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a b s t r a c t 

Directing embryonic stem cell (ESC)-derived hepatocytes is critical in understanding hepatic differentia- 

tion and applying cell-based treatment to severe liver diseases. While growth factor-based strategies are 

widely used, using chemical cues could present an alternative to optimize the strategies for stem cell dif- 

ferentiation. Here, for the first time, an inorganic calcium silicate (CS, CaSiO 3 )-based approach, together 

with a modified four-stage differentiating protocol, was proposed to quantify the effects of CS extracts 

on inducing hepatic differentiation of human ESCs (H9 cells). The roles of CS-activated H9 cells in liver 

injury repair were tested by cell tracking and immunohistochemical staining. Results indicated that high 

concentrations of CS extracts initially enhance definitive endodermal (DE) lineage, followed by gradual 

DE differentiation at low CS concentrations. The order of CS addition is also crucial, since the presence at 

stemness stage and the absence at DE stage could optimize hepatic differentiation capacity of H9 cells, 

resulting in optimized cells that differentiate into functional hepatocyte-like cells. The addition of CS ex- 

tracts at precursor hepatocyte stage enhances their maturity, which favors the turnover of liver injury 

in CCl 4 -treated mice. These results provide an insight into applying bioactive inorganic biomaterials to 

foster hepatic differentiation of human ESCs for cell therapy. 

© 2020 Elsevier Ltd. All rights reserved. 
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Abbreviations: 7-AAD, 7-amino-actinomycin; ALB, albumin; ANOVA, Analysis 

f variance; BMSCs, Bone marrow mesenchymal stem cells; CK18, cytokeratin 

8; CS, Calcium silicate; DE, Definitive endodermal lineage; DEX, Dexamethasone; 

PBS, Dulbecco’s phosphate-buffered saline; FOXA2, forkhead box protein A2; hDP- 

Cs, Human dental pulp stem cells; hESCs, Human embryonic stem cells; HLCs, 

epatocyte-like cells; HGF, hepatocyte growth factor; hMSCs, human mesenchy- 

al stem cells; HNF-4 α, hepatocyte nuclear factor-4 α; hPDLs, human periodon- 

al ligament cells; hUSCs, human urine-derived stem cells; ICG, Indocyanine green; 

CP, Inductive Coupled Plasma Emission Spectrometer; mAbs, monoclonal antibod- 

es; M-H, Hepatocyte maturation; OSM, Oncostatin M; PAS, Acid-Schiff stain; PEG, 

olyethylene glycol; Pre-H, Precursor hepatocytes; RT, Room temperature; SEM, 

canning electron microscopy; STEM, Stemness maintenance; USCs, Urine-derived 

tem cells; XRD, X-ray diffraction. 
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. Introduction 

The liver performs a variety of functions essential for

etabolism, detoxification, synthesis, and secretion. Various liver

iseases lead to liver failure and irreversible liver damage, which

s risky and fatal beyond the self-repairing potential of liver re-

eneration [1] . Liver transplantation is an effective therapy, but

he shortage of available donors, waiting list mortality, high cost

f surgery, and immunological rejection remain highly problematic

 2 , 3 ]. Thus, the development of alternative therapeutic strategies is

rgent for patients with severe liver diseases. Hepatocytes, as dom-

nant parenchymal hepatic cells, play a pivotal role in the majority

f liver mass and hepatic functions [4] . A possible effective strat-

gy for repairing hepatic function is to transplant sufficient hepa-

ocytes or use a bioartificial liver supporting system [5] . To do so,

 vast amount of hepatocytes (at least 5 × 10 9 cells) is required

or therapeutic purposes. Considering that these cells are difficult

o proliferate in vitro [6] , it is urgent to find novel sources of func-

ional hepatocytes. 

https://doi.org/10.1016/j.apmt.2020.100730
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:jchang@mail.sic.ac.cn
mailto:mlong@imech.ac.cn
https://doi.org/10.1016/j.apmt.2020.100730
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o  
Stem cells could serve as one of the sources in liver damage re-

pair and regeneration due to their pluripotent differentiation po-

tential [7–9] . Human embryonic stem cells (hESCs) are capable

of proliferating in vitro and differentiate into most somatic cell

types when cultured under appropriate conditions [10–12] . A va-

riety of methods are utilized to differentiate hESCs into hepato-

cytes in vitro , most of which apply growth factors and cytokines,

such as activin A, Wnt-3a, hepatocyte growth factor (HGF), and on-

costatin M (OSM) [13–15] . Other biochemical regulators of small

molecules [ 16 , 17 ], glucocorticoids, and exogenous factors [ 14 , 18–

20 ] are also used for hepatogenic induction. Transcription factors

such as forkhead box protein A2 (FOXA2), FOXA3, and hepatocyte

nuclear factor-4 α (HNF-4 α) are usually applied to improve the dif-

ferentiation efficiency of pluripotent stem cells [21] . These ESC-

derived cells display hepatic characteristics, suggesting the possi-

bility of generating hepatocyte-like cells (HLCs) from ESCs as an

alternative source of functional hepatocytes. However, several is-

sues remain unresolved along this line, such as hereditary instabil-

ity, difficulty in large-scale production (~10 10 cells), long differenti-

ation time, and high cost. In particular, the quality and function of

HLCs exhibit a disparity with primary hepatocytes in vivo , confin-

ing the therapeutic application of ESC-derived HLCs. Thus, develop-

ing new effective ways to obtain matured HLCs with well-defined

functions and high efficiency is required. 

Recent studies suggest that functional biomaterials exert ex-

tensive potency to regulate the fate of stem cells. Evidence in-

dicates that silicate bioceramics could promote the proliferation

and fate of various stem cell types [22–24] . As a new type of

Ca-Si bioceramic biomaterial, calcium silicate (CS, CaSiO 3 ) has at-

tracted much attention in the past decade, due to its excellent

bioactivity and biocompatibility in directing stem cell differentia-

tion. For example, CS-based materials promote osteogenic differen-

tiation from human mesenchymal stem cells (hMSCs), human den-

tal pulp stem cells (hDPSCs), and human periodontal ligament cells

(hPDLs) [25–28] . Applying tricalcium silicate enhances hDPSC pro-

liferation and odontogenic differentiation [22] . Our previous obser-

vations indicated that stemness markers increase over short peri-

ods, but decrease over extended periods when culturing hESCs in

CS-supplemented medium [29] , implying that the effects of CS ex-

tracts on hESC stemness maintenance could be bidirectional in a

time-dependent manner. For the purpose of hESC differentiation

over long duration, we hypothesized that CS extracts could poten-

tiate the directional differentiation of hESCs into HLCs. To date, no

research addresses the regulation of CS extracts on ESC differenti-

ation into hepatocytes, and the related hepatic functions. 

Here, we investigated how CS extracts regulate the differentiat-

ing potency of hESCs and manipulate the maturity of in vitro differ-

entiated HLCs in liver injury repair. Specifically, hepatic differenti-

ation of hESCs was studied in systematically-varied concentrations

and addition orders of CS extracts, together with a modified four-

stage differentiating strategy to induce hESC differentiation from

pluripotent cells through definitive endodermal lineage and precur-

sor hepatocytes to HLCs. Next, the impact of CS extracts on liver-

specific functions of HLCs was determined. CS-activated HLCs were

found to favor liver injury repair in CCl 4 -treated mice. 

2. Materials and methods 

2.1. hESC culture and induction of hepatic differentiation 

Human embryonic stem cell line H9 were obtained from WiCell

Research Institute (Madison, WI, USA). hESCs were grown on a Ma-

trigel (Corning, NY, USA) -coated polystyrene dish (Thermo Fisher,

MA, USA) in PSCeasy medium [modified essential 8 medium] (Cel-

lapy, Beijing, China) at 37 °C in 5% (v/v) CO 2 atmosphere. The

medium was changed daily, and routine passage of hESCs was
erformed via ReLeSR 

TM (Stem Cell Technologies, Vancouver, BC,

anada). Briefly, digestion occurred for 3 min after washing twice

ith Dulbecco’s phosphate-buffered saline (DPBS, Thermo Fisher).

igested undifferentiated clones were collected by patting the dish

ently, followed by pipetting them onto a glass coverslip pre-

oated with Matrigel. 

