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A B S T R A C T   

Human pluripotent stem cell-derived hepatocytes (hPSC-Heps) may be suitable for treating liver diseases, but 
differentiation protocols often fail to yield adult-like cells. We hypothesised that replicating healthy liver niche 
biochemical and biophysical cues would produce hepatocytes with desired metabolic functionality. Using 2D 
synthetic hydrogels which independently control mechanical properties and biochemical cues, we found that 
culturing hPSC-Heps on surfaces matching the stiffness of fibrotic liver tissue upregulated expression of genes for 
RGD-binding integrins, and increased expression of YAP/TAZ and their transcriptional targets. Alternatively, 
culture on soft, healthy liver-like substrates drove increases in cytochrome p450 activity and ureagenesis. 
Knockdown of ITGB1 or reducing RGD-motif-containing peptide concentration in stiff hydrogels reduced YAP 
activity and improved metabolic functionality; however, on soft substrates, reducing RGD concentration had the 
opposite effect. Furthermore, targeting YAP activity with verteporfin or forskolin increased cytochrome p450 
activity, with forskolin dramatically enhancing urea synthesis. hPSC-Heps could also be successfully encapsu
lated within RGD peptide-containing hydrogels without negatively impacting hepatic functionality, and 
compared to 2D cultures, 3D cultured hPSC-Heps secreted significantly less fetal liver-associated alpha-feto
protein, suggesting furthered differentiation. Our platform overcomes technical hurdles in replicating the liver 
niche, and allowed us to identify a role for YAP/TAZ-mediated mechanosensing in hPSC-Hep differentiation.   

1. Introduction 

Over 600 million people worldwide are affected by one of the many 
diseases that afflict the liver, and more than 1 million die of chronic or 
acute liver failure every year [1]. Many genetic and metabolic diseases 
impact the liver, driving fibrosis and cirrhosis, but the only curative 
intervention for end-stage liver disease is orthotopic liver 

transplantation. Transplantation of hepatocytes alone could be an 
effective alternative to whole organ transplantation [2]. However, pri
mary human hepatocytes (PHH) derived from donor organs are unable 
to meet the demand for cell therapies. 

Human pluripotent stem cell-derived hepatocytes (hPSC-Heps) may 
be an effective alternative for PHH-based cell therapies; however, pro
tocols to generate hPSC-Heps produce cells with either hybrid features 
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of hepatic, intestinal, fibroblastic, and pluripotent cells [3], or are 
similar to fetal hepatocytes [4]. Bridging the functional gap between 
hPSC-Heps and PHHs will likely require correctly replicating the cell’s 
niche, as extrinsic biological stimuli in the native liver are known to 
regulate normal hepatocyte function. As a result, extracellular matrix 
(ECM) interactions [5], multicellularity [6], and paracrine signals [7], 
have been all explored to improve hPSC-Heps’ functional equivalence to 
PHH. 

In addition to the biological components of the niche, in vivo evi
dence suggests that changes in the liver’s physical properties impact 
hepatocytes. Indeed, liver stiffness is used to diagnose liver malfunction, 
as fibrosis results in increased tissue Young’s modulus (E). Increased 
tissue stiffness is also associated with hepatocellular carcinoma (HCC), 
which is regulated by beta-1 integrins [8], and inhibition of beta-1 
integrin signalling may prevent liver malfunction and the develop
ment of HCC [9,10]. Yes-associated protein (YAP) and transcription 
coactivator with PDZ-binding motif (TAZ) are mechanosensitive nuclear 
effectors of the Hippo signalling pathway. During fibrosis, ECM stiff
ening enhances YAP activation [11], and in non-human primates with 
liver fibrosis, YAP localises within the nucleus of hepatocytes and cor
relates with increased transforming growth factor-beta (TGFβ) expres
sion [12]. Moreover, loss of Lats1/2, the direct upstream regulators of 
YAP/TAZ, forces a hepatoblast to cholangiocyte fate commitment [13], 
and activation of YAP in adult hepatocytes causes dedifferentiation [14]. 

Hepatocytes isolated from fibrotic end-stage disease livers have 
significantly reduced expression of Hepatocyte Nuclear Factor-4-Alpha 
(HNF4α) and produce significantly less albumin and urea compared to 
normal hepatocytes. Strikingly, hepatocytes isolated from diseased 
livers can recover their mature phenotype once transplanted back into a 
heathy non-cirrhotic microenvironment [15]. Taken together, these 
observations suggest that hepatocyte function may be regulated by tis
sue stiffness and is likely dependent on YAP/TAZ signalling. Further
more, they suggest that placing hepatocytes in tissue-like mechanical 
environments can prompt them to adopt normal phenotypes. In addition 
to stiffness, other cues from the matrix may also influence hPSC-Heps. 
For example, rat hepatocytes are responsive to substrate-bound fibro
nectin. As fibronectin density increases, the level of liver-specific func
tional activity decreases [16]. 

The RGD tripeptide, originally identified as the integrin binding 
sequence within fibronectin, interacts with αvβ3, α5β1, and αIIbβ3 
integrins [17], and hydrogels incorporating RGD better support the 
viability and function of PHH than scaffolds lacking RGD or Matrigel 
[18]. Moreover, primary rat hepatocytes cultured in the presence of 
increasing concentrations of RGD peptide showed enhanced 
beta-1-integrin signalling [19]. However, decoupling the impact of 
stiffness from ligand concentration is challenging. Recent studies have 
begun to dissect how liver niche mechanics influence the function of 
both hepatic cell lines and rodent hepatocytes [20–23]; however, results 
are often muddled by culture conditions relying on fetal bovine serum 
(FBS), which is known to impact YAP activity [24]. Moreover, the ECM 
is a complex network of proteins and polysaccharide chains, whereas the 
RGD adhesive peptide presents the minimal recognition sequence 
required for cell adhesion [25]. 

Here, we took a reductionist approach to investigate the impact of 
stiffness on the differentiation of hPSC-Heps within fully defined serum- 
free media. We created poly (ethylene) glycol (PEG) hydrogels, which 
allow for precise control over stiffness, independently of ligand density 
[26]. Our hydrogels allowed for successful culture of hPSC-Heps on 
defined substrates in the absence of ROCK inhibitor. When matured on 
soft, normal liver-like substrates, hPSC-Heps show reduced YAP activity 
and acquired an advanced hepatic phenotype compared to those 
cultured on stiff fibrotic liver-like substrates, independently from 
changes to HNF4A gene expression. Additionally, through ITGB1 
knockdown or by reducing the concentration of RGD, we show reduced 
YAP activity and improved hepatocyte differentiation, even on stiff 
hydrogels, suggesting a link between hPSC-Heps’ ability to sense 

stiffness and adhesive ligand concentration via beta-1 integrins. We also 
show that hPSC-Heps can be successfully encapsulated within PEG 
hydrogels to enable 3D maturation and mechanosensing. Our platform 
overcomes challenges associated with many synthetic and hybrid ma
terials for studying hepatic mechanosensing [27–29] and allowed us to 
tease apart the influences of stiffness and ligand density on hPSC-Heps 
differentiation and YAP/TAZ activity. 

2. Materials and methods 

2.1. PEG-Peptide Conjugation 

Custom-designed peptides (Peptide Protein Research Ltd, South
ampton, UK) (>98% purity) were used to create PEG-peptide conju
gates. Adhesive peptides presenting RGD in a looped configuration 
((RGDSGD)K-GDQGIAGF-ERC-NH2) or non-adhesive sequences (Ac- 
KDW-ERC-NH2) were conjugated to 4-arm PEG activated at each ter
minus with nitrophenyl carbonate (PEG-4NPC) (JenKem Technology, 
Plano, TX). To create PEG-peptide conjugates, peptide was dissolved in 
anhydrous dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO) at 
10 mg/ml, and anhydrous triethylamine (Sigma-Aldrich, St. Louis, MO) 
was added stoichiometrically to convert the peptide salts into their free 
forms to deprotonate the primary amine from the lysine side chain. Next, 
a 16.67 mg/ml solution of 10 kDa PEG-4NPC in DMSO was reacted with 
peptides on an orbital shaker at either an 8:1 ratio of excess peptide to 
PEG-4NPC at room temperature (RT) for 2 h (adhesive peptide), or a 
12:1 ratio at RT for 0.5 h (non-adhesive peptide). Conjugation occurred 
through a nucleophilic substitution reaction between the primary amine 
on the side chain of the lysine residue of each peptide and NPC esters 
forming stable carbamate linkages. 

