel synthetic vasculature channels was enabled for single 

eeding inlet and outlet cavities, by introducing perpendicular in- 

et and outlet feeding channels on opposite sides of the chip. Us- 

ng these design principles, the device achieved deviations < 10% 

n average flow velocities, as determined by tracking of suspended 

uorescent microparticles (Figure S2). 

We immersed each liver MPS hydrogel chips in a well of a 6- 

ell plate containing cell culture medium. The inlets to each cul- 

ure cavity were open to and fed by the surrounding medium in 

he well. Medium was removed through the common outlet us- 

ng a peristaltic pump and fed back to the reservoir via the inlet. 

his enabled perfusion of the chips with pre-conditioned culture 

edium and efficiently prevented bubbles from being introduced 

nd trapped in the synthetic vasculature networks during long- 

erm culture. In addition, this enabled a decoupling of cell culture 

edium between chips and thus the application of assays with dif- 

erent conditions for each chip. 
ig. 2. Depiction of the experimental setup. (a) Schematic of liver MPS culture setup con

ustom-built microscope-compatible incubator and temperature controller. The incubator h

eated top and bottom glasses to minimize temperature gradients across all culture volu

ccess. MPS scaffolds are cultured in small holders (b-d) in a standard 6-well plate with 

onditions during long-term culture are maintained using lids of holders and the well 

ixture. 

341 
.2. Liver MPS perfusion and incubation platform 

To enable the longitudinal profiling of aseptic long-term cul- 

ure of human liver models under perfusion and controlled gas 

nd temperature microenvironments, we integrated the MPS with 

ustom designed holder systems and a surrounding microscopy- 

ompatible incubator ( Fig. 2 ). The individual holders facilitated 

he stable handling of the chips after seeding, acted as guides 

or needle insertion for connection to the perfusion setup, con- 

ributed to the shielding of the wells against evaporation and con- 

amination, and allowed for individual removal of MPS chips for 

nalysis. Six of the small liver model holders fit into a larger 

older system that kept chips in place for microscopy. Medium 

xchanges could be performed by lifting the large holder con- 

aining the six individual holder units onto a new 6-well-plate 

ontaining pre-warmed medium. This holder combination en- 

bles stable perfusion with frequent medium exchanges in long- 

erm cell cultures, performed for up to two months in the 

LC spheroid culture study, as detailed below. Additionally, this 

etup including large cell numbers and medium volumes al- 

owed for accessible and regular sampling from the same liver 

PS without altering the stoichiometry between medium to cell 
sisting of a confocal FLIM/PLIM microscope, peristaltic pump, gas controller, and a 

as electrically heated, temperature controlled, aluminum side walls and electrically 

mes and to avoid water condensation on the glass bottomthat compromises visual 

a 3D printed liver MPS holder having cut-outs for the small holders (e-g). Aseptic 

plate, and by supplying the assembled fully airtight incubator with a filtered gas 
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Fig. 3. Oxygen gradient assessment in liver MPS at different flow rates using phosphorescent lifetime-based 3D oxygen mapping method allows multipoint, spatially resolved 

oxygen mapping during perfusion culture. (a) Schematic of a 3D printed liver MPS, optically scanned during perfusion culture with a confocal phosphorescence lifetime 

imaging microscope. (b) Overlaid fluorescence (green) and phosphorescence (red) micrographs of oxygen sensor beads (orange) embedded in a hydrogel-free 3D culture 

of Hep G2 cells (green; live stain by calcein AM) in a liver MPS. The dotted and dashed lines illustrate the inside and outside, respectively, of the channel walls, and the 

arrows show the flow direction. The apparent orange color of the sensor beads in this combined color micrograph is due to the oxygen sensitive platinum species having 

both short-lived fluorescence emission (colored green) and long-lived phosphorescence emission (colored red). The apparent bead colors are only used to illustrate the bead 

locations in the cell volume and are unrelated to the local oxygen tension, which can only be extracted from analysis of the individual bead’s phosphorescence decay lifetime. 

