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Human pluripotent stem cells (hPSCs) hold great promise for future applications in drug discovery and cell therapies. 
hPSC culture protocols require specific substrates and medium supplements to support cell expansion and lineage 
specific differentiation. The animal origin of these substrates is a severe limitation when considering the translation 
of hPSC derivatives to the clinic and in vitro disease modeling. The present study evaluates the use of a human pla-
centa-derived extracellular matrix (ECM) hydrogel, HuGentraⓇ, to support tri-lineage differentiation of human induced 
pluripotent stem cells (hiPSCs). Lineage-specific embryoid bodies (EBs) were plated onto three separate matrices, and 
differentiation efficiency was evaluated based on morphology, protein, and gene expression. HuGentra was found to 
support the differentiation of hiPSCs to all three germ layers: ectodermal, mesodermal, and endodermal lineages. 
hiPSCs differentiated into neurons, cardiomyocytes, and hepatocytes on HuGentra had similar morphology, protein, 
and gene expression compared to differentiation on Matrigel or other cell preferred matrices. HuGentra can be consid-
ered as a suitable human substrate for hiPSC differentiation.
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Introduction 

  Differentiated cell populations from hiPSCs requires 
highly optimized extracellular matrices and growth factors. 
Matrigel is a frequently used extracellular matrix (ECM) 
for differentiation and support of hiPSCs. It is able to pro-
vide high biologic activity due to its complex combination 

of laminin, collagen type IV, proteoglycans, and growth 
factors including transforming growth factor-β (TGF- β), 
fibroblast growth factor (FGF), epidermal growth factor 
(EGF), platelet-derived growth factor (PDGF), and in-
sulin-like growth factor (IGF) (1). 
  However, the disease and animal origin of Matrigel, cre-
ates concerns and complications when considering clinical 
applications of hiPSC-derived cells. Purified proteins such 
as gelatin and rat tail collagen are also used as ECMs for 
lineage and stage specific hiPSC differentiations (2-7). 
Similarly, animal origin remains a concern. Because of 
this regulatory hurdle, a human matrix is highly desirable 
for the production of hiPSC-derived cell populations. 
  Human ECMs have been demonstrated to be successful 
for the production of hiPSC-derived neural cells (8) and 
hepatocytes (9) individually. It has also been shown that 
human ECMs can induce tissue-specific differentiation of 
hiPSCs (10); however, no humanized matrix has been 
shown to support the differentiation of hiPSCs into all 
three lineages. hiPSC-derived cells originating from the 
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same supporting material may be primed to work in syn-
chrony for in vivo and in vitro applications. 
  We have produced an ECM derived from human pla-
centas, HuGentra. This matrix is rich in laminins, colla-
gens, fibronectin, glycoproteins, and stem cell-recruiting 
growth factors such as vascular endothelial growth factor 
(VEGF), hepatocyte growth factor (HGF), FGF, PDGF, 
IGF, and EGF (11). HuGentra has also been shown in vitro 
to support the proliferation and function of adipose de-
rived stem cells and a commercially available hiPSC-de-
rived cardiomyocyte cell line. In vivo it has been shown 
to have regenerative capacity as well (11). In this current 
study, HuGentra’s ability to support hiPSC differentiation 
into cell types of the three lineages is compared to 
Matrigel and lineage preferred matrices. 

Materials and Methods

hiPSC maintenance
  hiPSCs were maintained in feeder-free conditions on 
Matrigel with MEF conditioned medium. MEF conditioned 
medium was prepared by incubating complete medium 
DMEM/F12 supplemented with 20% KnockOut Serum 
Replacement (KSR), 1 mM MEM Non-Essential Amino 
Acid Solution (NEAA), and 2 mM L-Glutamine with irra-
diated CF1 mouse embryonic fibroblasts (Thermo Fisher 
Scientific, Waltham, MA). Media was collected and filter 
sterilized. MEF conditioned medium was supplemented 
with 40 ng/ml of recombinant human basic fibroblast 
growth factor (Rh-bFGF) (Thermo). hiPSC lines were 
generated from adult dermal fibroblasts and neonatal fore-
skin fibroblasts (Lifenet Health) according to manu-
facturer’s instructions using the Stemfect RNA Transfec-
tion Kit (StemGent, Cambridge, MA) and from osteoblasts 
(Lifenet Health) using the CytoTune-iPS Sendai Repro-
gramming Kit (Thermo). hiPSCs were fed daily and pas-
saged weekly using collagenase type IV (Thermo) in com-
bination with mechanical scraping. 