PEG-peptide conjugates were snap frozen on dry ice and lyophilised. 
To reduce disulfide bonds, conjugates were dissolved in sodium car
bonate-bicarbonate buffer at pH 9.0 and treated with 1,4-Dithiothreitol 
(DTT) (0.1 g/ml) for 3 h at RT after argon purging (molar ratio of 8:1, 
DTT:peptide). PEG-peptide-conjugates were then purified in Milli-Q 
water 5 times using 10 kDa cut-off Amicon Ultra-15 Centrifugal Filter 
Units (Merck Millipore, Burlington, MA), snap frozen on dry ice, and 
lyophilised again prior to storage at − 20 ◦C. 

2.2. PEG Hydrogel Fabrication 

Hydrogels were formed by reacting PEG-peptide conjugates with 20 
kDa star-shaped 4-arm PEG that presents vinyl sulfone (VS) groups at 
each chain terminus (PEG-4VS). The reaction was performed in a stoi
chiometric ratio of 1:1 in 20 mM HEPES buffer (pH 8.1, with 1X HBSS; 
final volume 55 μl) through a Michael-type reaction between a cysteine 
thiol on the C-terminal of the peptide with the VS group on PEG-4VS. 
Directly after the onset of this reaction, 50 μl of vortexed pre-hydrogel 
solution was transferred into the centre of a 6-well plate well and 
covered by a Sigmacote-treated (Sigma-Aldrich, St. Louis, MO) 25 mm 
diameter circular glass cover slip. Hydrogels were allowed to form at 37 
◦C for 1 h prior to the addition of HepatoZYME-SFM and the removal of 
the glass coverslip. Hydrogels were formed with polymer concentrations 
of 2.5 and 10% (w/v). The concentration of adhesive PEG-peptide 
conjugates was maintained at 1770 μM; apart from experiments evalu
ating RGD concentration - where hydrogels containing either 1770 or 
885 μM of adhesive PEG-peptide conjugates were used. Hydrogels were 
then stored at 4 ◦C for 24 h before cell seeding. 

2.3. Atomic Force Microscopy Force Spectroscopy Measurements 

30 μl hydrogels were formed in Sigmacote-treated 6-mm-diameter 
glass cylindrical moulds in 35-mm petri dishes and stored in PBS at 4 
◦C. Force-distance measurements were carried out on a JPK NanoWizard 
4 (JPK Instruments, Berlin, Germany) directly on hydrogels immersed in 
PBS at RT, as previously described [30]. Spherical glass beads (diameter 
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10 μm; Whitehouse Scientific, Chester, UK) were mounted on tipless 
triangular silicon nitride cantilevers (spring constant (K) ≈ 0.12 N m− 1; 
Bruker AFM Probes, Camarillo, CA) using ultraviolet-crosslinked Loctite 
superglue. The deflection sensitivity of the AFM photodiode was cali
brated by collecting a single force-distance curve on a glass slide. Can
tilevers were calibrated using the thermal method [31] in air. 

Measurements were made at 6 locations across hydrogels’ surfaces 
(100 μm × 100 μm areas, 100 force curves per location on 3 hydrogels 
per condition). Indentations were carried out with a relative setpoint 
force of 3 nN and a loading rate of 4 μm s− 1. Data were collected using 
JPK proprietary SPM software (version 6.1, JPK Instruments, Berlin, 
Germany). The Oliver–Pharr model for a spherical tip was used to 
determine E. Outliers were removed using a ROUT test (Q = 1%). We 
assumed that volume was conserved and assigned a Poisson’s ratio of 
0.5. 

2.4. Cell Culture 

Two cGMP hiPSC lines (CGT-RCiB-10 [line 1; Cell & Gene Therapy 
Catapult, London, U.K.] and LiPSC-GR1.1 [line 2; Lonza, Walkersville, 
MD]), one cGMP hESC line (KCL037 [line 3; Gifted from D. Ilic, King’s 
College London]) and one GFP + ve hiPSC line (AICS-12 mEGFP a- 
tubulin [Line 4; Allen Institute for Cell Science, Seattle, WA]) were used 
in this study. Lines were maintained on Vitronectin XF (STEMCELL 
Technologies, Vancouver, BC, Canada) coated Corning Costar TC- 
treated 6-well plates (Sigma–Aldrich, St. Louis, MO) in TeSR-E8 
(STEMCELL Technologies, Vancouver, BC, Canada) and passaged every 
4 days using Gentle Cell Dissociation Reagent (STEMCELL Technolo
gies). Line 3 was passaged in TeSR-8 supplemented with 10 μM Y-27632 
dihydrochloride (R&D Systems, Minneapolis, MN) to ensure cell 
survival. 

Hepatocyte differentiation was carried out as previously described 
[32] in Essential 6 Medium (Thermo Fisher Scientific, Waltham, MA; 
days 1–2), RPMI-1640 Medium (Sigma–Aldrich; days 3–8) and Hep
atoZYME-SFM (Thermo Fisher Scientific; day 9 onward) within Corning 
Falcon 100 × 20 mm style tissue culture dishes (Sigma-Aldrich). The 
following growth factors and small molecules were supplemented into 
the media for hepatocyte differentiation: 3 μM CHIR9901 [Day 1] 
(Sigma-Aldrich), 10 ng/ml BMP4 [Day 1–2] (R&D Systems), 10 μM 
LY29004 [Day 1–2] (Promega, Madison, WI), 80 ng/ml FGF2 [Day 1–3] 
(R&D Systems), 100 ng/ml [Day 1–3] and 50 ng/ml [Day 4–8] Activin A 
(Qkine, Cambridge, U.K.), 10 ng/ml oncostatin M (OSM) [Day 9 on
wards] (R&D Systems) and 50 ng/ml hepatocyte growth factor (HGF) 
[Day 9 onwards] (PeproTech, Rocky Hill, NJ). Day 14 hPSC-derived 
hepatic endoderm was dissociated into a single-cell suspension using 
TrypLE Express Enzyme (1 ×), no phenol red (Thermo Fisher Scientific). 

Additional small molecules were used at the following concentra
tions: 10 μM Forskolin (APExBIO Technology, Houston, TX), 1 μM 
Latrunculin A (Cayman Chemical, Ann Arbor, MI), 0.35 μM Verteporfin 
(Selleck Chemicals, Houston, TX), and 5 μM Y-27632 (R&D Systems, 
Minneapolis, MN). 

Gene knockdown by siRNA transfection was performed as previously 
described [33]. siRNAs (SMARTpool) were purchased from Dharmacon 
(Lafayette, CO) and transfected at 100 nM with Lipofectamine RNAi
MAX in Opti-MEM (Thermo Fisher Scientific) overnight. 

2.5. Cell Seeding onto 2D Hydrogels 

hPSC-derived hepatic endoderm stage cells after 14 days of differ
entiation were dissociated to single cells after a 15 min treatment with 
TrypLE Express Enzyme (1X), No Phenol Red. Automated cell counting 
(NucleoCounter NC-200: ChemoMetec A/S, Lillerød, Denmark) was 
performed and cells were resuspended in fresh fully supplemented 
HepatoZYME-SFM. A 300 μl volume containing 0.6 × 106 cells was 
seeded directly onto the middle region of the 2D hydrogel. After 10 min, 
hydrogels were transferred to a 37 ◦C incubator and cells were left 6 h to 

adhere. 2 ml of fully supplemented HepatoZYME-SFM was then added to 
the hydrogel cultures. Media was subsequently refreshed every 48 h. 