(c) Oxygen tension profile throughout a single cavity with a length of approximately 2.8 mm for the indicated average perfusion velocities (flow rates of 200 μL min −1 , 80 

μL min −1 , 20 μL min −1 , and 0 μL min −1 , respectively). Imaging windows of approximately 2.8 mm × 2 mm are applied, and the readout from sensor beads is grouped by 

position in bins of 0.5 mm length ( n = 5–14 in each bin). Error bars show the standard deviation. 
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.3. 3D oxygen gradient measurements 

Studies of oxygen gradients in the human liver most commonly 

eport the oxygen tension in periportal ≈8% (60–65 mmHg) and 

erivenous ≈4% (30–35 mmHg) blood [26] . Tissue oxygen concen- 

rations are more difficult to measure, with reported values of ≈3% 

20–25 mmHg) using microelectrodes [27] . The intracellular in vivo 

xygen gradient across the different zones has been estimated to 

ange from ≈6% (45–50 mmHg) on the periportal side of the aci- 

us to ≈2% (15–20 mmHg) on the perivenous side [11] . We tested 

hether such physiological oxygen gradients could be recreated 

n the liver MPS in vitro , when perfusing with normoxic medium 

19% / 142 mmHg dissolved O 2 at 37 °C and 5% CO 2 [19] ) at an

ptimized flow rate. To this end, we populated each liver MPS 

ith 4 million hepatic Hep G2 cells that rapidly formed a con- 

inuous interconnected cell volume between the perfusion chan- 

els to a height of approximately 1.4 mm, as observed by confo- 

al fluorescence microscopy ( Fig. 3 a,b). The oxygen consumption 

ate in human liver is reported to be 0.06 mL g −1 min 

−1 [28] , cor-

esponding to 4 × 10 −8 mol cm 

−3 s −1 for an approximate liver 

ass density of 1 g cm 

−3 . Hep G2 cells were used in this part

f the study, since their oxygen consumption rate per tissue vol- 

me, 4 × 10 −17 mol cell −1 s −1 [29] at an estimated compact cell 

ensity of 1.1 × 10 9 cm 

−3 (cell volume of 850 μm 

3 [30] ) yielding 

 × 10 −8 mol cm 

−3 s −1 , is a good approximation of human liver 

issue. To map the oxygen gradient in the liver MPS, oxygen sensor 

eads were integrated during cell seeding ( Fig. 3 b). Subsequently, 

he beads were scanned with an inverted confocal phosphores- 

ence lifetime microscope and analyzed with dedicated 3D oxygen 

apping software [19] . Oxygen sensor beads located within the 

ower-most 0.5 mm of the culture volume were probed, with the 

robe depth limited by optical scattering through the dense aggre- 
342 
ate of cells. All the discrete oxygen measurements were employed 

or making a binned distribution of the oxygen gradient along the 

ow direction. Four different flow velocities were tested to assess 

he relation between perfusion rate and oxygenation ( Fig. 3 c). In 

ll four tested conditions, the maximum measured oxygen concen- 

ration was lower than in the perfusion medium due to the oxygen 

ensor beads being embedded in the dense oxygen-consuming cell 

olume. Flow velocity in microfluidic channels traversing the liver 

cinus model at 2.19 mm s −1 resulted in hyperoxygenation with 

n oxygen gradient in the cell compartment from ≈14% to ≈9%, 

hile a flow speed of 0.22 mm s −1 resulted in an oxygen gradient 

rom ≈5% to ≈0%, slightly below the estimated intracellular range 

n vivo . An intermediate flow speed of 0.87 mm s −1 generated an 

xygen gradient from ≈10% to ≈4%, in close proximity of the mea- 

ured gradient in liver acinus blood, and was consequently used in 

he rest of further experiments. Not surprisingly, cessation of flow 

esulted in rapid hypoxia within minutes with oxygenation levels 

lose to 0% throughout the whole liver acinus construct. This is in 

greement with our former results using a single layer of perfu- 

ion channels, where full anoxia in the cultured cell volume was 

bserved within 10 min of stopping perfusion of medium [19] . 