To direct the differentiation of H9 cells into HLCs, the cells

ere pre-cultured in PSCeasy medium (denoted as STEM medium)

or 24 h to reach stable attachment, then cultured for another

hree days in the same medium, followed by an additional three

ays in RPMI medium (Gibco, MA, USA) supplemented with 100

g/mL activin A (PeproTech, Rocky Hill, USA), 50 ng/mL Wnt-3a

PeproTech), and 5% FBS (Thermo Fisher) (denoted as DE induc-

ng medium). Subsequent five-day culture was conducted in HCM

edium (LONZA, Walkersville, MD, USA) supplemented with 1%

MSO (Sigma-Aldrich, St. Louis, MO, USA), 100 ng/mL FGF-4 (Pe-

roTech), and 100 ng/mL BMP-2 (PeproTech) (denoted as Pre-H

nducing medium), followed by a final two-day culture in HCM

edium supplemented with 20 ng/mL HGF (R&D, Minneapolis,

N, USA), 20 ng/mL OSM (R&D), 1 ng/mL SB431542 (PeproTech),

nd 100 nM dexamethasone (DEX, Sigma-Aldrich) (denoted as M-H

nducing medium). This protocol, modified from literature [30–32] ,

as defined as a four-stage strategy of hepatic differentiation, that

s , stemness maintenance (STEM or S), definitive endodermal lin-

age (DE or D), precursor hepatocytes (Pre-H or P), and hepatocyte

aturation (M-H or M), to promote HLCs from H9 cells ( Fig. 1 A). 

.2. Preparation and characterization of CS powder and extracts 

Primary CS powder were prepared as described previously

 29 , 33 ], Briefly, an aqueous solution of Na 2 SiO 3 (1 mol/L) and

n aqueous solution of Ca(NO 3 ) 2 (1 mol/L) were continuously

ixed by stirring at ambient temperature overnight (molar ratio:

a 2 SiO 3 : Ca(NO 3 ) 2 = 1:1). The resultant CS suspension was fil-

ered and washed first with deionized water and subsequently,

ith ethanol. After drying at 80 °C overnight and baking at 800 °C
or 2 h, the CS powder was sieved to obtain CS particles using a

esh with 100- to 150- μm diameter pores. Morphology of CS par-

icles initially in powder or soaked in DMEM/F12 medium (Gibco)

ere examined using a scanning electron microscope (SEM) (Hi-

achi 8010, Japan) operated at a voltage of 10 kV. Effects of heat

reatment and chemical composition on phase transition behav-

ors of CS particles were investigated using X-ray diffraction (XRD,

/max 2550 V, Rigaku, Japan). 

To obtain the CS extracts from the CS particles, 1 g CS parti-

les was added into a culture dish, mixed, and soaked in 5 mL

MEM/F12 for 12 h, followed by gentle pipetting and re-soaking

or an additional 12 h. The supernatant was collected and filtered

sing a Millipore filter (size of Millipore = 0.22 μm). Collected CS

xtracts were diluted with the respective medium at a ratio of 1:

4 ( high concentration) or 1: 256 ( low concentration), prior to CS

ddition into the culture plate with pre-seeded H9 cells at distinct

tages of hepatic differentiation ( short vertical lines in Fig. 1 B). To

nvestigate the effects of ionic products on hepatic differentiation,

he ingredients of various ions released in CS extracts, and diluted

t the above ratios with three types of basal media ( cf. Section 2.1 ),

ere determined using Inductive Coupled Plasma Emission Spec-

rometer (ICP). The CS extract-supplemented medium was added

nto Matrigel-coated coverslips placed on polystyrene dishes for

4 h before collection, and the contents of the ions were deter-

ined by ICP to exclude the effect of Matrigel. 

.3. Sequential addition of CS extracts in H9 cell differentiation 

To test the effects of CS extracts on the directed differentiation

f H9 cells to HLCs, the four-stage protocol was segregated into
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Fig. 1. Combined protocols of induced hepatic differentiation of hESCs with supplemented CS extracts. (A) A four-stage protocol was applied for hESCs (H9) differentiating 

into hepatocyte-like cells (HLCs), including stemness maintenance (STEM or S), definitive endodermal lineage (DE or D), precursor hepatocytes or hepatocyte commitment 

(Pre-H or P), and HLCs (M-H or M). H9 cells were seeded for one day and pre-cultured for three-day cell proliferation at STEM stage, prior to the induced hepatic differen- 

tiation. (B) After seeding on Matrigel-coated coverslip in plain PSCeasy iPS medium for one day, two-phase experiments were done to elucidate the effect of CS extracts. In 

the first phase ( green box ), H9 clones were cultured in null, low, or high concentration of CS extracts supplemented in PSCeasy medium for additional three days at STEM 

stage. DE induction was then done for three days by maintaining or removing the existing CS extract or newly adding the CS extracts. H9 cells cultured in null CS extracts at 

both STEM and DE stages served as control. In the second phase ( purple box ), the cells derived from the endpoint of S low D null case were digested and seeded onto a freshly 

Matrigel-coated coverslip. Hepatocyte inducing medium was then added with null, low or high concentration of CS extracts. H9 cells cultured in null CS extracts at all four 

stages served as control. The abbreviations of CS adding conditions were presented in green and purple boxes, as exemplified that S low D null P high M 

high denotes the addition of 

low, null, high, and high concentrations of CS extracts at STEM, DE, Pre-H, and M-H stages, respectively. 
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wo phases. The first phase included STEM and DE stages, with the

rder of addition of CS extracts summarized in Fig. 1 B. At high or

ow CS concentration, the CS extracts were added starting at the

TEM or DE stage separately or spanning over the two stages. Cul-

uring H9 cells in null CS extracts served as the control. The sec-

nd phase spanned over Pre-H and M-H stages, where high, low, or

ull CS extracts were added in respective media, as summarized in

ig. 1 B. Here, the optimized low concentration and addition order

f CS extracts in the first phase were applied to further test the CS

oncentration dependence on hepatic differentiation of H9 cells in

he second phase. Culturing in null CS extracts in this phase served

s the control. 

.4. Immunofluorescence staining and confocal microscopy 

Cells cultured on Matrigel-coated glass coverslips were rinsed

hrice in DPBS (pH 7.2), fixed in 4% paraformaldehyde (Amresco,

ashington, USA) for 15 min, and permeabilized with 0.4% Tri-

on X-100 (Sigma-Aldrich) for 10 min. After blocking non-specific

pitopes using 1% BSA/DPBS (Sigma-Aldrich) at 37 °C for 1 h, the

ells were stained with respective primary monoclonal antibodies

mAbs) at 37 °C for 1 h, incubated at 4 °C overnight, and rinsed five

imes with DPBS. Thereafter, the labeled secondary antibodies in

% BSA were added and incubated at 37 °C for 1 h. After washing

ve times with DPBS, Hoechst 33342 (Invitrogen, Eugenen, Oregon,

SA) was added to the collected samples and incubated for 15 min

t room temperature (RT). After washing five times with DPBS, the

amples were then stored at 4 °C for examination by confocal laser

canning microscopy (Zeiss L710, Germany) within two days. 

The stemness or directed differentiation state of H9 cells was

dentified by their specific biomarkers at the respective stages.

rimary mouse mAbs to SOX17 (ab84990, Abcam, Cambridge,

K) with secondary Alexa Fluor 594-conjugated polyclonal goat-

nti-mouse antibodies (ab150120, Abcam) and primary rabbit
olyclonal antibodies to CXCR4 (ab1670, Abcam) with secondary

lexa Fluor 647-conjugated polyclonal goat-anti-rabbit antibodies

ab150077, Abcam) were used for testing definitive endodermal

ineage. Primary chicken polyclonal antibodies to albumin (ALB)

ab106582, Abcam) with secondary Alexa Fluor 488-conjugated

olyclonal donkey-anti-chicken antibodies (ab150172, Abcam) and 

lexa Fluor 647-conjugated rabbit mAbs to cytokeratin 18 (CK18)

ab194125, Abcam) were used for testing hepatocyte-specific phe-

otypes. 