Vessel coating
  Matrigel (Corning, Corning New York) was diluted 1：30 
with cold DMEM/F12. Gelatin (Thermo) came in a ready 
to use 0.1% solution. Rat Tail Collagen 1 (Thermo) was 
prepared according to the manufacturer’s instructions. 
HuGentra was placed on ice at 4℃ until fully thawed, and 
a dilution of approximately 0.165 mg/ml was prepared in 
cold DMEM/F12. All matrices were incubated at 4℃  
overnight prior to use. 

hiPSC differentiation towards neural cells
  Prior to the neural differentiation, hiPSCs were cul-
tured with mTeSR1 (STEMCELL Technologies, Vancouver, 
Canada) on Matrigel for at least 2 passages as a pre-com-
mitment process (4). EBs were then formed by transfe-
rring the resulting hiPSC aggregates to a 6-well ultra-low 
attachment (ULA) plate (Corning) at a 1：1 seeding ratio. 
Cells were cultured in MEF conditioned medium supple-
mented with 1× B-27 and 8 ng/ml Rh-bFGF (Thermo). 
After a week in suspension, the formed EBs were trans-
ferred onto either Matrigel, gelatin, or HuGentra coated 
plates. 

hiPSC differentiation towards cardiomyocytes
  hiPSCs were cultured on Matrigel for one passage prior 
to starting the cardiomyocyte differentiation. EBs were for-
med as described above. The EBs were cultured for 7 days 
in MEF conditioned medium supplemented with 10 ng/ml 
BMP4 (Thermo), 10% FBS (Atlanta Biologicals, Flowery 
Branch, GA), 82 μg/ml ascorbic-2-phosphate (Sigma-Ald-
rich, St. Louis, MO), 10 ng/ml Activin A, and 25 ng/ml 
Wnt3a (R&D Systems, Minneapolis, MN). The EBs were 
then transferred onto either Matrigel, gelatin, or HuGentra 
coated plates. 

hiPSC differentiation towards hepatocytes 
  hiPSCs were cultured on Matrigel for one passage prior 
to starting the hepatocyte differentiation. EBs were 
formed as described above. The EBs were cultured for 7 
days in MEF conditioned medium supplemented with 
10% FBS and 100 ng/ml Activin A. The EBs were then 
transferred onto either Matrigel, Collagen 1, or HuGentra 
coated plates and cultured with hepatocyte medium con-
taining DMEM/F12, 1 mM NEAA, 1% Glutamax (Thermo), 
10% FBS, and 100 ng/ml Activin A. Seven days after EB at-
tachment to the matrices 100 nM dexamethasone, 20 ng/mL 
Oncostatin M (Sigma-Aldrich), and 20 ng/mL HGF (R&D 
Systems) were added to the media. 

Immunocytochemical analysis 
  hiPSCs were live-stained using StainAlive Tra-1-81 anti-
body (Stemgent, 1：100) for one hour at 37℃ . hiPSCs 
were rinsed once with 1× DPBS -Ca, -Mg (Thermo), and 
imaged in a DMEM-phenol free media (Thermo). Diffe-
rentiated cells were prepared according to manufacturer 
instructions using the Fixation and Permeabilization 
Solution Kit (BD BioSciences, San Jose, CA). Primary anti-
bodies were applied at 1：100 dilution overnight at 4℃: 
Beta-III Tubulin (Tuj-1, R&D Systems), Cardiac Troponin- 
T (cTnT, Abcam Cambridge, MA), Albumin (ALB, Abcam), 
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Fig. 1. Characterization of hiPSC lines and differentiation schematic. (a) Three hiPSC lines derived from adult dermal fibroblasts, neonatal 
foreskin fibroblasts, and adult human osteoblasts display the typical hiPSC morphology and stain for Tra-1-81. Representative images were 
taken 10×. (b) Each stage of differentiation is displayed with the respective media supplements used to induce that stage of the differentiation 
as indicated by the numbering. Representative images are shown of the three lineages during each stage of the differentiations. Representative 
images were taken 4×, 10×, and 20×.