.4. The MPS supports long-term culture and improved differentiation 

f hiPSC-derived HLCs 

Human iPSC-derived liver spheroids were seeded on day 7 of 

ifferentiation into liver MPS systems and cultured under perfu- 

ion culture for 54 days. Spheroids of 100–350 μm in diameter 

ere seeded, which was enabled using an inter-channel spacing 

f 440 μm in the chip design. Simple pipetting of the spheroid 

uspension into the chip cavities resulted in a thick sediment of 

eparate spheroids evenly distributed across the cavity area, in the 
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Fig. 4. iPSC-derived spheroid liver MPS culture. (a) Wide-field fluorescence micrograph of hiPSC-derived liver-like cells in spheroids on day 2 of culture with live cells (green) 

stained by perfusion of calcein-AM and CPOx Red oxygen sensor beads (red). (b) Zoom on the indicated area in (a). (c) Confocal fluorescence micrograph (maximum intensity 

projection) on day 40 with additional stain of dead cells (red) by perfused propidium iodide (large sensor beads appear red), acquired at a different chip area. (d) Expression 

of key genes of hiPSC-derived suspension spheroid culture and liver MPS culture compared by qPCR on day 60 after start of differentiation or day 54 of seeding in liver MPS 

(mean ± SEM, n = 3, data normalized to expression of spheroid cultures, ∗∗∗ p < 0.001). (e) Optical micrographs of sections of fixed and isolated tissues from liver MPS 

culture from day 60 of differentiation. Tissues stained with hematoxylin-eosin (H&E) and antibodies for albumin (ALB) and cytokeratin 18 (CK18). 

a

b

a

c

c

w

m

c

s

a

p

i

t

c

[

3

m

t

a

c

t  

t

m

m

t

i

t

s

d

C

m

w

o

u

s

w

w

c

t

T

t

a

s

t

n

o

d

d

t

s

i

t

i

bsence or presence of suspended oxygen sensor beads ( Fig. 4 a- 

). The development of the system was monitored by microscopy 

t regular intervals. An MPS culture stained for live cell marker 

alcein AM and dead cell marker propidium iodide on day 40 of 

ulture showed clear fusion of spheroids into dense tissues and 

ith little visible cell death ( Fig. 4 c). Expression profiling of liver 

arkers obtained from tissues cultured for 54 days showed in- 

reased differentiation in the MPS compared to spheroid suspen- 

ion culture, as indicated by strongly elevated expression of hep- 

tic markers, CYP enzymes and albumin, and with decreased ex- 

ression of the progenitor cell marker AFP ( Fig. 4 d). Furthermore, 

mmunohistochemical analyses of hiPSC-derived MPS tissue sec- 

ions confirmed the formation of a dense continuous tissue with 

lear protein expression of the hepatocyte markers ALB and CK18 

31] ( Fig. 4 e). 

.5. The primary human hepatocyte liver MPS allows the long-term 

aintenance of physiologically relevant phenotypes and functions 

Next, we assessed the ability of the device for long-term cul- 

ure of primary human liver cells. While cells remained round 

nd clearly visible as individual units after seeding, the seeded 

ells compacted and had merged into an interconnected tissue af- 

er five days of perfusion culture ( Fig. 5 a). In contrast, when cul-

ured without perfusion through the synthetic vasculature, cells re- 

ained round and did not aggregate due to very limited or absent 

etabolic activity in their environment depleted of oxygen and nu- 

rients (Figure S3). Morphologically, the perfused tissue remained 
343 
ntact and limited remodeling was visible after tissue formation 

hroughout the culture period. 

To profile the molecular phenotypes of the MPS liver con- 

tructs, we evaluated expression of secreted hepatic factors ( ALB ), 

rug metabolizing enzymes ( CYP2E1, CYP3A4, CYP2C8, CYP2D6 and 

YP4F12 ), and factors involved in fatty acid and carbohydrate 

etabolism ( FASN, SREBF1, and PCK1 ). Notably, expression levels 

ere orders of magnitude higher than in 2D culture and similar 

r even higher than in 3D spheroids ( Fig. 5 b; Figure S4). Partic- 

larly, the perivenous zonation markers CYP3A4 and CYP2E1 were 

ignificantly increased in the MPS, indicating molecular zonation 

ithout a deterioration in overall phenotypes. These observations 

ere supported by biochemical methods, which showed that se- 

retion of albumin as a marker of hepatocyte cell health and func- 

ion remained constant throughout long-term culture ( Fig. 5 c). 