.5. Flow cytometry analysis 

To detect cell apoptosis, an annexin V-PE Apoptosis Detection

it I (Becton Dickinson, Minneapolis, MN, USA) was used. Briefly,

he cells at DE stage were digested with 0.25% trypsin (Hyclone,

ogan, Utah, USA) and fixed in 4% paraformaldehyde for 10 min

t RT. After rinsing in DPBS twice, the cells were incubated with

nnexin V-FITC and 7-amino-actinomycin (7-AAD) solution for 1 h

n the dark at RT, and then analyzed using a FACS Canto II flow

ytometer (Becton Dickinson, Minneapolis, MN, USA). 

.6. Quantitative PCR 

Cultured cells were collected at the endpoint of each phase.

otal RNA was harvested using a commercial RNA extraction kit

Tiangen, Beijing, China). The corresponding cDNA was generated

sing commercial ReverTra Ace-a Kit (Toyobo, Osaka, Japan) with

 μg of RNA in a total volume of 20 μL per reaction. A re-

erse transcriptase-polymerase chain reaction was performed us-

ng a quantitative real-time amplification system (QuantStudio 7,

hermo Fisher). Briefly, a total volume of 10 μL amplification mix-

ure per well was amplified as follows: denaturation at 95 °C for

0 s, annealing at 60 °C for 30 s, and extension at 72 °C for 30 s.

iomarker genes were evaluated accordingly – SOX17 and CXCR4
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at the DE stage and ALB and CK18 for HLCs. GAPDH was used as

an internal reference. The relative expression level of these genes

for all the cases was normalized to the case in null CS extracts at

M-H stage ( that is , the control case) or to the case in high CS con-

centration at the DE stage ( that is , S high D 

high in Fig. 1 B), since gene

expression after one-day induction in the control case is too low

to apply. 

2.7. Scanning electron microscope (SEM) imaging 

Cultured cells were washed three times in Ca 2 + - and Mg 2 + -free

DPBS and then fixed with 0.25% glutaraldehyde at RT overnight.

After removing glutaraldehyde, the fixed cells were washed with

DPBS three times, followed by dehydration in an ethanol gradient,

with final drying in a vacuum for 4 h. Image acquisition was per-

formed using a SEM machine (FEI Quanta 200, USA). 

2.8. ELISA test for ALB secretion 

HLC ALB secretion was determined using an ELISA Kit (Bethyl,

Montgomery, Alabama, USA). Briefly, the supernatant was collected

and then centrifuged at 10 0 0 rpm (170 × g) for 5 min. Supernatant

or standard ALB sample (100 μL) was added into a 96-well plate

pre-coated with anti-human ALB primary antibodies. After incuba-

tion at RT for 1 h and four washes, an additional 100 μL anti-ALB

detection antibodies were added and incubated at RT for 1 h. Af-

ter rinsing four times, 100 μL streptomycin-conjugated horseradish

peroxidase was added, incubated for 30 min, and washed four

times, followed by the addition of 100 μL chromogenic substrate

tetramethyl benzidine for an additional 30 min incubation in the

dark. After adding 100 μL stop solution to each well, the plate was

examined at 450 nm using the iMark TM microplate reader (BIO-

RAD, Hercules, CA, USA). A four-parameter standard curve was ob-

tained using the absorbance ratio of the yellow product to the

value of the standard sample, as per the manufacturer’s instruc-

tions. 

2.9. Glycogen synthesis and indocyanine green (ICG) engulfment 

Glycogen synthesis was determined using a commercial kit and

a periodic acid-Schiff stain (PAS) (Nanjing Jiancheng Bioengineering

Institute, Nanjing, Jiangsu, China). Briefly, the powders of periodic

acid and Schiff’s reagent were dissolved in their respective diluting

solutions and balanced at RT for 20 min. Cells were fixed with 95%

ethanol for 2–5 min and washed with flowing water for 1 min. The

periodic acid solution was added to the fixed cells and incubated

for 15 min. After rinsing with flowing water for 5 min, Schiff’s so-

lution was added and incubated for 15 min, followed by wash-

ing with flowing water for 30–60 s. Finally, hematoxylin staining

solution was added, incubated for 20–30 s, and washed out. The

stained cells were visualized using an optical microscope (Olym-

pus IX71, Tokyo, Japan). 

ICG engulfment by HLCs was tested using a commercial kit

(Sigma-Aldrich). Briefly, ICG powders were dissol ved in water and

diluted in M-H inducing medium at a final concentration of 1

mg/mL. The solution was added to cells pre-washed with DPBS and

incubated at 37 °C for 1 h. Cells were washed with DPBS and fixed

with 4% paraformaldehyde, followed by rinsing before visualization

using an optical microscope. 

2.10. Simple western analysis 

Total protein was harvested from induced HLCs using RIPA

medium with protease and phosphatase inhibitors, and quantified

using a Bicinchoninic acid (BCA) assay kit (Pierce®, Thermo Sci-

entific). Simple western analysis was performed using the WES TM 
evice (ProteinSimple, San Jose, CA, USA) [34] . Briefly, 3 μL protein

as loaded onto the plate, labeled with a biotin reagent, and de-

ected by streptavidin-horseradish peroxidase chemiluminescence,

ith the biotinylated ladder serving as control. Each protein peak

as measured automatically using Compass TM software (Version

.0.0, Protein-Simple) and normalized to the value of GAPDH. 

.11. Animal treatment and HLC transplantation 

Five- to seven-week-old female NOD/SCID mice were purchased

rom Charles River (Beijing, China) and fed a routine diet for one

eek before CCl 4 treatment. All animal research and care proce-

ures were approved by the Animal Experimentation Committee

f Institute of Mechanics Chinese Academy of Sciences. CCl 4 (So-

arbio, Beijing, China) was diluted using corn oil (Solarbio, Bei-

ing, China) in 20% (v/v) and fully mixed by magnetic stirrers for

 h [35] . Intraperitoneal injection volume of CCl 4 solution was ad-

inistered at a concentration of 1.7–2.8 μL/g, with mouse weight

arying between 15–24 g. All mice were injected twice a week

or four weeks. Approximately 10 6 HLCs induced by CS extracts in

he S low D 

null P low M 

low case and control HLCs without the activation

f CS extracts were transplanted into the caudal vein using U-40

nsulin pens (B|BRAUN, Melsungen, Germany). CM-Dil (Invitrogen,

ugenen, Oregon, USA) was used to track the injected HLCs in the

iver. 

.12. In vivo tracking and in vitro measurement of transplanted cells 

At day three or week four after HLC transplantation, the

ice were anesthetized using phenobarbitone. The abdomen was

pened, and the liver was exposed for exanimation by confocal

aser scanning microscopy (Zeiss L880, Germany). The structure of

he liver edge was recognized by liver autofluorescence, while the

xogenous HLCs were stained with CM-Dil. The entire liver was ex-

racted and the HLC-emitted fluorescence was detected by the In

itro Imaging System (IVIS) spectrum (PerkinElmer, USA) [ 36 , 37 ]

t the end of four weeks post-transplantation. 

.13. Liver injury and repair tests 

During CCl 4 injection, whole blood was suctioned periodically

y capillary from the inner canthus vein, and plasma was collected

fter allowing the blood to stand at RT for 4 h, followed by cen-

rifugation at 3500 rpm (1150 × g) for 10 min at 4 °C. The activ-

ties of alanine aminotransferase (ALT) and aspartate aminotrans-

erase (AST) were tested using corresponding kits (Sigma-Aldrich),

s per the manufacturer’s instructions. Four weeks after CCl 4 in-

ection, the liver was removed and paraffin-embedded for hema-

oxylin and eosin (HE) and Masson staining. All tests were also

onducted at the end of a further four weeks post-HLC transplan-

ation to ascertain liver injury repair. 