and alpha fetal protien (AFP, Abcam). Secondary anti-
bodies (Thermo; 1：1,000) were applied at 4℃  for 1 hour. 
Cells were counterstained with DAPI (Vector Labs, 
Burlingame, CA; 1 ug/ml). Images were acquired on an 
EVOS FLc (Thermo). Images were processed and analyzed 
in ImageJ Ver. 1.52A.

Flow cytometry analysis
  Cells were fixed for one hour at 4℃ using a Fixation 
and Permeabilization Solution Kit (BD). Primary anti-
bodies were applied to fixed cells at 1：200 dilution: 
Tuj-1, A2B5, cTnT, nestin (NES, Abcam), AFP, hepato-
cyte nuclear factor 4 (HNF4, Abcam), and ALB. Secon-
dary antibodies were applied at 4℃ for 1 hour. Samples 
were run on a C6 flow cytometer (BD) and analyzed with 
CFlow Plus Software Ver. 1.0.227.4 (BD).

Gene expression
  RNA was isolated from cells lysed with TRIzol 
(Thermo) and purified with the RNeasy mini kit (Qiagen, 
Germantown, MD). cDNA was synthesized using the 
PrimeScript RT reagent Kit (Takara Bio, Shiga, Japan) ac-
cording to the manufacturer’s instructions. All qRT-PCR 

amplifications were carried out in 20 μl reactions using 
the QuantiNova SYBR Green RT-PCR kit (Qiagen) ac-
cording to the manufacturer’s instructions. The following 
custom primer sequences (5’-3’) were used: OLIG2 
(Forward TGGCTTCAAGTCATCCTCGTC, Reverse ATG 
GCGATGTTGAGGTCGTG), HNF4A (Forward CGAAGG 
TCAAGCTATGAGGACA, Reverse ATCTGCGATGCTG 
GCAATCT), ALB (Forward- TGCAACTCTTCGTGAAA 
CCTATG, Reverse ACATCAACCTCTGGTCTCACC), 
TNNT2 (Forward GGAGGAGTCCAAACCAAAGCC, Reverse 
TCAAAGTCCACTCTCTCTCCATC), and GAPDH (Forward 
GGTCACCAGGGCTGCTTTTA, Reverse -GGATCTCGC 
TCCTGGAAGATG). Data was normalized to the house-
keeping gene GAPDH. All reactions were carried out us-
ing the StepOnePlus Real-Time PCR System (Thermo). 
Data was analyzed using StepOneTM Software Ver. 2.3 
(Thermo) and the 2−C

T method.

Quantifying differentiated cardiomyocyte and 
hepatocyte colonies
  Attached EBs were counted one day post plating on 
Matrigel, Rat Tail Collagen I, or HuGentra. The number 
of EBs initially attached and EBs showing contractile 
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Fig. 2. Characterization of hiPSC-derived neurons on matrices. (a) The ectodermal lineage marker A2B5 was expressed at a frequency 
of 12%±2.3% by dissociated EBs. (b) A2B5 expression following differentiation on gelatin, Matrigel, or HuGentra. *p＜0.05 to hiPSCs 
differentiated on HuGentra versus Matrigel. Flow analysis for neuronal markers. (c) NES and (d) Tuj-1. (e) ICC of Tuj-1 and representative 
morphological images. Representative images were taken 20×. (f) The gene expression of OLIG2 in Matrigel and HuGentra normalized 
to expression on gelatin. Error bars represent standard deviation. *p＜0.05 to hiPSCs differentiated on gelatin. n≥3.

beating was recorded on day 35 of differentiation. Similarly, 
for the hepatocyte differentiation, the number of attached 
EBs and the number of attached EB colonies having char-
acteristic cuboidal hepatocyte morphology, nucleus to cy-
toplasm ratio, and clear boundaries were recorded on day 
35 of differentiation.