he apparent reduction at day 14 is due to a shorter collection 

ime in the experimental setup for this data point, and expression 

nalysis of ALB in Fig. 5 b did also show equivalent levels in 3D 

pheroids and MPS cultures. Furthermore, we corroborated hepa- 

ocyte function by evaluating CYP3A4 induction using the bona fide 

uclear hormone receptor ligand rifampicin ( Fig. 5 d). After 72 h 

f rifampicin exposure, the perfused liver MPS system showed in- 

uction of CYP3A4 expression similar to spheroids, the gold stan- 

ard for preclinical CYP induction measurements [32] , suggesting 

hat nuclear hormone receptor signaling and cellular xenobiotic 

ensing remains intact. To further validate that metabolic activ- 

ty of PHH was maintained and responsive to exogeneous induc- 

ion, we evaluated the metabolic activity of CYP3A4 and CYP2C8 

n the liver MPS. Specifically, we exposed the device to the probe 
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Fig. 5. Tissue formation and functional assessment of primary liver MPS. (a) Phase contrast micrographs of cultures shortly after seeding (day 0) and after tissue formation 

(day 5) at a perfusion rate of 120 μL min −1 . (b) Expression analysis by qPCR on day 14 of spheroid cultures and liver MPS cultures (mean ± SEM, n = 3, data normalized to 

expression of spheroid cultures, ∗ p < 0.05). (c) Albumin secretion over the course of 14 days ( n = 3). (d) Induction of CYP3A4 expression by treatment of induced samples 

with 10 μM rifampicin for 48 h prior to assay run on day 14, data normalized to expression at day 0 ( n = 3). (e-f) Metabolic assay data from control and induced liver 

MPS, where induced samples are treated with 10 μM rifampicin for 72 h prior to assay run ( n = 3). For comparison of control and induced liver MPS, induced samples were 

adjusted with a factor 1.13 to correct for the difference in seeded cell numbers. 
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ubstrates midazolam ( CYP3A4 ) and amodiaquine ( CYP2C8 ) and 

valuated their metabolic conversion to 1 ′ -OH-midazolam ( Fig. 5 e) 

nd N -desethylamodiaquine ( Fig. 5 f) by mass spectrometry in con- 

rol and induced liver MPS. The metabolic analysis of control sam- 

les on day 14 of culture revealed 443 ±55 nM of 1 ′ -OH-midazolam 
344 
nd 76 ±16 nM of N -desethylamodiaquine in 4 h, correspond- 

ng to metabolite formation rates of 8.3 pmol/min/10 6 cells and 

.4 pmol/min/10 6 cells, respectively. Induction of PXR using ri- 

ampicin for 72 h prior to the start of the measurement increased 

otal metabolite formation to 964 ±192 nM and 633 ±192 nM for 
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Fig. 6. Proteomic analysis of hepatic zonation in the liver MPS using a non-targeted mass spectrometry-based approach. (a) Box plots showing the median-normalized and 

log-transformed abundance for differentially expressed periportal and perivenous proteins on the inlet (left) and outlet (right) of the liver MPS ( n = 6; ∗ p < 0.05, ∗∗ p < 0.01, 
∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001). (b) Principal component analysis (PCA) of proteomics data from the inlet and outlet side of the liver MPS. The PCA plot represents biological 

replicates with 1398 quantified proteins, which indicates clear profile differences between the samples from inlets and outlets ( n = 6) grouped by color. (c) Volcano plot of 

zonal differences (log2 of the ratio of abundances of each protein at the outlet side and inlet side) of MPS samples ( n = 6). 
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′ -OH-midazolam and N -desethylamodiaquine, respectively, con- 

rming the ability of the system to capture drug-drug interactions 

ia an intact nuclear hormone receptor signaling axis. 