.14. Statistical analysis 

Data were presented as the mean ± SEM. Two-way analysis of

ariance (ANOVA) was performed to determine the statistical sig-

ificance of differences among the two factors of CS concentration

nd order of CS addition. As for those comparisons of any two

roups of the lumped cases (first and second phases), the unpaired

wo-tailed Student’s t test was performed upon passing the nor-

ality test, or Mann-Whitney rank sum tests were used if not. P

alues of less than 0.05 were considered statistically significant. 
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Table 1 

Ion contents of CS extracts diluted at two ratios (mean ± SEM). 

Basal medium and added CS extracts a) Ca ( μg/ml) P ( μg/ml) Si ( μg/ml) b) 

PSCeasy at STEM stage 32.61 ± 1.24 29.37 ± 0.04 0.02 ± 0.00 

1/256 CS 32.33 ± 1.25 29.16 ± 0.12 0.31 ± 0.00 

1/64 CS 32.91 ± 1.17 28.75 ± 0.13 1.11 ± 0.05 

RPMI 1640 at DE stage 14.80 ± 0.57 191.10 ± 0.26 0.03 ± 0.01 

1/256 CS 14.58 ± 0.55 192.43 ± 0.38 0.32 ± 0.01 

1/64 CS 14.68 ± 0.53 188.07 ± 0.53 1.19 ± 0.02 

HBM at Pre-H and M-H stages 61.79 ± 2.39 31.87 ± 0.39 0.05 ± 0.00 

1/256 CS 60.26 ± 2.19 31.57 ± 0.14 0.20 ± 0.00 

1/64 CS 61.56 ± 2.70 31.98 ± 0.29 0.70 ± 0.00 

PSCeasy on Matrigel-coated coverslip 32.30 ± 1.02 30.00 ± 0.68 0.04 ± 0.01 

1/256 CS 33.09 ± 0.86 29.38 ± 0.71 0.28 ± 0.06 

1/64 CS 33.00 ± 0.87 29.45 ± 0.76 1.21 ± 0.11 

a) CS extracts are diluted in basal medium in a ratio of 1:256 (1/256 or low concentration) 

or 1:64 (1/64 or high concentration). 
b) Difference between any one specific case (basal medium supplemented with CS extracts) 

and control (basal medium with null CS extracts), P < 0.01 ∗∗ , and 0.0 0 01 ∗∗∗∗ . 
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. Results 

.1. Characterizations of CS powder and extracts 

Specialized features of CS powder were quantified using SEM

maging and XRD analysis, presenting the nanoscale size and the

haracteristic peaks of CaSiO 3 (Figure S1). Moreover, ICP analysis

as conducted to determine the ionic concentrations in CS ex-

racts. The content of Si ions diluted at high or low CS concen-

rations was much higher than in the basal medium, whereas the

ontents of Ca and P ions were similar with the basal medium

 Table 1 ). Co-existence of Matrigel with CS extracts induced few

ffects on the ionic release or maintenance since no differences in

he levels of these three types of ions were found in the presence

r absence of Matrigel (Figure S2). Collectively, these results im-

lied that the effects of CS extracts are primarily attributed to Si

ons, while the addition of CS extract into Matrigel is applicable in

epatic differentiation of H9 cells. 

.2. Cell morphology and growth at STEM and DE stages 

Hepatic differentiation of hESCs generally undergoes different

tages, such as pluripotent cells, definitive endodermal lineage,

recursor hepatocytes, and HLCs [30] . Here, we modified this four-

tage, feeder cell-free strategy to induce hepatic differentiation

f hESCs by placing H9 cells on Matrigel-coated glass coverslips

 Fig. 1 ). To guarantee clone adherence on the substrate, the clones

ere first placed in plain PSCeasy medium for one day to ensure

ttachment, followed by switching to a medium supplemented

ith CS extracts for an additional three days of culture. This re-

ulted in similar morphology at all CS concentrations and addition

rders ( Fig. 2 ). Specifically, the cells at the STEM stage seemed to

orm individual tight clones with clear contours ( Fig. 2 A1-A7) and

ncreased in size post-culture for three days ( Fig. 2 B1-B7). These

bservations indicated that H9 cells grew in a well-defined state,

roviding a phenotype basis for further tests. At the DE stage, the

lones became loose and single cells tended to appear at the pe-

iphery of the clone ( Fig. 2 C1-C7). To clarify the features of those

ells in the center or at the periphery, an individual clone was seg-

egated into a main body and a surrounding region (Figure S3A).

nly a cell that has more than 2/3 clear periphery leaving the

lone was denoted as a single cell in the surrounding region. Thus,

he main body area and the number of single cells were found to

orrelate with CS concentration and order of addition. At higher CS

oncentrations, we observed larger main body areas of the clone

Figure S3B) and an increased number of single cells (Figure S3C).

oreover, the two values were higher in supplemented CS extracts
tarting at the STEM stage or spanning over STEM and DE stages

han that starting at the DE stage or in null CS extracts. At the end-

oint of DE induction (Day 3), all cells tended to form a monolayer

nd no clear boundary was visualized between the main body and

urrounding regions ( Fig. 2 D1-D7). These results implied that the

otentials of CS extracts in directing hESC differentiation could be

nitiated from their morphological changes at DE stage. 

.3. CS extracts promote DE differentiation 

To quantify the effects of the concentration and the order of

ddition of CS extracts in directing DE differentiation of H9 cells,

wo time points of CS addition were set up, one starting at the

TEM stage in PSCeasy medium and another starting at the DE

tage in DE-inducing medium ( Fig. 1 ). These addition points com-

ined with three concentrations (high, low, and null) served as

ix cases to systematically test their cooperative impacts ( Fig. 3 ).

ull CS extracts at both stages served as controls. Two checkpoints

ere adopted at the end of the first and third day of the DE

tage, respectively, to unravel the short- and long-term responses

f H9 cells. All cases were segregated into three groups represent-

ng three distinct orders, that is , adding two concentrations of CS

xtracts at both STEM and DE stages (S high D 

high and S low D 

low ), STEM

tage alone (S high D 

null and S low D 

null ), and DE stage alone (S null D 

high 

nd S null D 

low ) ( Fig. 1 ). 

Two DE biomarkers, CXCR4 and SOX17, were used to examine

E differentiation. At the protein level, CXCR4 and SOX17 were

resent over the entire clone with high fluorescent intensities at

he periphery ( Fig. 3 A-D). Specifically, these two proteins yielded

igher expressions at the high CS concentration ( Fig. 3 A1-A3 and

1-B3) than those at the low concentration ( Fig. 3 A4-A6 and B4-

6), implying that the capacity of CS extracts in inducing DE differ-

ntiation increased with increasing CS concentration during short-

erm induction. H9 clones started to loosen, with typical cavities

nside the clone at Day 1 ( yellow arrows ), leading to the appear-

nce of individualized cells at the periphery of the clone ( white

rrow heads ) ( Fig. 3 D1-D7). These results suggest that high CS con-

entration promotes rapid initial DE differentiation. 