2.6. 3D Cell Encapsulation 

Sigmacote siliconised, 10 mm-diameter glass cylindrical moulds 
were placed in pre-warmed 24-well plates. Hepatic endoderm stage cells 
were mixed within pre-hydrogel solution at a concentration of 4 × 106 

cells/ml. The hydrogel fabrication reaction for 3D encapsulation 
occurred within a 20 mM HEPES buffer (pH 8.0, 1X HBSS). The same 2.5 
and 10% PEG concentrations were used, with 1770 μM adhesive pep
tide. The reaction was stopped after 35 min by the addition of cell cul
ture media, and the glass mould removed. Culture media was refreshed 
every 48 h. 

Alginate encapsulations were carried out as previously described 
[32]. In brief, spheroids were washed in saline before being resuspended 
into a final 1.8% ultra-pure low-viscosity, high-glucuronic acid (≥60%), 
sodium alginate (FMC BioPolymer, Drammen, Norway) solution, which 
was then delivered by syringe pump through a 0.2 mm diameter nozzle, 
from which droplets were electrostatically deposited into a divalent 
cationic solution (1 mM BaCl2 + 50 mM CaCl2) to cause gelation. 

2.7. Brightfield and Immunofluorescence Imaging 

Brightfield microscopy was performed on a Leica DMIL LED inverted 
microscope and imaged using the Leica DFC3000 G camera (Leica 
Microsystems, Wetzlar, Germany). 

Samples were fixed for 10 min with 4% w/v paraformaldehyde. 
Except for albumin staining, cells were permeabilised with 0.1% Triton 
X-100 (Sigma-Aldrich) and then blocked in 1% w/v bovine serum al
bumin (Sigma-Aldrich) and 22.52 mg/ml glycine (Sigma-Aldrich). Cells 
were incubated with primary antibodies in blocking solution overnight 
at 4 ◦C and then washed in PBS and incubated with Alexa Fluor 488-con
jugated secondary antibodies and phalloidin in PBS for 1 h at RT. Cov
erslips were washed in PBS and mounted with 4,6-diamidino-2- 
phenylindole (Cat. No. P36931: Thermo Fisher Scientific). The pri
mary antibodies were YAP (1:200) (Cat. No. sc101199: Santa Cruz 
Biotechnology, Dallas, TX), Ki-67 (1:200) (Cat No. MA5-14520), and 
HNF4α (1:100) (Cat No. PA5-82159: Thermo Fisher Scientific). The 
secondary antibodies and dyes (used 1:400) were anti-mouse IgG (H +
L) Alexa-488 (Cat. No. A11029: Thermo Fisher Scientific), Alexa Fluor™ 
546 Phalloidin (Cat. No. A22283: Thermo Fisher Scientific), and DAPI 
(Cat No. D9542: Sigma-Aldrich). Images were taken with a Nikon Ti-e 
Inverted Microscope (Ti Eclipse, C-LHGFI HG Lamp, CFI Plan Fluor 
40 × NA 0.6 air objective; Nikon Europe, Amsterdam, Netherlands; Neo 
sCMOS camera; Andor, Belfast, UK) with NIS elements AR software. 

For albumin staining, cells were blocked and permeabilised in 1% w/ 
v bovine serum albumin, 3% donkey serum (Thermo Fisher Scientific) 
and 0.1% Triton X-100. Primary antibodies for human albumin (Cat. No. 
A80-129A: Bethyl Laboratories, Montgomery, AL) were applied for 1 h 
and after wash steps Alexa Fluor-555/647 conjugated secondary anti
bodies (Cat No. A21432/A21447: Thermo Fisher Scientific) were incu
bated for 40 min. NucBlue Fixed Cell ReadyProbes Reagent (Thermo 
Fisher Scientific) was applied for visualization of cell nuclei. Imaging 
was performed on an Operetta High Content Screening System (Perki
nElmer, Waltham, MA). 

2.8. Image Quantification 

Analysis of immunofluorescence staining was performed as previ
ously described [34]. Briefly, staining intensity was measured in Fiji 
[35] using the “mean grey value” parameter applied to a region of in
terest (ROI) created for manually segmented cells based on DIC images. 
Mean grey values for each image’s background were subtracted for each 
measured staining intensity. Nuclear ROIs were defined through auto
mated thresholding of the DAPI channel in ImageJ. Measurements of the 
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YAP or HNF4α fluorescence intensity in the nucleus were obtained in 
ImageJ (measured mean grey value) using the nuclear ROI (co-locali
sation with DAPI) and for YAP compared against the cytoplasmic YAP 
staining intensity (measured mean grey value) for the whole image ROI 
with subtracted nuclear ROIs. Ratios of the nuclear to cytoplasmic 
fluorescence intensities were calculated. Percentage of HNF4α positive 
cells were counted as a ratio of DAPI thresholded nuclei expressing at 
signal at least 50% stronger than the background to total number of 
nuclei within the ROI. 

2.9. Viability and Quantification of dsDNA 

To determine cell viability, PrestoBlue Cell Viability Reagent 
(Thermo Fisher Scientific) was used in accordance with the manufac
turer’s instructions and normalised against cells on type-1 collagen- 
coated tissue culture plastic. 

To normalise for variance in number, cells were lysed in 350 μl RLT 
buffer (QIAGEN, Hilden, Germany) and double stranded DNA (dsDNA) 
was measured using the Quant-iT PicoGreen dsDNA assay kit (Thermo 
Fisher Scientific). The assay was carried out in accordance with the 
manufacturer’s guidance. If used to quantify cell number, a standard 
curve using a sample of known cell number was run in parallel to the 
dsDNA standard curve. 

2.10. Enzyme Linked-Immunosorbent Assay (ELISA) 

For the assessment of secreted proteins by enzyme linked- 
immunosorbent assay (ELISA), supernatants were collected from he
patic cell cultures after 48 h of incubation time, and frozen at − 20 ◦C. 
Albumin production was measured using the Human Albumin Quanti
fication Set (Bethyl Laboratories). Alpha-fetoprotein (AFP) secretion 
was quantified using the Human Alpha-Fetoprotein ELISA Kit (Alpha 
Diagnostic International, San Antonio, TX). The presence of Alpha-1- 
antitrypsin in supernatants was detected using the Human Alpha-1- 
Antitrypsin ELISA Kit (Abcam, Cambridge, UK). All ELISAs were car
ried out in accordance with the manufacturer’s instructions. Absorbance 
was measured at 450 nm on a Promega GloMax Multi + Detection 
System plate reader (Promega, Madison, WI). 

2.11. Cytochrome P450 Activity 

Native cytochrome P450 activity was assessed using a P450-Glo 
CYP1A2/2B6/2C9/3A4 Assay Kit (Promega, Madison, MI), in accor
dance with the manufacturer’s instructions. Cells were washed in Ca/ 
Mg2+ free PBS before being incubated for 1 h at 37 ◦C in fully supple
mented HepatoZYME-SFM, or PBS containing 3 mM salicylamide, that 
included the bioluminescent substrate. After incubation, 25 μl of su
pernatant was transferred into the wells of a white 96-well plate, and 
mixed with 25 μl of the detection reagent, and incubated for 20 min in 
the dark at RT. The plate was transferred into a Promega GloMax 
Discover multimode microplate reader and luminescence measured 
using a 1 s integration time. The background signal of the assay (no cells) 
was subtracted from measurements on cell cultures. 