.6. Non-targeted proteomics reveals comprehensive molecular 

onation into periportal and perivenous hepatocytes in the liver MPS 

To evaluate whether the microperfused liver MPS allowed for a 

ecapitulation of hepatic zonation, we performed a comprehensive 

roteomics investigation. To this end, we first compared expression 

f known zonation markers [33–35] in the inlet and outlet sides 

f the device. Close to the inlet, where oxygen concentrations are 

ighest, we observed increased levels of the periportal marker pro- 

eins ARG1, BAAT, PYGL, FBP1 and ASL ( Fig. 6 a). In contrast, expres-

ion of perivenous markers was significantly elevated close to the 

utlet where oxygenation is lower. When analyzing the proteomic 

ignatures comprehensively, we found that hepatocytes on the in- 

et and outlet sides of the microperfused liver MPS could be clearly 

eparated ( Fig. 6 b). Among the top proteins with the highest dif- 

erences in zonal expression were the signal transducer CKL and 

he metabolic regulator INS-IGF2, which were upregulated on the 

nlet side, as well as structural components (LMNB1) and chaper- 

nes (SDF2L1) on the outlet side ( Fig. 6 c). Notably, pathway anal- 

sis of the differentially expressed proteins revealed that, among 

ther functions, biosynthesis of amino acids and gluconeogene- 

is were increased at the inlet region, whereas drug metabolism, 

mino acid degradation, steroid hormone biosynthesis and fatty 
345 
cid metabolism were upregulated close to the outlet ( Table 1 ). 

mportantly, in contrast to previous studies [12] , zonation in this 

evice is naturally generated by high cell densities and the cor- 

esponding oxygen and nutrient utilization along the flow path. 

hese results thus demonstrate that our in vitro 3D liver model can 

rovide a reliable tool for studying spatial phenotypic variations of 

rimary human liver cells in a controlled microenvironment. 

.7. The primary human hepatocyte liver MPS recapitulates 

unctional zonation 

To test whether hepatic zonation at the level of gene expres- 

ion also translated into functional differences, we tested if the 

iver MPS could recapitulate zone-specific hepatotoxicity. To this 

nd, we exposed the primary human liver MPS to different con- 

entrations of acetaminophen (APAP), which is mainly metabolized 

y the perivenous CYP enzymes CYP2E1 and CYP3A4 into the re- 

ctive and hepatotoxic metabolite N -acetyl- p -benzoquinoneimine 

NAPQI). We evaluated spatial toxicity patterns using live/dead 

taining and quantified the resulting signals as a function of ax- 

al position. Plasma concentrations of APAP above 2 mM (300 mg 

 

−1 ) in humans are known to cause partial liver damage [36] . At 

ow concentrations (1–3 mM APAP) we observed no measurable 

ell death, whereas complete cell death was observed at a very 

igh concentration of 50 mM ( Fig. 7 ). Importantly, however, at 

ntermediate APAP concentrations of 5 mM, cytotoxicity was 

learly graded. Cell death was overall low on the highly 
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Table 1 

Selected differentially regulated pathways in the inlet (periportal) and outlet (perivenous) side of the liver MPS. FDR = false 

discovery rate. 

Zone Pathway Size Enrichment ratio P Value FDR 

Inlet Biosynthesis of amino acids 75 8.44 3.4 × 10 −13 5.5 × 10 −11 

Fructose and mannose metabolism 33 8.08 4.2 × 10 −6 1.9 × 10 −4 

Pentose phosphate pathway 30 7.78 2.2 × 10 −5 7.3 × 10 −4 

Cysteine and methionine metabolism 47 6.38 8.4 × 10 −6 3.4 × 10 −4 

Gluconeogenesis 68 6.37 8.1 × 10 −8 5.3 × 10 −6 

Outlet Valine. leucine and isoleucine degradation 48 8.93 < 2.2 × 10 −16 < 2.2 × 10 −16 

Drug metabolism 72 6.99 1.1 × 10 −16 3.3 × 10 −15 

Retinol metabolism 67 6.12 1.8 × 10 −12 4.9 × 10 −11 

Fatty acid metabolism 48 5.82 1.4 × 10 −8 2.3 × 10 −7 

Steroid hormone biosynthesis 60 5.28 8.2 × 10 −9 1.4 × 10 −7 

Protein processing in endoplasmic reticulum 165 4.74 < 2.2 × 10 −16 < 2.2 × 10 −16 