Mean fluorescent intensities (MFIs) per clone in all six cases

ere estimated and normalized to the control. Both CXCR4 and

OX17 expressions were similar in all three orders at either high

 black bars ) or low ( grey bars ) CS concentrations, suggesting that

he addition order of CS extracts is unlikely associated with initial

E differentiation. In contrast, their expressions were significantly

r moderately enhanced at the high CS concentration than those at

he low concentration ( Fig. 3 E-F), supporting the above CS concen-

ration dependence from confocal images ( Fig. 3 A-D). Only SOX17
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Fig. 2. Typical optical images of H9 clones at STEM or DE stage in the supplemented or null CS extracts. No morphological differences at STEM and DE stages were observed 

in seven cases at Day 1 and 3, except that quite fewer individual cells were presented at the periphery of the clones at the first day of DE stage in low concentration 

CS-extract medium (C4-C6) ( arrows ) than those in high concentration (C1-C3) ( arrowheads ). Scale bar = 200 μm. 
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Fig. 3. Typical immunostaining images and quantitative analysis after one-day DE induction. (A, B, C) H9 cells were placed in high, low, or null concentration of CS extracts 

supplemented in PSCeasy medium (STEM stage) or DE-inducing medium (DE stage). At the endpoint of first day of DE stage, two DE biomarkers of CXCR-4 (A1-A7) and 

Sox17 (B1-B7) were visualized by confocal microscopy in seven cases when nucleus (C1-C7) staining serves as reference. Arrows in D1-D7 indicated the cavities inside 

H9 clones and arrowheads denoted the individual cells at the periphery of the clones. Scale bar = 50 μm. (E, F) Quantitative comparison of mean fluorescence intensity 

(MFI) was conducted at the endpoint of first day of DE stage in varied concentrations and adding orders of CS extracts, normalized by the MFIs of nucleus and control. 

Cells were cultured in PSCeasy medium for three days and then switched into DE inducing medium for one day with or without the supplemented CS extracts. Data were 

calculated from three replicates and presented as the mean ± SEM for totally ~60 field-of-view (FOV) in each case. Statistically significant difference, P < 0.05 ∗# + , 0.01 ∗∗## ++ , 
0.0 01 ∗∗∗### +++ , and 0.0 0 01 ∗∗∗∗#### ++++ . ∗: Difference between any two specific cases. # : Difference between any one specific case and the control. + : Difference between any 

two groups of the lumped cases. 
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expression in S high D 

high and S high D 

null cases at the high CS concen-

tration was higher, but CXCR4 expression in S low D 

low at the low

concentration was lower, as compared to those in the control case

( white bar ) ( Fig. 3 F). 

After the three-day induction of DE lineage, the clone-specific

structures disappeared and the cells dispersed into a monolayer

with similar morphologies in all six cases ( Fig. 4 A-D; Fig. 2 D1-D7).
mmunostaining analysis indicated that all cells expressed CXCR4

nd SOX17 at moderately-varied degrees, indicating that they dif-

erentiated into mature DE lineage cells. Moreover, the MFIs of two

iomarkers seemed higher at the low CS concentration ( Fig. 4 A-D),

mplying an opposite dependence of CS extract concentration com-

ared to the above short-term DE induction. Quantitative analysis

upported these observations, where the MFIs were significantly
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Fig. 4. Typical immunostaining images and quantitative analysis after three-day DE induction. (A) Immunostaining images of H9 cells in high, low, or null concentration of 

CS extracts supplemented in PSCeasy medium or DE-inducing medium. Two DE biomarkers of CXCR-4 (A1-A7) and Sox17 (B1-B7), were visualized by confocal microscopy in 

seven cases when nucleus (C1-C7) staining serves as reference. Scale bar = 50 μm. (B, C) Quantitative comparison of MFI was conducted in varied concentrations and adding 

orders of CS-extracts, normalized by the MFIs of nucleus and control. Cells were cultured in PSCeasy medium for three days and then switched into DE inducing medium 

with or without the supplemented CS extracts for another three days. Data were calculated from three replicates and presented as the mean ± SEM for totally ~60 FOVs 

in each case. Statistically significant difference, P < 0.05 ∗# + , 0.01 ∗∗## ++ , 0.001 ∗∗∗### +++ , and 0.0 0 01 ∗∗∗∗#### ++++ . ∗: Difference between any two specific cases. # : Difference 

between any one specific case and the control. + : Difference between any two groups of the lumped cases. 
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p  
igher for both CXCR4 and SOX17 expressions at the low CS con-

entration ( Fig. 4 E-F). Intriguingly, the dependence on the addition

rder of CS extracts was also observed at the low concentration

here the two biomarker expressions were higher when adding CS

xtracts at the STEM (S low D 

null ) or DE (S null D 

low ) stage than those

t both STEM and DE stages (S low D 

low ) ( Fig. 4 E-F). These values in

he S low D 

null and S null D 

low cases were remarkably higher than that

n controls, implying that adding low concentrations of CS extracts

lone at the STEM or DE stage favors DE lineage differentiation. 

To consolidate the optimized combination of CS concentration

nd order of addition for hepatic differentiation of H9 cells, gene

xpression related to DE lineage was tested for short- and long-

erm induction. Relatively high expression was seen at Day 1 at

he high CS concentration in the cases of S null D 

high for CXCR4 or

 

high D 

null and S null D 

high for SOX17 ( Fig. 5 A-B), or at Day 3 at the low

oncentration in the cases of S null D 

low for CXCR4 or S low D 

low and

 

low D 

null for SOX17 ( Fig. 5 C-D). Two exceptional high expressions

ere observed in the cases of S null D 

high for CXCR4 or S null D 

high for

OX17 at Day 3 at the high CS concentration. Noting the differences

etween gene and protein levels, these gene expressions were not

nconsistent with the above immunostaining observations. To fur-

her investigate if CS extracts exert cytotoxic effects and affect sub-

equent hepatic differentiation, apoptotic analysis was conducted

or three-day DE-induced cells ( Fig. 5 E). No difference was found in

he percentage of early or late apoptotic cells or viable cells in all

ix cases, implying that the majority of cells ( > 80%) are not apop-

otic ( Fig. 5 F). 

S  
Collectively, DE lineage differentiation of H9 cells was initiated

t the high concentration of CS extracts and then gradually ma-

ured at the low CS concentration. Adding CS extracts at the STEM

r DE stage at the low CS concentration is favorable for harvesting

he mature, viable DE cells for hepatic differentiation. 

.4. CS extracts enhance the differentiation to hepatocyte-like cells 

To reduce labor consumption and simplify experimental op-

ration, the starting point for HLC differentiation was obtained

y adding CS extracts at the STEM stage at low CS concentra-

ions and inducing DE lineage differentiation of H9 cells for three

ays (S low D 

null ). This setting was confirmed by well-defined ultra-

tructures of the cells from SEM images in the two typical cases of

 

low D 

null and S high D 

high (Figure S4). The clones were tighter in the

ontrol than in the other two cases with CS extracts at the first

ay of the STEM stage (Figure S4A-C). After three-day DE induction,

ost elongated spindle cells became smoother in the S low D 

null case

han in the S high D 

high case (Figure S4J-L), implying that the latter

ould better serve as the starting point for hepatic differentiation. 

HLCs differentiation based on CS concentration dependence

as then tested by adding high or low concentrations of CS ex-

racts over Pre-H and M-H stages while H9 cells in null CS ex-

racts spanning over all four stages served as controls ( Fig 1 A).

he cells were cultured in high, low, or null CS extracts sup-

lemented into HLC-specific inducing medium separately ( i.e. ,

 

low D 

null P null M 

null , S low D 

null P high M 

high , S low D 

null P low M 

low , and con-
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Fig. 5. Evaluation of adding orders of CS extracts for DE differentiation. (A, B, C, D) Gene expression of DE cells in varied concentrations and adding orders of CS extracts for 

one (A, B) or three days (C, D) . Cell differentiation was determined using qPCR assay for endoderm genes of CXCR4 (A, C) and Sox17 (B, D). (E, F) A typical flow cytometry 

analysis was illustrated for the cells stained by PE Annexin V Apoptosis Detection Kit and gated in the scatter plot ( red line ) (E) . Data were quantified and presented as the 

mean ± SEM of fold of expression in three replicates in each case (F) . 
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trol), which were grouped into the second phase of hepatic differ-