Statistical analysis
  Statistical significance was determined using a one way 
ANOVA with a post-hoc Tukey test for all quantitative da-
ta sets with 95% confidence and p＜0.05. All quantitative 
analysis was performed with 3 biologic replicates. All error 
bars denote standard deviation.

Results and Discussion

Generation of hiPSC-induced neurons, cardiomyoctes, 
and hepatocytes
  hiPSCs were derived from multiple types of primary hu-
man cells including neonatal foreskin fibroblasts, adult 
dermal fibroblasts, and adult osteoblasts. Prior to mul-

ti-lineage differentiation, hiPSCs were found to have char-
acteristic hiPSC colony formation with clear boundaries 
and small, round, single cells containing multiple nucleoli. 
To confirm morphology, ICC for undifferentiated pluri-
potent human stem cells was performed using Tra-1-81 
(Fig. 1a). As expected, hiPSCs batches showed clear ex-
pression of Tra-1-81. hiPSCs were differentiated in three 
stages to achieve target lineage (Fig. 1b). hiPSCs first were 
committed to a specific lineage during the formation of 
EBs. During stage two, attachment, outgrowth, and matu-
ration of EBs on various matrices occurred. Cells matured 
and expanded during stage three to complete differentia-
tion to target lineage.

hiPSC differentiation towards neurons 
  Prior to plating EBs on substrates, the efficiency of the 
ectodermal priming completed in stage one was assessed 
by expression of the neural progenitor marker A2B5 by 
flow cytometry. Primed EBs expressed A2B5 at a 12%±2.3% 
efficiency (Fig. 2a). Primed cells were then plated onto 
gelatin, Matrigel, or HuGentra for the maturation and ex-
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Fig. 3. Characterization of hiPSC-derived cardiomyocytes on matrices. (a) Following 14 days of differentiation, contracting colonies were 
found on all matrices as indicated by arrows. Representative images were taken 4×. (b) No significant differences in the frequency of 
the contracting colonies relative to the total attached colonies when quantitated on day 30. (c) After dissociation, the cells were assessed 
for expression cTnT via flow cytometry. The level of cTnT was similar between all three matrices. (d) cTnT expression was confirmed 
with ICC on the three matrices. Representative images were taken 20×. (e) Relative gene expression of the mature cardiac marker, TNNT2, 
was also shown and normalized to expression of gelatin. Error bars represent standard deviation. n≥3.

pansion of the hiPSCs into neural cells. At the completion 
of the differentiation, hiPSCs on HuGentra (70.6%±7.8%) 
had significantly more A2B5 positive cells than the hiPSCs 
differentiated on the Matrigel (51.0%±7.5%) (*p＜0.05). 
Gelatin (64.8%±7.6%) showed increased expression com-
pared to Matrigel; however, it was not significant (Fig. 
2b). The neural markers NES (Fig. 2c) and Tuj-1 (Fig. 
2d) were expressed at similar levels on all substrates with 
no significant differences. ICC of Tuj-1 showed character-
istic microtubule staining along the neuron (Fig. 2e). 
Expression of the neuroectodermal progenitor marker oli-
godendrocyte transcription factor 2 (OLIG2) was sig-
nificantly increased in cells differentiated on Matrigel and 
HuGentra compared to gelatin with a 4.2±1.7 and 4.0±1.3 
fold change respectively (*p＜0.05) (Fig. 2f).

hiPSC differentiation towards cardiomyocytes
  EBs primed towards the mesoderm lineage were plated 
onto gelatin, Matrigel, or HuGentra for the maturation 