Fig. 7. Spatially resolved drug toxicity in PHH liver MPS. Individual liver MPS’s were cultured for 8 days without drug followed by 7 days of culture with acetaminophen 

(APAP) at the specified concentrations (1 mM, 3 mM, 5 mM, 50 mM). Representative fluorescence micrographs (upper row; maximum intensity projection) show cultures 

stained for enzymatically active (green; calcein AM) and non-viable (red; propidium iodide) cells on day 15. The position dependent viability of each culture (lower row) 

is assessed by quantifying the average green (left axis) and red (right axis) fluorescence intensity (arbitrary units) from inlet side to outlet side, vertically averaged within 

the region between dashed areas. Similar patterns in live and dead cell distributions were observed in 3 independent experiments using a concentration of 5 mM APAP. The 

reduced intensity of the red signal (non-viable cells) at the highest APAP concentration is likely due to prior disintegration of most cells, leaving few polynucleotides to stain. 

All micrographs were acquired using the same microscopy settings. 
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xygenated periportal side and then continuously increased to- 

ards the slightly oxygenated perivenous side. Notably, these pat- 

erns of toxicity are in agreement with the increased expression 

f the perivenous markers CYP2E1 and CYP3A4 in the liver MPS, 

hich drive APAP hepatotoxicity, and recapitulate in vivo APAP tox- 

city profiles [37] . Thus, these results suggest that the physiological 

xygen gradient in the liver MPS entails the establishment of zonal 

dentities at the molecular level, which further translates into dif- 

erences at the functional level that cannot be captured in conven- 

ional 3D static culture. 

. Discussion 

Emulating human liver functions in vitro constitutes an impor- 

ant milestone for understanding liver biology in health and dis- 
346 
ase, as well as for the preclinical development of new chemical 

ntities. Over the past decade, it has become increasingly clear that 

onventional in vitro methods, such as 2D monolayer cultures of 

uman hepatocytes, rapidly deteriorate, which limits their utility 

o short-term applications. While a multitude of hepatic 3D culture 

ethods, such as liver spheroids and micropatterned co-cultures 

ave drastically extended the functional in vitro culture time of 

HH [38] , important limitations remain. These include the absence 

f functional zonation as well as the relatively low cell density. 

ere, we attempted to ameliorate these issues by implementing an 

PS with parallel microperfusion channel arrays 3D printed in a 

ully automated process. The results clearly support that the device 

an sustain the functional long-term culture of engineered human 

iver tissue comprised of both primary human hepatocytes and hu- 

an induced pluripotent-derived liver-like cells at unprecedented 
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n vivo -like cell densities of > 100 million cells mL −1 . Oxygen uti-

ization in these mesoscale tissue constructs drove the formation 

f a physiologically relevant oxygen gradient, which propagated 

nto functional specification. Moreover, direct contact with perfu- 

ion medium is avoided in the diffusion-open synthetic vasculature 

hips, which results in similar protection of hepatocytes to shear 

orces as in vivo . The resulting tissue formation, cell survival and 

aintenance of phenotype, presented in this work, indicate that 

he created microenvironments are suitable for high density 3D 

iver-live cultures without the need for embedding hydrogels. 

The hiPSC-based liver-like spheroid based MPS cultures en- 

bled the formation of dense, interconnected 3D tissues and ex- 

ibited high viability in long-term cultures (2 months), assessed 

y live/dead stained liver MPS. Expression profiling showed a sig- 

ificant increase in liver typical markers in the liver MPS compared 

o spheroid suspension cultures at day 60 of differentiation. Thus, 

ur liver MPS seems more suitable than 3D suspension cultures to 

mprove maturation of hiPSC-derived liver tissues, hypothesized to 

tem from the absence of shear stress, improved cell-cell commu- 

ication, and higher local concentration of tissue excreted signaling 

ompounds. The confirmation of the presence of liver typical pro- 

eins such as albumin in histological analysis of the liver tissues 

urther supports this and the presence of cytokeratin 18, expressed 

n hepatocyte plasma membrane surface, confirms the presence of 

epatocyte-like cells. 