entiation. The impact of CS extracts on hepatic differentiation was

illustrated by two typical hepatic biomarkers, ALB and CK18, where

actin and nucleus staining served as references. In all four cases,

the cells became fully spread and tightly connected, presenting an

epithelial cell-like shape. CK18s were mainly expressed in the cy-

toplasm ( Fig. 6 A1-A4), while ALBs tended to distribute over entire

cells in a sheet-like manner ( Fig. 6 A5-A8). Similar immunostaining

observations were found in the S low D 

null P null M 

null case ( Fig. 6 A9-

12). St aining in the three cases was much higher than the control

in null CS extracts ( Fig. 6 A13-A16). Quantitative analysis of nor-

malized MFIs, estimated as the ratio of the intensity of the pro-

tein of interest to that of nuclei and then normalized to the con-

trols, indicated that both CK18 and ALB expressions increased sig-

nificantly in the supplemented CS extracts in the second phase

(S low D 

null P high M 

high and S low D 

null P low M 

low ). Even in null CS extracts

in this phase (S low D 

null P null M 

null ), the MFIs for the two biomark-

ers were still higher than those in the control, supporting the va-

lidity of optimizing the DE lineage cells for hepatic differentiation

in the first phase ( Fig. 6 B, C). By contrast, CK18 and ALB gene ex-

pressions were likely enhanced in the supplemented CS extracts

in the second phase ( first two bars ), while no differences were ob-

served in gene expressions between first phase-optimized DE lin-

eage cells and original H9 cells ( latter two bars ) ( Fig. 6 D, E). Simple

western analysis further confirmed the above observations at the

protein level with enhanced expressions of CK18 and ALB in CS-

activated HLCs ( Fig. 6 F-H), that is , adding CS extracts in the second

phase could enhance HLC differentiation of the optimized DE lin-

eage cells. 
.5. hESC-derived HLCs display liver-specific functions 

Maturity and functionality of obtained HLCs was tested. Daily

ptical observations indicated that the cells grew into large aggre-

ates during the addition of high concentrations of CS extracts into

LC-specific inducing medium at the first day of Pre-H stage. At

he end of an additional two days of HLC induction, the apparent

rotuberant ridges were observed inside the flattened cell mono-

ayer ( Fig 7 A; yellow arrows ), presenting similar features of hepatic

late-like configuration [38] . 

To further identify the maturity of CS-activated HLCs from the

ptimized DE lineage cells, typical tests of liver-specific functions

ere conducted. First, immunostaining of glycogen synthesis indi-

ated that the HLCs are functional in this regard ( Fig. 7 B). Specif-

cally, higher staining was observed at the low CS concentra-

ion (S low D 

null P low M 

low ) or in null CS extracts (S low D 

null P null M 

null ),

hile similar lower staining was observed at the high CS con-

entration (S low D 

null P high M 

high ) or in control cases. These results

mplied that, at least, adding CS extracts at low concentrations

n the second phase favors glycogen synthesis in HLCs. Second,

he capacity of selective phagocytosis was tested by engulfing in-

ocyanine green (ICG) ( Fig. 7 C). Immunostaining of ICG engulf-

ent was quite low, indicating incomplete maturity of HLCs, as

xpected [ 39 , 40 ]. Meanwhile, ICG engulfment at low CS con-

entrations (S low D 

null P low M 

low ) seemed slightly higher even though

o significant difference was observed among the four cases, be-

ng likely consistent with the above observations regarding glyco-

en synthesis. Third, ALB secretion was monitored for these CS-

ctivated HLCs ( Fig. 7 D). Again, the secretion was relatively low
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Fig. 6. Typical immunostaining images and quantitative analysis after HLC-specific induction. (A) Hepatic biomarkers of CK18 (A1-A4) and ALB (A5-A8) were visualized 

by confocal microscopy when nucleus (A9-A12) and actin (A13-A16) staining serve as reference. (B-C) Quantitative comparison of CK18 (B) and ALB (C) staining in varied 

concentrations of CS extracts, normalized by the MFIs of nucleus and control. Cells were cultured in HLC-specific inducing medium after supplementing low concentration 

of CS extracts at STEM stage. Data were obtained from three to five replicates and presented as the mean ± SEM for totally ~60 FOVs in each case. (D-E) CK18 (D) and ALB 

gene expressions of HLCs in four cases. (F) Simple western analysis of CK18 and ALB proteins. (G-H) Quantitative comparison of CK18 (G) and ALB (H) expressions in varied 

concentrations of CS extracts, normalized by the values of GAPDH within each case and by the control among different cases. Data were presented as the mean ± SEM of 

fold change of expression in three replicates in each case. Statistically significant difference, P < 0.05 ∗# + , 0.01 ∗∗## ++ , 0.001 ∗∗∗### +++ , and 0.0 0 01 ∗∗∗∗#### ++++ . ∗: Difference 

between any two specific cases. # : Difference between any one specific case and the control. + : Difference between any two groups of the lumped cases. 
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 < 10 ng/ml per million cells per day), anticipating that further

aturation is required. Nevertheless, ALB secretion was seemingly

igher for optimized DE lineage cells than controls when supple-

enting CS extracts at Pre-H and M-H stages (S low D 

null P high M 

high 

nd S low D 

null P low M 

low ) or not (S low D 

null P null M 

null ). Excluding the two

ases with large variations, adding CS extracts at a low concentra-

ion (S low D 

null P low M 

low ) could markedly enhance ALB secretion, fur-

her supporting the effectiveness of CS extracts in promoting hep-

tic maturation. 

Adding CS extracts spanning over Pre-H and M-H stages also

romoted the expression of CK18 and ALB (Figure S5A). Analysis of

ormalized MFIs indicated that CK18 expression increased in the

upplemented CS extracts at two concentrations used (Figure S5B),

hereas ALB expression was higher at the high concentration (Fig-

re S5C). Meanwhile, gene expressions of CK18 and ALB seemed

r  
ndifferent in these cases (Figure S5D, E). Tests of glycogen synthe-

is immunostaining (Figure S6A), ICG engulfment (Figure S6B), and

LB secretion (Figure S6C) indicate a strengthened hepatic pheno-

ype, at least in the S low D 

null P low M 

low case, highlighting the poten-

iation of CS extracts. 

.6. Functional validation of CS-activated HLCs in CCl 4 -treated mice 

To further test the functionality of CS-activated HLCs in re-

airing liver injury, both H9-derived HLCs from CS activation and

onventional differentiation without CS were transplanted into

Cl 4 -treated mice ( Fig. 8 A) when feeding wild type (WT) for the

ame duration as controls. In contrast to the CCl 4 -treated group,

n which liver injury indicated by histological and histochemi-

al staining revealed serrated edges, ballooning degeneration ( ar-

ows ), apoptotic cells ( arrowheads ), and markedly increased col-
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Fig. 7. Typical optical images and functional tests for HLCs derived from H9 cells. (A) Morphological comparisons of differentiated H9 cells in varied concentrations of CS 

extracts supplemented in HLC-specific inducing medium. Cells in null CS extracts at all four stages served as control. At the first day of Pre-H stage, cells grew into bigger 

clones in high concentration of CS extracts. At the endpoint of HLC induction, apparent spines were observed ( arrows , along with the spines). (B) Staining of glycogen 

synthesis of HLCs in four cases. (C) Microscopic images of HLCs on coverslip after indocyanine green (ICG) engulfment in four cases. (D) ALB excretion of HLCs in four cases, 

normalized by the cell number examined. Data were presented as the mean ± SEM in three replicates. Statistically significant difference between any one specific case and 

the control, P < 0.01 ## . 
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lagen fibers ( swallowtail ) ( Fig. 8 B), and serum tests showed en-