2.12. Urea Quantification 

Ureagenesis in vitro was measured using a QuantiChrom Urea Assay 
Kit (BioAssay Systems, Hayward, CA). For ammonia challenges, hPSC- 
Heps were challenged for 48 h in cell culture medium supplemented 
with 4–5 mM NH4Cl. Supernatant were collected and immediately 
analysed for urea content. Absorbance was read at 450 nm on a Promega 
GloMax Discover multimode microplate reader (Promega, Madison, 
WI). 

2.13. Real-Time PCR 

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN, Hilden, 
Germany) according to manufacturer’s protocol. RNA concentration 
was quantified using a NanoDrop 2000 (Thermo Fisher Scientific, 
Waltham, MA) and 350 ng of RNA was used to produce cDNA using the 
SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific, Wal
tham, MA). Quantitative real-time PCR (RT-PCR) was performed in a 10 
μl reaction mixture consisting of cDNA, custom designed oligonucleo
tide primers (Sigma–Aldrich, St. Louis, MO) and Fast SYBR Green PCR 
Master Mix (Thermo Fisher Scientific, Waltham, MA) on a CFX384 
Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA). 
GAPDH and RPL13A were used for housekeeping. 

2.14. Statistical Analyses 

N represents the number of biological replicates of each individual 
hepatocyte-specific differentiation performed using a stated cell line. 
Statistical significance (p < .05) was determined using Student’s T-test 
(assume Gaussian distribution, two-tailed) or One-way ANOVA followed 
by Tukey’s posthoc test. 

3. Results 

Emerging evidence suggests that mechanical stiffness which re
capitulates native tissue-like environments can impact the differentia
tion of human liver stem/progenitor cells [22,36] and hPSCs into 
hepatocytes [37]. To test this explicitly, we created 2D PEG hydrogels 
with modifiable stiffnesses [26,38] to determine how stiffness impacts 
hPSC-Heps differentiation independently of ligand density. Our hydro
gels are formed through two sequential click reactions. First, 
PEG-peptide conjugates are formed by reacting an N-terminal amine of a 
non-functional or RGD sequence-containing peptide with PEG-4NPC. 
The hydrogel is then formed by a Michael addition between PEG-4VS 
with a C-terminal free thiol on the peptide (Fig. 1A). Hydrogel E is 
controlled by altering polymer concentration. This design, in which both 
functional and non-functional peptides participate in cross-linking, al
lows functional peptide concentration to be held constant as stiffness is 
altered, or for functional peptide concentration to be varied whilst E is 
held constant (Fig. 1B). We first created “stiff” and “soft” hydrogels with 
polymer concentrations of either 10% or 2.5%, respectively (Fig. 2A). 
Atomic force microscopy (AFM) force spectroscopy measurements 
determined that stiff hydrogels had a median E of 19 kPa, similar to that 
of F2–F3 stage fibrotic human liver [39], and soft hydrogels were just 
1.5 kPa, akin to that of the healthy adult liver [40] (Fig. 2B). 

Previous studies have been unable to attach hPSC-Heps to type-1 
collagen-coated polyacrylamide substrates softer than 20 kPa [41]. 
Here, hepatic endoderm-stage cells after 14 days of directed differenti
ation [32] attached to PEG hydrogels in the absence of ROCK inhibitor 
or FBS and matured as confluent monolayers for 20 days in fully 
chemically defined, serum-free media (Fig. 2C). We could detect no 
difference in cell viability (Fig. S1A), and dsDNA quantification revealed 
no differences in cell number between soft and stiff conditions (Fig. 2D). 
Moreover, RT-PCR revealed no differences in expression of genes asso
ciated with cell cycle progression or proliferation (Fig. S2A), and 
immunofluorescence staining for Ki-67 could only detect rare, occa
sional positive nuclei (Fig. S3A). Thus, differences in cell response on 
soft and stiff hydrogels could not be attributed to cell number or density. 

To determine if stiffness impacted hPSC-Hep function, we first 
assayed cells’ albumin production rate and found that it was signifi
cantly higher for cells on soft hydrogels compared to stiff (Fig. 2E). The 
metabolic activity of hepatocytes is central to their function and largely 
depends on the activity of enzymes in the cytochrome P450 family. We 
measured cytochrome 1A2, 2B6, 2C9 and 3A4 activity, and found that 
all were increased in hPSC-Heps cultured on soft hydrogels compared to 
stiff (Fig. 2F). One important role of healthy hepatocytes is to detoxify 

S.J.I. Blackford et al.                                                                                                                                                                                                                          



Biomaterials 293 (2023) 121982

5

ammonia. Thus, urea synthesis is often used to monitor their function
ality. When hPSC-Heps matured on soft hydrogels were treated for 48 h 
with 4 mM NH4Cl, we measured a significant increase in urea within the 
culture media supernatant compared to cultures on stiff hydrogels 
(Fig. 2G). 

To further validate our hepatic phenotype, we performed RT-PCR on 
a panel of hepatocyte markers including ALB and AHSG that encode key 
serum proteins; ASGR2, which plays a crucial role in serum glycoprotein 
homeostasis; cytochrome P450 genes CYP2E1 (ethanol oxidation), 
CYP3A4 (xenobiotic metabolism), and CYP7A1 (cholesterol homeosta
sis); FABP1, which is known to be critical for fatty acid uptake and 
intracellular transport; and SERPINF2, which encodes alpha 2-antiplas
min and regulates the blood clotting pathway. Expression of all of these 
genes was elevated in hPSC-Heps cultured on soft hydrogels when 
compared to stiff (Fig. 3A). Additionally, a moderate but significant 
reduction in expression was measured for KRT19 (embryonal hepato
cyte cytokeratin). No difference in expression was measured for SER
PINA1 or the protein that it encodes, alpha-1-antitrypsin (Fig. S1B). 
Furthermore, RT-PCR revealed significant upregulation of genes asso
ciated with liver fibrosis in hPSC-Heps cultured on stiff hydrogels 
(Fig. S2B). 

As HNF4A is a central regulator of hepatocyte differentiation and in 
murine hepatocytes has been shown to respond to matrix rigidity [21], 
we initially hypothesised that improvements in hepatic function might 
be attributable to increased HNF4A expression. However, we could 
detect no difference in HNF4A expression between conditions (Fig. 3B), 

suggesting that the improved albumin production, cytochrome p450 
activity, and urea synthesis occurred independently of increased HNF4A 
expression. Moreover, immunofluorescence staining for HNF4α revealed 
that there was no difference in the number of positive nuclei or mean 
fluorescence intensity (Fig. S3B). We could also detect no difference in 
expression levels of HNF1B, whose promoter is bound by HNF4α during 
liver development, driving its transcription [42]. Contrastingly, we 
could detect significant increases in the expression of liver-enriched 
transcription factors, CEBPA and HNF6, within hPSC-Heps matured on 
soft hydrogels. Furthermore, the expression of the transcriptional 
coactivator PPARGC1A was also increased on soft PEG substrates 
(Fig. 3B). 

Active YAP within mouse hepatocytes has been shown to suppress 
PGC1α – encoded (in human cells) by PPARGC1A [43], and YAP/TAZ 
depletion was found to increase Cebpa expression [44]. Therefore, we 
hypothesised that the improved hepatocyte maturation on soft sub
strates could be due to decreased expression of YAP/TAZ. RT-PCR 
revealed that expression of YAP1 (YAP), WWTR1 (TAZ), and their 
target genes CTGF and CYR61 were all significantly lower in hPSC-Heps 
matured on soft compared to stiff hydrogels (Fig. 3C) (although we 
could detect no difference in expression of ANKRD1). TGFβ expression in 
hepatocytes is a hallmark of fibrotic liver diseases [45,46], and active 
YAP results in TGFβ-dependent epithelial-to-mesenchymal transition of 
hepatocytes [47]. In agreement with reduced YAP1 expression, we also 
observed significantly reduced expression of TGFB, TGFBR1, SMAD2, 
and SMAD3 in hPSC-Heps on soft hydrogels (Fig. S4A). Moreover, 

Fig. 1. Designing modular biomimetic PEG-peptide hydrogels for optimised hepatocyte differentiation. (A) Schematic figure showing the two reaction steps to 
fabricate hydrogels. The first reaction conjugates peptides with PEG-4NPC. The second reaction selectively cross-links PEG-peptide conjugates with PEG-4VS using a 
Michael-type addition. (B) Illustrative figure highlighting our biomaterials’ independent control of polymer concentration/stiffness vs concentration of RGD-motif- 
containing peptides. 
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RT-PCR revealed evidence of supressed HGF signalling in hPSC-Heps on 
soft hydrogels (Fig. S4B). When we targeted this pathway to enhance the 
differentiation of hPSC-Heps on type-1 collagen-coated tissue culture 
plastic (TCP) (Fig. S4C), we found that whilst the removal of HGF did not 
change albumin expression or urea synthesis, it did significantly 
enhance the activity of cytochrome p450 (Figs. S4D–F). 