and expansion of cardiomyocytes (Fig. 3). Proliferating 
colonies on all matrices began to contract by day 14 (see 
arrows) of differentiation start (Fig. 3a). The percentage 
of beating colonies on gelatin (22.1±10.8), Matrigel (19.4± 
6.8), and HuGentra (22.9±7.9) showed no significant dif-
ferences (Fig. 3b). To determine the efficiency of car-
diomyocyte differentiation, the mature cardiac marker, 
cTnT was analyzed by flow cytometry (Fig. 3c). Expression 
of cTnT on gelatin (54.4%±3.8%), Matrigel (62.0%± 
4.2%), and HuGentra (57.9%±3.9%) showed no signifi-
cant differences. Further analysis of the cell population by 
ICC indicated the characteristic striated pattern of cTnT 
on all three matrices (Fig. 3d). Expression of the gene en-
coding cTnT, TNNT2, was analyzed (Fig. 3e). No sig-
nificant differences in TNNT2 expression was seen be-
tween HuGentra and Matrigel compared to gelatin with 
a 1.2±0.11 and 0.85±0.19 fold change respectively. 
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Fig. 4. Characterization of hiPSC-derived hepatocytes on matrices. (a) The frequency of the attached EBs and the resulting colonies were 
observed and recorded as containing the morphology of hepatic cells. Representative images were taken 10× (top row) and 20× (bottom 
row). (b) A representative plate with labeled hepatic colonies in white and non-hepatic colonies in red. (c) The percentage of EBs containing 
the characteristic morphology were calculated as a percentage of the total attached EBs. (d) Quantification of ALB, HNF4, and AFP on 
the dissociated cells via flow cytometry showed no significant differences in expression efficiencies across the three matrices. (e) ICC analysis 
for ALB and AFP was shown on differentiated hepatic like cells. Representative images were taken 10×. (f) Gene expression of HNF4
and ALB on Collagen I and HuGentra normalized to expression on Matrigel. Error bars represent standard deviation. *p＜0.05 to hiPSCs 
differentiated on Matrigel. n≥3.

hiPSC differentiation towards hepatocytes
  EBs primed towards the endoderm lineage were plated 
onto Collagen I, Matrigel, or HuGentra for the maturation 
and expansion of hepatocytes (Fig. 4). Characteristic hep-
atic morphology, polygonal shapes with large round nu-
clear envelopes, and a large nucleus to cytoplasm ratio 
were observed on all matrices (Fig. 4a). Following attach-
ment, EBs were identified and counted on each matrix 
(Fig. 4b). The quantity of hepatic like colonies present 
surrounding each attached EB was quantitated on day 35 
of the differentiation. Collagen I (68%±12%), Matrigel 
(60%±23%), and HuGentra (75%±25%) showed no sig-
nificant differences of hepatic colony formation (Fig. 4c). 
Flow cytometry marker expression of ALB (Matrigel 79.9%± 
2.9%, Collagen 1 80.5%±2.1%, HuGentra 82.3%±3.9%), 
HNF4 (Matrigel 38.6%±11.3%, Collagen 1 35.2%±7.2%, 
HuGentra 37.9%±10.3%), and AFP (Matrigel 22.7%±2%, 
Collagen 1 23.1%±11.6%, HuGentra 22.9%±6.4%) was 
performed. No significant differences were seen (Fig. 4d). 

The presence of ALB and AFP were further verified by 
ICC (Fig. 4e). No visible differences of expression were 
seen between the matrices. HNF4 and ALB levels were 
further substantiated by the relative gene expression of the 
cells differentiated on Collagen 1 and HuGentra relative 
to the expression level on Matrigel (Fig. 4f). HNF4 ex-
pression was significantly higher in cells differentiated on 
HuGentra and Collagen 1 compared to cells differentiated 
on Matrigel. ALB expression was significantly higher in 
cells differentiated on Collagen 1 compared to cells differ-
entiated on Matrigel (*p＜0.05).
  In conclusion, the present study demonstrates that 
HuGentra may serve as a suitable human ECM substitute 
for hiPSCs differentiation into the three representative 
lineage cell types of neurons, cardiomyocytes, and hep-
atocytes when compared to Matrigel or the lineage pre-
ferred substrate. Cells differentiated on HuGentra showed 
similar morphologic characteristics, marker expression, 
and gene expression as cells differentiated on Matrigel. 
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HuGentra complements a humanized culture system re-
quiring a growth substrate, enabling the use of hiPSCs for 
regenerative medicine in the future. Additionally, HuGentra 
may become a valuable tool in the development of hiPSC 
derived in vitro screening platforms.
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