hanced AST and ALT activities ( Fig. 8 C, D), and the control HLC

group with minor inhibition of liver fibrosis, the S low D 

null P low M 

low 

strategy (CS-activated HLC group) demonstrated effective liver in-

jury repair. Confocal imaging indicated that CS-activated HLCs were

able to reside continuously, but control HLCs presented in a dis-

persed manner in the liver three days ( Fig. 8 E) and four weeks

( Fig. 8 F) after injection, compared to the null HLCs in WT or

CCl 4 -treated mice. Long-term feeding post-injection indicated that

transplanted HLCs were able to survive up to four weeks in the

liver ( Fig. 8 E, F). 3D slicing and reconstruction of confocal images

demonstrated typical residence, with sparse residence for control

HLCs (Supplemental Movie S1) and accumulated residence for ac-

tivated HLCs (Supplemental Movie S2). IVIS tests confirmed HLC

residence in the injured liver with highest radiant efficiency and

largest area of activated HLCs ( Fig. 8 G), indicating the highest ef-

ficiency of HLC residence. This observation was consistent with

the turnover of the fibrotic phenotype among the four cases, as

seen in the dramatic reduction of surface roughness in the CS-

activated HLC group ( Fig. 8 H). All observed liver optical images

are summarized in Figure S7 for reference, especially illustrating

the smoother surface of liver tissue with CS activation ( last row in

Figure S7B). This turnover was confirmed by histological or histo-

chemical staining and serum tests at Week 4 post-transplantation

( Fig. 8 I, J). Here, the fibrotic phenotype of the injured liver in CCl 4 -

treated mice was partly reversed by injecting control HLCs, while

CS-activated HLC transplantation induced significant recovery com-

pared to CCl 4 -treated mice without HLCs ( Fig. 8 I). Furthermore,

CCl 4 -treated mice exhibited high AST activity and control HLC-

injected mice revealed minimal AST reduction, while CS-activated

t  
LC-transplantation significantly reduced AST activity to normal

evels as compared with WT mice ( Fig. 8 J). By contrast, ALT activ-

ty was relatively high with HLC transplantation compared to WT

ice ( Fig. 8 K). Collectively, these tests using CCl 4 -treated mice in-

icate that the injured livers were repaired by transplantation of

S-activated HLCs, which demonstrates the potential application of

egulating hepatic differentiation from H9 cells using CS-extracts. 

Taken together, adding CS extracts over Pre-H and M-H stages

as effective in ridge formation, biomarker expression, and func-

ional implementation in directing hepatic differentiation of H9

ells. Low concentrations of CS extracts favor the typical functions

f differentiated HLCs and the turnover of a fibrosis-like pheno-

ype, which could be integrated with the protocol in optimizing

E lineage cells and serve as a practical procedure for future ap-

lications in liver injury repair. 

. Discussion 

Liver disease is one of the primary causes of death globally.

tem cell-based therapy could serve as a promising therapeutic

ethod for patients with end-stage liver diseases, which may al-

eviate the need for liver transplantation. Previous research has

rimarily focused on utilizing the differentiation potential of stem

ells and inducing hESCs into hepatocyte-like cells via biochemical

actors in hepatic differentiation. In this study, we demonstrated,

or the first time, that CS extracts derived from CS bioceramics

nhance hepatic differentiation of hESCs, combined with a mod-

fied four-stage differentiation strategy. High concentrations of CS

xtracts were found to enhance the initial DE differentiation, fol-

owed by the persistent role of low CS concentrations in long-

erm DE differentiation. The optimized cells from the DE lineage
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Fig. 8. Transplanted HLCs could reside in injured livers and partly alleviate the fibrosis-like symptoms. (A) Schematic of preparing the mice with liver injury and HLC 

transplantation. (B) Typical liver images with or without CCl 4 treatment. White box with the enlarged image in left lower panel denoted the serrated edges and rough 

surfaces of injured livers. Arrows indicated the ballooning degeneration and arrowheads pointed the apoptotic cells in HE staining in middle lower panel. Swallowtail in 

right lower panel pointed the collagen fibers in Masson staining. Scale bar = 150 μm. (C-D) AST (C) and ALT (D) activities in CCl 4 -treated mice measured by ELISA assay 

and normalized to the values from wild type (WT) mice at the midpoint and endpoint of four-week injection. n = 3. (E-F) In vivo tracking of transplanted HLCs ( red ) and 

autofluorescent original hepatocytes ( green ) using confocal microscopy at three-day (E) or four-week after injection (F) in WT mice, CCl 4 -treated mice, and CCl 4 -treated mice 

with transplanted control or CS-activated HLCs. Enlarged boxes indicated the resided and rescued HLCs. Scale bar = 100 μm. n = 2. (G) Tracking of transplanted HLCs using 

IVIS at Week 4 after injection. Radiant efficiency was defined by the device in a unit of ( p / sec / cm 

2 / sr )/( μW / cm 

2 ). n = 2. (H) Typical liver images of WT mice, CCl 4 -treated 

mice, and CCl 4 -treated mice with transplanted control or CS-activated HLCs. White boxes with enlarged images in lower three panels denoted the serrated edges and rough 

surfaces of injured livers. n = 3-5. (I) HE and Masson staining at Week 4 after injection. Scale bar = 200 μm. n = 3-5. (J-K) AST (J) and ALT (K) activities in CCl 4 -treated 

and HLC-transplanted mice measured by ELISA assay and normalized to the values to WT mice at Week 4 after injection. ∗P < 0.05 and ∗∗P < 0.05. 
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further promote hepatic differentiation into functional HLCs in CS

extract concentration- and order of addition-dependent manners.

This work underlined the importance of CS extracts in hESC differ-

entiation into HLCs. 

During hESC differentiation, the cells originally compacted as

the clones or spheroids loosen into single cells, manifesting as the

initiation of differentiation [41–43] . In this study, one-day DE in-

duction clarifies the clone into a main body and a surrounding re-

gion, and presents a positive correlation between main body size

or single cell and CS concentration ( Fig.. 2 and S3), which agrees

with observations on literature [ 44 , 45 ]. Moreover, pancreatic cells

and hepatocytes originated from DE specifically express specified

markers SOX17, CXCR4, GSC, KRT8, and BMP2 and serves as a key

stage in hepatic differentiation [46] . Generally, the DE stage lasts

three to seven days [ 20 , 47 , 48 ] to ensure complete differentiation,

although DE markers could only express for 24 h after adding the

induction factors of activin A and Wnt-3a [ 30 , 49 ]. Several stud-

ies focus on the types of inducing factors and the concentration

of these factors [50-52] , but only a few address the order of ad-

dition of multiple factors presented in the induction medium [53] ,

and even less regard bioactive inorganic ions. Our data not only

support the observations with visible expressions of two typical

markers, SOX17 and CXCR4, at the DE stage, but also propose the

concentration- and order of addition-dependences of CS extracts.

In initial DE induction, SOX17 expression in S high D 

high and S high D 

null 

cases at the high CS concentration is higher, whereas CXCR4 ex-

pression in S low D 

low case at the low CS concentration is lower than

those of controls ( Fig. 3 ), indicating that adding high CS concentra-

tions at the STEM stage enhances initial DE differentiation of H9

cells. In late DE induction, CXCR4 and SOX17 expressions at low CS

concentrations are significantly higher than controls, especially in

S low D 

null or S null D 

low case ( Fig. 4 ). Gene expression related to the DE

lineage further consolidates the optimized combination of CS con-

centration and order of addition for DE differentiation of H9 cells

( Fig. 5 A-D). These cues further the understanding of the types, con-

centration, and order of addition of both biochemical factors and

bioactive inorganic ions in inducing DE differentiation. 