MPS cultures from seeded PHH also fused into dense intercon- 

ected 3D tissues after 3–5 days of culture. Seeded tissue densi- 

ies can be estimated from the volume of 1 million primary hu- 

an hepatocytes with an average cellular volume of 2.3 × 10 3 μm 

3 

39] resulting in 2.3 μL total cell volume. This corresponds to an 

pper limit on the cell density of 4.3 × 10 8 cells mL −1 located 

ithin the MPS acinus model volume of 20 μL (excluding the syn- 

hetic vasculature channels). The looser initially formed tissue is 

bserved to contract further during the first 5 days of culture and 

ikely forms more dense tissues between the vasculature channels 

hile forming small voids around it. This was contrasted by the 

ailure of cells to fuse into dense, connected tissues in control liver 

PS cultures with disabled perfusion leading to tissue anoxia. This 

ighlighted the necessity of dense, perfused synthetic vasculature 

o establish suitable microenvironments that support tissue forma- 

ion. 

The primary hepatocyte MPS results show that the system 

ot only promotes primary hepatocyte survival but also supports 

igh maintenance of liver-typic expression profiles, which vastly 

mproved over 2D cultures and also over 3D spheroid cultures. 

 mature liver phenotype could be maintained over the course 

f 14 days as indicated by albumin secretion levels significantly 

igher than those in 2D cultures. The metabolite formation rates 

or 1 ′ -OH-midazolam and N -desethylamodiaquine observed in this 

tudy are at comparable levels to those previously observed in 3D 

pheroids [23] . 

The dose dependent APAP toxicity assay with clearly decreasing 

ell viability at 5 mM indicates high sensitivity to toxic drug com- 

ound screening at physiologically relevant concentrations. The 

ose responses seen in this study are similar to doses previously 

sed in 3D primary hepatocyte spheroids [40] and close to in vivo 

evels for APAP overdosing resulting in drug induced liver injury or 

ailure [41] . Importantly, a zonated toxicity with intermediate cell 

iability on the higher oxygenated periportal side and reduced vi- 

bility on the lower oxygenated perivenous side of the liver acinus 

PS was apparent from quantification of the fluorescent viability 

robe at 5 mM APAP. This result is in excellent agreement with 

rior zone-dependent in vitro APAP dose responses of primary rat 

epatocytes [42] . 

The MPS established here can provide a useful platform for ap- 

lications that require physiological cell densities. Specifically, the 
347
ystem opens the possibility to identify mechanistic biomarkers 

f liver injury that are often of low abundance slightly abundant. 

hese include molecular signatures as markers for hepatic fibro- 

is [ 43 , 44 ], metabolomic biomarkers for drug-induced liver injury 

45] , as well as secreted extracellular vesicles as markers for alco- 

olic liver disease [46] and the formation of pre-metastatic liver 

iches [47] . Furthermore, high cell densities in the MPS enable its 

se for the analysis of low-clearance drugs, which cannot be mea- 

ured in conventional spheroid cultures [48] . 

. Conclusion 

We developed and characterized a liver MPS with integrated 

erfused synthetic vasculature that enabled the recapitulation of 

iver acinus models with an in vivo -like oxygen gradient. Freeform 

D printing of diffusion-open synthetic vasculature chips allowed 

or massive parallel microperfusion in three independent cul- 

ure cavities per chip, enabling stable, long-term perfusion cul- 

ures with live imaging capabilities. hiPSC-based liver MPS allowed 

he use of hiPSC-derived hepatocyte-like spheroids in long-term 

ultures (up to 2 months) with improved maturation compared 

o spheroid suspension culture. Primary human hepatocyte-based 

iver MPS showed formation of dense 3D tissues with high viabil- 

ty and preserved liver function over the course of 14 days com- 

ared to 2D culture. Dose-dependent APAP toxicity assays revealed 

onated toxicity patterns, with higher toxicity in the perivenous 

ide of the acinus compared to the periportal. In future work, fur- 

her benchmarking with other cell sources, both iPSC-derived as 

ell as primary human and animal cells, screening of larger drug 

ibraries, further confirmation of zonation and the establishment of 

isease models would be of high interest. We conclude that the de- 

eloped liver MPS is suitable for the organotypic long-term culture 

f human liver cells and replicates in vivo -like continuous oxygen 

radients in connected mesoscale liver tissue. 
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