When YAP signalling is active, the protein is located in the nucleus. 
To confirm our mRNA observations, we performed immunofluorescence 
staining. Quantification of the nuclear/cytoplasmic signal ratio revealed 
significantly less nuclear YAP in cells on soft hydrogels (Fig. 4A). As YAP 
activity inversely correlated with hPSC-Hep functionality, we next 
sought to determine if reducing integrin-mediated YAP activity during 
hepatocyte differentiation on type-1 collagen-coated glass could prompt 
hPSC-Heps to adopt improved metabolic functionality. 

As ITGB1 is part of the largest integrin family [48] and as fetal he
patocytes express ITGB1, which later decreases as human liver organo
genesis proceeds [49], we elected to transfect hepatic endoderm-stage 
cells with siRNA to knockdown ITGB1 (Fig. 4B). RT-PCR confirmed that 
ITGB1 had been efficiently knocked down (Fig. 4C), and that whilst 
there was no significant reduction in YAP1, there was significant 
reduction in the expression of YAP target genes CTGF and CYR61, and a 

modest reduction to ANKRD1 (Fig. 4D). Despite the early timepoint in 
the differentiation protocol, we also observed an increase in ALB 
expression, and increases to CYP2E1 and CYP3A7. Furthermore, we 
found significant increases in expression levels of CYP7A1 and CPS1, 
which encodes the protein that catalyses the first and rate-limiting step 
of the urea cycle (Fig. 4E). 

As the addition of small molecules may be more amenable to larger 
scale manufacturing of hPSC-Heps than siRNA transfection, we next 
explored whether improved metabolic functionality could be achieved 
with small molecule inhibitors of YAP/TAZ signalling such as Forskolin 
(FSK) and Verteporfin (VP) (Fig. S5A). RT-PCR confirmed that FSK or VP 
treatment resulted in a decrease in YAP target gene (CTGF) expression, 
but no impediment to hepatocyte differentiation (ALB & CYP7A1) 
(Fig. S5B). Interestingly, we also observed a decrease in ITGB1 expres
sion after VP treatment. Immunofluorescence staining for albumin 
revealed a significant increase in expression in hPSC-Heps treated with 
VP [50] (Fig. S5C). We also evaluated changes to hepatic metabolic 
function by assaying the activity of cytochrome p450 enzymes. Treat
ment with FSK did not alter 1A2 activity, but did result in significant 
increases in 2B6 and 3A4 activity. Similarly, treatment with VP resulted 
in significantly greater activity of all three enzymes (Fig. S5D). 

Fig. 2. Mimicking healthy liver physiological stiffness improves hepatocyte differentiation in 2D. (A) Experimental design schematic; day 14 hPSC-derived hepatic 
endoderm-stage cells are seeded onto modular biomimetic hydrogels of 10% (STIFF PEG) or 2.5% (SOFT PEG) polymer concentration for 20 days of maturation 
culture. (B) Atomic force microscopy measurements of the Young’s Modulus of hydrogel formulations. (C) Brightfield microscopy images of confluent hPSC-Heps 3 
days after seeding onto PEG hydrogels of different stiffness; cell line 1. (D) Quantification of double stranded DNA (dsDNA) collected from 2D PEG substrate cultures 
after 20 days of culture, n = 5 experiments. Data are mean ± SD. Data shown for cell line 2. (E) Albumin production rate of hPSC-Heps cultured on 2D PEG hydrogels 
(Dark grey bars: STIFF PEG; Light grey bars: SOFT PEG), n = 5 experiments. Data are mean ± SD, **, p < .01. Data shown for cell line 1. (F) Cytochrome P450 1A2, 
2B6, 2C9 and 3A4 enzyme activity of hPSC-Heps cultured on 2D PEG hydrogels, n = 5 experiments. Data are mean ± SD, **, p < .01. Data shown for cell line 2. (G) 
Urea synthesis by hPSC-Heps cultured on 2D PEG hydrogels, n = 5 experiments. Data are mean ± SD, *, p < .05. Data shown for cell line 3. Scale bars, 100 μm. 

S.J.I. Blackford et al.                                                                                                                                                                                                                          



Biomaterials 293 (2023) 121982

7

Targeting the actin cytoskeleton of murine hepatocytes reduces 
mechanical tension-induced YAP activity and maintains metabolic 
functions [51]. When we treated hPSC-Heps with Y-27632 dihydro
chloride (actomyosin contraction) or Latrunculin A (actin polymerisa
tion), we observed evidence of poor hepatocyte differentiation and 
impaired metabolic (including cytochrome p450) function (Figs. S6A 
and B). Moreover, when we challenged cultures with 5 mM NH4Cl we 
found that FSK treatment resulted in a significant increase in the amount 
of urea detected in the culture supernatant (Fig. S5E). Intriguingly, 
treatment with VP did not enhance ureagenesis, as we could detect no 
differences in treated cells compared to controls, suggesting that 
YAP-mediated suppression of ureagenesis is independent from 
YAP-TEAD interactions. This was further supported by siRNA 

knockdown of YAP1, TEAD1, or TEAD4. Knockdown of either TEAD did 
not result in measurable changes in CPS1 expression, whereas the mean 
expression was ~750× higher after YAP1 knockdown (Figs. S7A and B). 
Together, these data reveal that active YAP impairs the differentiation 
and key metabolic functions of hPSC-Heps. 

As our data suggested mechanosensing-mediated cellular responses, 
we next hypothesised that stiffness was driving hepatocyte functionality 
by altering expression of genes involved in cell-ECM and/or cell-cell 
interactions. Whilst we found no evidence of regulation of genes 
encoding components of Notch-signalling - a highly conserved cell–cell 
communication pathway (Fig. S2C), the expression of RGD-binding 
integrins ITGB1 and ITGB3, but not ITGB5, were lower on soft hydro
gels compared to stiff (Fig. 5A). Therefore, we next fabricated hydrogels 

Fig. 3. Substrate stiffness influences hepatic and YAP/TAZ gene expression. Differential gene expression showing the relative expression of mRNA associated with 
(A) hepatocyte functionality (B) transcriptional regulation, and (C) YAP/TAZ activity within hPSC-Heps after 20 days of maturation culture, n = 5 experiments. Data 
are mean ± SD, *, p < .05; **, p < .01; ***, p < .001. Data shown for cell line 2. 
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with altered concentrations of RGD motif-containing peptides. Hydro
gels containing non-adhesive peptide sequences (no RGD motif) alone 
did not allow for cell attachment (Fig. 5B). However, hPSC-Heps formed 
confluent monolayers on stiff hydrogels that either maintained the RGD 
concentration in our previous experiments (1770 μM, HIGH RGD) or had 
a reduced RGD concentration (885 μM, LOW RGD) (Fig. 5C). Reduced 