Further to the above-mentioned results and our early work in

the effects of CS extracts on stemness maintenance in short-term

induction and mesodermal differentiation in long-term induction

[29] , CS extracts might present differential effects on cellular phe-

notypes at distinct stages, such as maintaining stemness and facil-

itating differentiation [ 54 , 55 ]. Specifically, the low CS concentra-

tion promotes stemness maintenance of H9 cells over short pe-

riods [29] , consistent with the current observations that low CS

concentration is not favorable for DE differentiation ( Fig. 3 ), and

implying a dominant role of CS extracts in stemness maintenance,

especially at the STEM stage. In contrast, the high CS concentra-

tion promotes DE differentiation immediately with high expres-

sions of CXCR4 and SOX17, followed by persistent DE differentia-

tion at low CS concentrations, suggesting a dominant role of CS

extracts in directed differentiation over extended periods beyond

the STEM stage. A similar observation indicates that low concen-

trations of Si and Sr ions synergistically stimulate cell proliferation

without losing stemness, while high concentrations are able to di-

rect osteogenic differentiation of hBMSCs [56] . This biphasic effect

of ion concentration is evident, of which the mechanism remains

to be further studied. For example, Wnt/ β-catenin signaling is cru-

cial in DE differentiation [ 57 , 58 ] and in osteogenic differentiation

from human urine-derived stem cells (hUSCs) [22] , implying a po-

tential candidate for molecular mechanisms in hepatic differentia-

tion of hESCs. Moreover, the potential signaling pathways and the

uniqueness or universality of calcium silicate and other inorganic

bioactive ions are also critical issues in directing ESC differentia-

tion at the different stages. 
a  
Except for the impacts on initial DE differentiation, bioactive in-

rganic ions could also regulate the lineage-specific terminal differ-

ntiation. For example, CS and its analogs promote the differenti-

tion of MSCs into osteoblastic cells [ 23 , 27 , 59 ]. Ca 3 Si/CaCl 2 com-

osites with polyethylene glycol (PEG) enhances the proliferation

nd alkaline phosphate activity of hDPSCs [60] . In fact, Si ions

nd the related compounds are essential nutrients responsible for

any biological processes. In the human body, Si ions amount to

.01% of body weight (1–2 g in total), which are lower than Fe

nd Zn ions [ 61 , 62 ]. The concentration of Si ions in serum ranges

etween 24 and 31 μg/dL. After uptake, Si ions participate in mul-

iple functions, such as metabolism and excretion, and especially

n liver-specific functions [63] . In vitro tests exemplify that Si ions

re favorable for BMSCs for persistent adipogenesis once cell dif-

erentiation is initiated by adipogenic-inducing medium [ 56 , 64 ].

he reasons we used CS extracts instead of calcium silicate parti-

les lie in two aspects: Firstly, previous studies have demonstrated

hat the ions released from CS are the main bioactive factors to

timulate cellular activity. Secondly, one of the liver tissue engi-

eering problems, that is , the activation of stem cells in vitro as

eed cells for transplantation, can be solved by simply applying

he bioactive ions of CS extracts in vitro for the cell culture ex-

eriments. Our results implied that functional differences of hESCs

resented in CS extracts are mainly attributed to the changes of

i ions ( Table 1 ). Meanwhile, apparent ridges among neighbour-

ng cells are observed inside the HLC monolayer at the M-H stage

 Fig. 7 ), serving as the potential progenitor structure of hepatic

lates [ 38 , 65 ]. Cells in HLC-specific induction are able to express

epatic markers of CK18 and ALB ( Fig. 6 ), corroborating the ef-

ciency of the differentiation strategies used [ 32 , 66–70 ]. Adding

igh, low, or null concentrations of CS extracts at Pre-H and M-

 stages do not impact marker expression as long as H9 cells

re optimized by low CS concentrations at the STEM stage. We

xamined another set of order-of-CS-addition only at Pre-H and

-H stages. Here CK18 expression is significantly higher in both

 

null D 

null P high M 

high and S null D 

null P low M 

low cases, while the cells ex-

ress higher ALB at protein level only in the S null D 

null P high M 

high 

ase, as compared to controls (Figure S5). These results indicate

hat CS extracts only added at Pre-H and M-H stages could en-

ance hepatic differentiation, but less effectively and with non-

ncreasing CK18 and ALB gene expressions, compared with those

dding CS extracts at the STEM stage. Additionally, H9 cells readily

eact to high, but not low CS concentrations, indicating the concen-

ration sensitivity is similar to literature reporting that osteoblasts

ifferentiated from USCs present the enhanced Runx2 gene expres-

ion at high CS concentrations, while no significant difference is

ound between low concentrations and controls [22] . Further opti-

izing the current protocol is required to isolate the possible con-

amination of CS-based cholangiocyte differentiation in the HLCs

opulation derived from hESCs and to enhance their maturity and

unctionality. 

Stem cell differentiation and maturation are critical for the suc-

ess of tissue repair and cell therapy in vivo . Generating HLCs from

luripotent stem cells remains a major challenge in that the differ-

ntiated hepatocytes usually present immature functions compared

o primary hepatocytes isolated from liver [71] . Great effort s are

ade to obtain mature hepatocytes in addition to various factors

entioned above. For example, HLCs induced from hESCs (Royan

5) on three-dimensional nanofibrillar surfaces exhibit high glyco-

en storage and ICG uptake activity, compared to those cultured

n the non-nano-group [65] , presumably due to the fact that hep-

tic canalicular structures are greatly lost in two-dimensional cul-

ure [72] . H9 cells seeded on Cytodex 1 or 3 microcarriers can be

nduced into HLCs with high albumin secretion, but CYP3A4 ac-

ivity and urea production are not improved [73] . Small molecules

re also used to develop handy and cost-effective inducing strate-
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ies, attempting to produce HLCs at comparable maturity as those

rom growth factor-based strategies [ 16 , 74 ]. Along this line of rea-

oning, applying CS extracts could serve as a simple and effi-

ient method to improve HLC maturation. Our results present high

lycogen staining or ALB excretion and similar ICG uptake for H9

ells optimized at the STEM stage, even though no CS concentra-

ion dependence is observed at the Pre-H stage ( Fig. 7 B-D and S6).

ow ALB secretion is presumably attributed to the short-term mat-

ration of HLCs at the M-H stage [ 40 , 75 ], which could be improved

y extending the duration of the M-H stage to enhance the matu-

ity of HLCs. Evidently, comparisons of CS-directed approach with

hose nanofiber- or Cytodex microcarrier-induced ones could be

elpful to augment HLCs efficacy. Another critical issue is the proof

f therapeutic functions of CS-activated HLCs in vivo . In the present

tudy, we demonstrated that the implanted CS-activated HLCs sig-

ificantly reduced liver injury in CCl 4 -treated mice and these HLCs,

xposed to the S low D 

null P low M 

low treatment protocol, alleviate the

brosis-like symptoms ( Fig. 8 ), thereby confirming the availability

f CS-activated HLCs from H9 cells for repairing liver injuries. This

s mainly because CS-activated HLCs present hepatocyte-like phe-

otype and functionality, as seen in the enhanced ALB and CK 18

xpressions ( Fig. 6 ) and the increased glycogen synthesis or ICG

ngulfment ( Fig. 7 ). In fact, evidence indicates that HLCs are fa-

ored to repair liver injury [76–80] . We also found that HLCs are

ble to survive up to four weeks with better hepatocyte-like mor-

hology ( Fig. 8 E-G), smoother edges of liver tissue, thinner colla-

en fibrils, and much lower AST activity ( Fig. 8 H-K), which pro-

ote the turnover of CCl 4 -induced liver injury ( Fig. 8 ). Moreover,

t is likely that CS-activated HLCs presented the more crucial ef-

ects than control HLCs, since the former presented higher survival

ate ( Fig. 8 E-F), thinner collagen fibrils ( Fig. 8 I) and less AST activ-

ty ( Fig. 8 J) at four-week post-transplantation. These results imply

hat CS-activated HLCs exhibit defined hepatic functions and could

lay a potential role in repairing liver injury. 

. Conclusions 

Inorganic bioactive ions released from calcium silicate bioce-

amics enhance hepatic differentiation of hESCs in vitro . This en-

ancement is CS concentration- and order of addition-dependent.

igh CS concentration promotes DE differentiation immediately

hile low CS concentration directs DE differentiation at a later

tage. Adding low concentrations of CS extracts at the STEM

tage could enhance the capacity of hepatic differentiation, the

aturation of hepatocyte-like cells, and the turnover of fibrosis-

ike phenotype in mice. These results imply that soluble chemi-

al factors such as bioactive ions released from biomaterials are

ighly effective in obtaining functional hepatocytes from hESCs,

nd biomaterial-based strategies might present an effective ap-

roach for obtaining functional hepatocytes for liver injury repair

nd liver cell therapy. Future studies are required on improving

he maturity of CS-activated HLCs and testing their functionality

n liver injury repair with various injury models. 
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