RGD concentration did not prevent cell attachment, nor the formation of 
confluent monolayers (Fig. 5D). dsDNA quantification also revealed no 
differences in cell number between conditions (Fig. 5E); however, we 
found that on stiff hydrogels, reduced RGD concentration prompted 
elevated albumin production rates (Fig. 5F) and increased cytochrome 
p450 activity (Fig. 5G). Furthermore, hPSC-Heps on LOW RGD 

Fig. 4. Targeting YAP activity with siRNA to improve hepatocyte differentiation. (A) YAP immunofluorescence staining (left) and nuclear/cytoplasmic signal ratio 
(right) of hPSC-Heps cultured for 72 h on type-1 collagen-coated glass or 2D hydrogels of 10% (STIFF PEG) or 2.5% (SOFT PEG) polymer concentration containing 
1770 μM RGD motif peptides, n = 3 experiments. Data are mean ± SD, ****, p < .0001. Data shown for cell line 1. Scale bars, 100 μm. (B) Experimental design 
schematic; day 14 hPSC-derived hepatic endoderm-stage cells are seeded into maturation culture on type-1 collagen-coated tissue culture plastic and after 4 days 
were transfected with scrambled siRNA (CTRL) or siRNA targeting ITGB1 (si ITGB1). Following a further 48 h the cells were transfected again and cultured for 2 days. 
(C) Differential gene expression showing the relative expression of ITGB1 (D) YAP1 and target genes and (E) mRNA associated with hepatocyte functionality, n = 3 
experiments. Data are mean ± SD, *, p < .05; **, p < .01. Data shown for cell line 1. 
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hydrogels produced more urea than those on HIGH RGD hydrogels when 
cultured in the presence of 4 mM NH4Cl (Fig. 5H). We also found 
decreased expression of YAP/TAZ target genes on LOW RGD gels and 
significantly reduced nuclear localisation of YAP protein (Fig. S8), 
which correlated with improved hepatocyte function. Moreover, 
changes in hepatic function were independent of changes in HNF4A 
expression (Fig. 5I). To further confirm improved hepatocyte differen
tiation, we conducted RT-PCR and found increased expression of ALB, 
ASGR2 and CYP3A7 in hPSC-Heps on the LOW RGD compared to HIGH 
RGD (Fig. 5J). Taken together, these data suggest that biomaterial 
stiffness and ligand density converge on the Hippo pathway to influence 
the differentiation of hPSC-Heps. 

As reducing RGD concentration improved hPSC-Hep differentiation 
and function on stiff hydrogels, we next asked if further improvements 
on soft hydrogels could be achieved by reducing the concentration of 
RGD-containing peptides (Fig. 6A). Reducing RGD concentration on soft 
hydrogels did not prevent cellular attachment, nor the formation of 
confluent monolayers (Fig. 6B), and did not impact cell numbers 
(Fig. 6C). However, we found that hPSC-Hep secretion of albumin, cy
tochrome P450 activity and urea synthesis were all lower when cultured 
on soft hydrogels in the LOW RGD condition compared to the HIGH 
(Fig. 6D–F). Moreover, on soft hydrogels, LOW RGD prompted signifi
cantly higher expression of YAP/TAZ target genes, and despite reduced 
hepatic functionality, increased HNF4A expression (Fig. 6G). Unex
pectedly, no change was observed in the YAP nuclear-to-cytoplastic 
ratio (Fig. S8). This compromised hepatocyte differentiation was 
further confirmed by RT-PCR, which revealed significantly reduced 
expression levels for ALB, ASGR2, CYP3A4 and CYP3A7 (Fig. 6H). Taken 
together, these data show that when differentiated on either soft or stiff 
substrates, adhesive ligand concentration-induced reduction in YAP/ 
TAZ activity was correlated with increases in key markers of hepatocyte 
metabolic function. 

Having established that functionality of hPSC-Heps could be 
enhanced through controlling biomaterial stiffness or RGD ligand con
centration, we next sought to benchmark our hPSC-Heps against cells 
produced using chemical differentiation protocols on TCP coated with 
type-1 collagen (Fig. 7A). After 20 days of differentiation, confluent 
monolayers were evident on both TCP and soft PEG conditions (HIGH 
RGD, Fig. 7B). However, culture on soft gels resulted in significantly 
greater albumin production, alpha-1-antitrypsin production, cyto
chrome P450 activity and urea synthesis when compared to TCP 
(Fig. 7C–F). We also observed that expression of YAP/TAZ target genes 
was significantly lower in hPSC-Heps on the soft gels, and that the 
expression of HNF4A was significantly elevated compared to that in cells 
cultured on TCP (Fig. 7G). hPSC-Heps also showed improved differen
tiation on soft hydrogels compared to TCP, as we observed significantly 
increased expression of a range of hepatocyte genes (Fig. 7H). 

Delivery of hPSC-Heps for cellular therapy may require encapsula
tion within a biomaterial. Having established that hepatocyte metabolic 
functionality could be influenced by PEG hydrogel stiffness in 2D, we 
next sought to determine if the same was true for 3D encapsulated cells. 
To test this, we encapsulated day 14 hepatic endoderm-stage cells within 

soft and stiff hydrogels (HIGH RGD) and confirmed that cell viability 
was no different between conditions (Fig. S9A). Like 2D cultures, we 
found that albumin production rates were higher for hPSC-Heps 
cultured within the soft compared to stiff hydrogels (Fig. S9B). As 
altering RGD concentration influenced hPSC-Hep in 2D, we next 
encapsulated cells within soft and stiff hydrogels with either HIGH RGD 
or LOW RGD concentrations (Fig. 8A; Fig. S9C). There was no difference 
in viability (Fig. 8B); however, reducing RGD-motif peptide concentra
tion in soft hydrogels resulted in significantly lower albumin protein 
production (Fig. 8C), decreased cytochrome P450 3A4 enzyme activity 
(Fig. 8D), and inferior urea synthesis after being challenged with 5 mM 
NH4Cl (Fig. 8E). Interestingly, whilst minor improvements were seen 
when RGD concentration was reduced in stiff hydrogels, differences 
were not significant for any of the three assays. 

We next asked if 3D encapsulation could enhance hepatocyte dif
ferentiation compared to 2D culture on hydrogels. As in both 2D and 3D 
cultures, hPSC-Hep metabolic functionality appeared to be superior in 
soft conditions with HIGH RGD, this hydrogel formulation was used for 
both 2D and 3D conditions. After 8 days of culture, we found no dif
ference in the expression of hepatocyte differentiation markers AFP, ALB 
or HNF4A when comparing soft 2D to 3D conditions (Fig. S9D). Simi
larly, at this early (immature hepatocyte) timepoint there was no dif
ference in alpha-fetoprotein production (Fig. S9E). Whilst albumin 
production rates were no different after 20 days of culture (Fig. 8F), we 
did measure a significant reduction in secreted alpha-fetoprotein in 
hPSC-Heps cultured in 3D hydrogels (Fig. 8G), and downregulation 
(although not significant) of AFP expression. We identified no difference 
in ALB or HNF4A expression (Fig. 8H). Alpha-fetoprotein is a fetal serum 
protein that is absent in normal adult serum. Although many markers of 
hepatocyte function remained unchanged, this reduction in alpha- 
fetoprotein production suggests that 3D culture results in a hPSC-Hep 
phenotype more closely resembling bona fide hepatocytes. 

We [32,52] and others [53–55] have proposed alginate microen
capsulation of hepatocytes as an approach to treat acute liver failure. 
However, for islet transplantation, PEG-based materials have shown 
advantages over alginate as they supported superior long-term cell 
function upon transplantation into ectopic sites [56]. We encapsulated 
hPSC-Heps into either soft PEG (HIGH RGD) or alginate hydrogels (1.8% 
ultra-pure low viscosity, high glucuronic acid) (Fig. 8I). We found that 
hPSC-Heps within soft PEG hydrogels produced significantly higher 
levels of albumin and metabolised more urea (Fig. 8J and K). These data 
suggest that future studies using biomaterials to deliver hepatocytes 
should investigate the potential of PEG-based hydrogels. 

4. Discussion 

Cells receive both mechanical and biological cues from their envi
ronment, which impacts their function [57]. However, few studies have 
explored the impact of native tissue-like stiffnesses on the differentiation 
of hPSCs into hepatocytes. hPSC-Heps cultured on type-1 collagen-
coated polyacrylamide produced more albumin as substrate E was 
decreased from 140 to 20 kPa [41]. However, as the healthy human 

Fig. 5. The role of RGD peptide concentration in hepatocyte differentiation on STIFF PEG. (A) Differential gene expression showing the relative expression of mRNA 
associated with RGD-mediated integrin binding correlates with increased substrate stiffness, n = 5 experiments. Data are mean ± SD, **, p < .01. Data shown for cell 
line 2. (B) Brightfield microscopy image showing that without the inclusion of peptides that contain the RGD-motif, hPSC-derived endoderm-stage cells cannot 
adhere to the hydrogel. (C) Experimental design schematic; day 14 hPSC-derived hepatic endoderm-stage cells are seeded onto 10% polymer concentration (STIFF 
PEG) modular biomimetic hydrogels, containing either 1770 μM (HIGH RGD) or 885 μM (LOW RGD) RGD-motif-containing peptides, for 20 days of maturation 
culture. (D) Brightfield microscopy images of confluent hPSC-Heps 3 days after seeding onto PEG hydrogels with different RGD-motif-containing peptide concen
trations; cell line 1. (E) Quantification of double stranded DNA (dsDNA) collected from 2D PEG substrate cultures after 20 days of culture, n = 5 experiments. Data 
are mean ± SD. Data shown for cell line 1. (F) Albumin production rate of hPSC-Heps cultured on 2D PEG hydrogels (Dark grey bars: HIGH RGD STIFF PEG; 
Chequered bars: LOW RGD STIFF PEG), n = 5 experiments. Data are mean ± SD, **, p < .01. Data shown for cell line 1. (G) Cytochrome P450 1A2, 2B6, 2C9 and 3A4 
enzyme activity of hPSC-Heps cultured on 2D PEG hydrogels, n = 5 experiments. Data are mean ± SD, *, p < .05; ***, p < .001; ****, p < .0001. Data shown for cell 
line 1. (H) Urea synthesis by hPSC-Heps cultured on 2D STIFF PEG hydrogels, n = 5 experiments. Data are mean ± SD, **, p < .01. Data shown for cell line 3. 
Differential gene expression showing the relative expression of mRNA associated with (I) YAP/TAZ activity and (J) hepatocyte functionality within hPSC-Heps after 
20 days of maturation culture, n = 5 experiments. Data are mean ± SD, *, p < .05; **, p < .01; ***, p < .001. Data shown for cell line 1. Scale bars, 100 μm. 
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Fig. 6. The role of RGD peptide concentration in hepatocyte differentiation on SOFT PEG. (A) Experimental design schematic; day 14 hPSC-derived hepatic 
endoderm-stage cells are seeded onto 2.5% polymer concentration (SOFT PEG) modular biomimetic hydrogels, containing either 1770 μM (HIGH RGD) or 885 μM 
(LOW RGD) RGD-motif-containing peptides, for 20 days of maturation culture. (B) Brightfield microscopy images of confluent hPSC-Heps 3 days after seeding onto 
PEG hydrogels with different RGD-motif-containing peptide concentrations; cell line 1. (C) Quantification of double stranded DNA (dsDNA) collected from 2D PEG 
substrate cultures after 20 days of culture, n = 5 experiments. Data are mean ± SD. Data shown for cell line 1. (D) Albumin production rate of hPSC-Heps cultured on 
2D PEG hydrogels (Light grey bars: HIGH RGD SOFT PEG; Dark striped bars: LOW RGD SOFT PEG), n = 5 experiments. Data are mean ± SD, **, p < .01. Data shown 
for cell line 1. (E) Cytochrome P450 1A2, 2B6, 2C9 and 3A4 enzyme activity of hPSC-Heps cultured on 2D PEG hydrogels, n = 5 experiments. Data are mean ± SD, 
**, p < .01; ***, p < .001. Data shown for cell line 1. (F) Urea synthesis by hPSC-Heps cultured on 2D SOFT PEG hydrogels, n = 5 experiments. Data are mean ± SD, 
*, p < .05. Data shown for cell line 3. Differential gene expression showing the relative expression of mRNA associated with (G) YAP/TAZ activity and (H) hepatocyte 
functionality within hPSC-Heps after 20 days of maturation culture, n = 5 experiments. Data are mean ± SD, *, p < .05; **, p < .01; ***, p < .001; ****, p<.0001. 
Data shown for cell line 1. Scale bars, 100 μm. 
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Fig. 7. Hepatocyte differentiation is enhanced on physiologically soft hydrogels compared to conventional tissue culture plastic. (A) Experimental design schematic; 
day 14 hPSC-derived hepatic endoderm-stage cells are seeded onto type-1 collagen-coated tissue culture plastic or 2.5% polymer concentration (SOFT PEG) hydrogels 
(containing 1770 μM RGD-motif-containing peptide), for 20 days of maturation culture. (B) Brightfield microscopy images of confluent hPSC-Heps 3 days after 
seeding onto type-1 collagen-coated tissue culture plastic or 2.5% polymer concentration (SOFT PEG) modular biomimetic hydrogels; cell line 1. (C) Albumin 
production rate of hPSC-Heps cultured on type-1 collagen-coated tissue culture plastic (TCP) or SOFT PEG hydrogels (Black bars: TCP; Light grey bars: HIGH RGD 
SOFT PEG), n = 5 experiments. Data are mean ± SD, **, p < .01. Data shown for cell line 3. (D) Alpha-1-Antitrypsin production of rate of hPSC-Heps cultured on 
type-1 collagen-coated tissue culture plastic (TCP) or SOFT PEG hydrogels, n = 5 experiments. Data are mean ± SD, *, p < .05. Data shown for cell line 3. (E) 
Cytochrome P450 1A2, 2B6, 2C9 and 3A4 enzyme activity of hPSC-Heps cultured on type-1 collagen-coated TCP or SOFT PEG hydrogels, n = 5 experiments. Data are 
mean ± SD, ***, p < .001. Data shown for cell line 1. (F) Urea synthesis by hPSC-Heps cultured on type-1 collagen-coated tissue culture plastic (TCP) or SOFT PEG 
hydrogels, n = 5 experiments. Data are mean ± SD, **, p < .01. Data shown for cell line 3. Differential gene expression showing the relative expression of mRNA 
associated with (G) YAP/TAZ activity and (H) hepatocyte functionality within hPSC-Heps after 20 days of maturation culture, n = 5 experiments. Data are mean ±
SD, *, p < .05; **, p < .01; ***, p < .001. Data shown for cell line 1. Scale bars, 100 μm. 
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Fig. 8. Modelling the hepatic niche in 3D. (A) Experimental design schematic; day 14 hPSC-derived hepatic endoderm-stage cells are encapsulated into hydrogels 
with 10% (3D STIFF PEG) or 2.5% (3D SOFT PEG) polymer concentrations, each containing either 1770 μM (HIGH RGD) or 885 μM (LOW RGD) RGD-motif- 
containing peptides. (B) Cell viability 24 h after encapsulation within 3D STIFF (Dark grey) or 3D SOFT (Light grey) PEG hydrogels; solid coloured bars = HIGH 
RGD; striped bars = LOW RGD, n = 4 experiments. Data shown for Cell line 3. (C) Albumin production rate, (D) CYP3A4 activity and (E) Urea synthesis of hPSC-Heps 
differentiated for 20 days within modular 3D hydrogels of different stiffness and RGD-motif-containing peptide concentration, n = 4 experiments. Data are mean ±
SD, *, p < .05; **, p < .01. Urea synthesis measured in the presence of 5 mM NH4CL culture media supplementation. Data shown for cell line 3. (F) Albumin 
production rate and (G) Alpha-fetoprotein production rate of hPSC-Heps cultured for 20 days on 2D SOFT PEG or within 3D SOFT PEG hydrogels, n = 3 experiments. 
Data are mean ± SD, ****, p < .0001. Data shown for cell line 4. (H) Differential gene expression showing the relative expression of mRNA associated with he
patocyte function (AFP and ALB) and transcription (HNF4A) after 20 days of culture, n = 3 experiments. Data are mean ± SD. Data shown for cell line 4. (I) 
Experimental design schematic; single cell suspensions of hPSC-Heps encapsulated into either 3D SOFT PEG (HIGH RGD) or alginate hydrogels (1.8% ultra-pure low 
viscosity, high glucuronic acid). (J) Albumin production rate and (K) Urea synthesis of encapsulated hPSC-Heps, n = 5 experiments. Data are mean ± SD, **, p < .01. 
Data shown for cell line 3. 
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adult liver is considerably softer than 20 kPa, this finding opens the 
possibility that biomaterials with stiffnesses akin to the native organ 
may better promote a functional hepatocyte phenotype. We developed 
PEG-based hydrogels that allow precise control over mechanical prop
erties independently of ligand density, and thus are ideal for exploring 
the role of cellular mechanosensing in hPSC-Hep differentiation. 

While chemically defined differentiation protocols have reported 
that hPSC can be directed to adopt adult hepatocyte-like functions [32, 
58,59], here we found that differentiation could be further improved 
when the E of the underlying substrate matched that of the native tissue. 
It is known that cultured hepatic cells have reduced cytochrome P450 
activities in comparison to the human liver [60], but the mechanism(s) 
responsible for this disparity remains elusive. Here, we detected a pro
nounced increase in basal cytochrome p450 activity, particularly for the 
3A4 isoform, which plays important roles in the detoxification of bile 
acids, metabolism of steroid hormones, and elimination of phytochem
icals present in foods and medications [61,62]. 

Having identified a role for substrate stiffness in hPSC-Hep differ
entiation, we probed deeper into the mechanisms driving this response 
and found reduced expression of YAP/TAZ and their target genes. 
Integrin-mediated activation of YAP has been implicated in liver fibrosis 
[63]. Accordingly, knockdown of ITGB1 within hPSC-Heps by siRNA 
transfection resulted in decreased YAP target gene expression and a 
marked increase in expression of genes associated with metabolic 
function – in particular both CYP7A1, which is vital for cholesterol 
metabolism as it encodes the first and rate limiting enzyme in bile acid 
synthesis, and CPS1. Importantly in liver cells, CPS1 transcription cor
relates with protein expression and the ability to perform ammonia 
detoxification [64], which is considered a key function for cell therapy 
applications of hPSC-Heps [32]. 

Verteporfin can inhibit YAP-TEAD interactions and suppresses YAP- 
induced hepatomegaly in an inducible YAP transgenic mouse model 
[50], and forskolin has been shown to increase the phosphorylation and 
cytoplasmic retention of YAP [65,66]. When differentiated in the pres
ence of verteporfin, we found that hPSC-Heps had increased cytochrome 
p450 enzymes activity. Moreover, upon treatment with forskolin, we 
observed a dramatic increase in urea synthesis, along with increases in 
cytochrome p450 2B6 and 3A4 activity. Models of liver fibrosis have 
established that increases in YAP correlate with a decrease in the urea 
cycle [67]. Therefore, our data support the notion that YAP activity 
impairs the metabolic functions of hepatocytes. Previous studies have 
examined the mechanoregulation of hepatocytes, but many used serum, 
which is problematic for mechanotransduction studies as even low 
concentrations can provoke changes in cytoskeleton organisation [68, 
69], and influence YAP/TAZ nuclear localisation [70]. Here, our fully 
chemically defined differentiation protocol precludes a role for 
serum-mediated effects and instead highlights a role for physical cues 
alone driving YAP expression and hepatocyte differentiation. 

In addition to stiffness, cell-matrix interactions influence integrin 
signalling, which have been found to regulate YAP/TAZ activity [71]. 
Integrin signalling is known to impact liver function, regeneration and 
disease progression [72], with ECM stiffness-stimulated integrin beta-1 
signalling known to enhance nuclear translocation of YAP [73]. By 
reducing the concentration of RGD-motif-containing peptides in stiff 
gels, we were able to decrease the expression of YAP/TAZ target genes 
and improve hepatocyte differentiation. We also observed decreased 
ITGB1 and ITGB3 expression on soft substrates. Taken together, these 
data suggest that impaired hepatic function during fibrosis might result 
from increased integrin signalling [74]. However, when we reduced the 
concentration of RGD in soft hydrogels, differentiation was impaired. 
This suggests an interplay between substrate stiffness and 
RGD-mediated adhesion and that optimal conditions for both are 
required for effective differentiation. 

hPSC-Heps can be generated that closely resemble PHH rather than 
fetal liver cells [75]. However, PHH rapidly dedifferentiate when placed 
in 2D culture [76] biasing direct comparison of metabolic functions. 

Albumin is the most widely used surrogate marker for hepatocyte 
functionality, and we have previously demonstrated that albumin pro
tein expression correlated with in vitro functionality of both PHH and 
hPSC-Heps [5]. Importantly for future therapeutic applications, the level 
of secreted albumin we have reported for hPSC-Heps cultured on SOFT 
PEG (~7000 ng/million cells/day) is greater than what has been re
ported for expanded PHH [77–81], and higher than any report of which 
we are aware [77], confirming the power of our system to create func
tional cells. 

As cellular therapies often require delivery within biomaterials, we 
also explored the impact of 3D hydrogel physical cues on encapsulated 
hPSC-Heps. We found that albumin production was lower in stiff 3D 
hydrogels compared to soft. Moreover, we report lower alpha- 
fetoprotein production in hPSC-Heps in 3D compared to 2D. These 
findings suggest that 3D soft culture could further improve hepatocyte 
differentiation and functionality. However, unlike on 2D substrates, in 
3D culture, secreted proteins must diffuse out of hydrogels to be 
detectable in culture supernatants, a process that might be inhibited by 
the polymer network. Using mathematical models and experimental 
measurements, we have previously shown that the diffusion of mole
cules smaller than 70 kDa is comparable between 10% and 2.5% 
hydrogels [38]. This is because diffusion is only significantly impacted 
by polymer concentration when the solute size approaches that of the 
mesh network size. Here, as albumin (~5.5 nm [82]) and similarly sized 
alpha-fetoprotein [83] are much smaller than the predicted size of the 
mesh (10%: 6.43 nm; 2.5%: 8.41 nm), it is unlikely that hydrogel stiff
ness impacted these findings. 

Here, we have shown that a material that mimics characteristics of 
the native liver niche, such as its stiffness, and provides a defined con
centration of RGD-motif-containing peptides for cellular adhesion, im
proves the differentiation and function of hPSC-Heps compared to cells 
differentiated under conventional culture conditions. Additionally, we 
demonstrated advantages over alginate, which has been used clinically 
to delivery PHH into patients [84]. Building on our efforts to control 
biomaterial properties to enhance hPSC-Hep differentiation, technolo
gies such as 3D printing using co-cultures may further allow for opti
misation of hPSC-Heps differentiation. To date, there is no established 
medical intervention that utilises hPSC-derived therapeutics. However, 
with the generation and validation of cGMP-compliant cells, the devel
opment of robust fully defined, xeno-free differentiation protocols, and 
advances in fabricating synthetic materials that promote hepatocyte 
differentiation, it has become considerably easier to foresee a future 
where hPSC-Heps will be used as a curative intervention in patients with 
liver disease. 
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