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Methylcellulose as a scaffold in the 
culture of liver-organoids for the 
potential of treating acute liver failure
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Valeria Iansante, Emer Fitzpatrick, Celine Filippi, 
Maesha Deheragoda, David Hay & Anil Dhawan

Much progress has been made in understanding the development of hu-
man organs through advanced cellular and molecular techniques. Acute 
liver failure (ALF) in children is a life-threatening condition that relies on 
liver or hepatocyte transplantation. The translation of novel regenera-
tive medicine strategies for the treatment of ALF is however somewhat 
limited. Here, we show that in vitro liver-organoids derived from human 
umbilical cord derived mesenchymal stem cells and human cadaveric 
donor-derived hepatocytes, cultured in a clinically appropriate manner, 
exhibit liver function. We obtained organoids that varied in size and mor-
phology which produced albumin, and detoxified ammonium chloride 
into urea. Immunohistochemistry of these organoids revealed hepato-
cyte specific, non-parenchymal markers and histological organisation. 
Our in vitro findings indicate that these organoids may be a useful bridge 
in ALF while awaiting liver recovery or transplant. The organoid culture 
system we have established here is also well suited to drug screening and 
disease modeling.
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INTRODUCTION

There have been significant con-
ceptual and practical advances 
with regards to regenerative med-
icine for the treatment of disease. 
This has ranged from the classic 
use of embryonic stem cells, their 
culture and ability to differentiate 
into practically any cells of the 
body, to reprogramming of fully 
differentiated cells into an embry-
onic state followed by differentia-
tion to a chosen cell type, which 
is now mainstream research [1]. 
These now significantly impact not 
only on treating disease but the po-
tential for modelling disease in cul-
ture dishes that was previously not 
possible. The development of liver 
has been of prominent interest, 
as liver disease is the fifth biggest 
cause of deaths in the UK.

Acute liver failure (ALF) in chil-
dren is a life-threatening condition. 
The prognosis of ALF is generally 
poor and medical intervention re-
lies on a liver [2,3] or hepatocyte 
[4,5] transplantation if the native 
liver is unable to recover. The major 
limitation of the technique today 
is the availability of donor organs. 
Many patients who might benefit 
from a transplant die before a suit-
able organ can be found. Whilst 
much progress has been made in 
the study and understanding of 
the biology of liver [6], there have 
been limited clinical advancements 
in the treatment of ALF utilizing 
novel regenerative techniques, 
such as the use of embryonic stem 
cell techniques to induced pluripo-
tent stem cell-derived hepatocytes. 
Human biocompatible scaffolds 
to grow liver type/functional cells 
is ever increasing. The main chal-
lenges in translating advances in 
basic science of cell therapy into 

the clinic has been determining 
the best route of delivery, the rap-
id elimination of transplanted cells 
by the recipient, poor engraftment 
and proliferation of transplanted 
cells within the liver [7].  

Stem cell-based technologies 
have been extensively researched 
in vitro and in vivo. Mesenchy-
mal stem/stromal cells (MSCs) 
are a population of immature cells 
that can give rise to more mature 
cell types such as adipogenic, os-
teogenic and chondrogenic cells. 
These cells can be easily cultured 
from adult bone marrow and full-
term umbilical cord (blood or the 
Wharton’s jelly). MSCs have also 
been isolated from muscle con-
nective tissue, adipose tissue and 
in some circumstances peripheral 
blood. Culture protocols usually 
include direct plastic adherence 
or enrichment by CD marker se-
lection. The well-established char-
acteristics of MSCs, have been the 
basis of the extensive use in clini-
cal applications. MSCs have been 
used in the treatment of liver dis-
ease with varying results [8]. 

Tissue engineering strategies 
for regenerative medicine are yet 
another avenue of great advance-
ment. Novel scaffolds-engineered 
[9], naturally occurring [10] or syn-
thetic material [11] are under ex-
tensive scrutiny. There is an unmet 
need to use novel organoid-based 
strategies that is suitable for trans-
plantation in ALF until the patient 
receives a liver transplant or the 
native liver recovers. As such, we 
proposed to exploit novel organ-
oid-strategies as a means for clin-
ical application. Here we hypothe-
sized that using methylcellulose as 
a scaffold to obtain liver-organoids 
maybe a useful approach towards 
clinical use.
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RESULTS
Establishment of organoids 
in matrigel

Our initial strategy to develop liver 
organoids, stems from the seminal 
research of Takebe and colleagues 
[12]. Whilst Takebe et al. used 
human induced pluripotent stem 
cell (hiPSC) derived hepatocytes, 
MSCs and human umbilical vein 
endothelial cells (HUVECS) cul-
tured in matrigel with a host of fac-
tors to obtain organoids, we used 
adult hepatocytes from cadaveric 
donors and MSCs cultured in se-
rum free matrigel. Organoids were 
analyzed after 14 days in culture 
(Figure S1A). Confocal imaging of 
these organoids revealed strong 
expression of hepatocyte markers 
(Figure S1B). Our rationale for the 
ratio of cells to be cultured was 
based on our previous experience 
of a 2-D co-culture system of he-
patocytes and MSCs, which result-
ed in improved hepatocyte func-
tion [13]. We tested four different 
ratios of hepatocytes cultured with 
MSCs. Albumin production and 
ability to metabolise ammonium 
chloride to urea were used as func-
tional readouts of the resulting or-
ganoids after two weeks in culture. 
Hepatocytes and MSC cultured 
in a two to one ratio respectively, 
gave rise to the highest albumin 
production (Figure S2A). Interest-
ingly, the urea production was the 
highest when using a one to one 
ratio (Figure S2B). When using a 
two to one ratio of cultured cells, 
these organoids produced albumin 
over a period of 2 weeks, peaking 
from day 10 onwards (Figure S3A). 
These organoids were also able to 
metabolise ammonium chloride to 
produce urea from day 4 peaking 
at day 14 as well (Figure S3B).

Establishing organoids using 
methylcellulose as a scaffold

Matrigel whilst proving to be an 
excellent scaffold for studying and 
understanding basic biology of or-
gan development, its clinical appli-
cation is somewhat restricted as it is 
a gelatinous substance derived from 
Engelbreth-Holm-Swarm (EHS) 
mouse sarcoma cells. Therefore, 
we hypothesized that substituting 
matrigel with methylcellulose as a 
scaffold for the growth of organoids 
might be a useful approach to using 
organoids for future clinical appli-
cation (Figure S4). Having studied 
the composition of growth factors 
present in matrigel (Corning), we 
tested the effects of transforming 
growth factor-β (TGF-β), hepato-
cyte growth factor (HGF) and 
epidermal growth factor (EGF); 
individually and in combination, 
in methylcellulose for the ability 
to produce organoids. A two-part 
hepatocyte to one-part MSC ra-
tio were maintained and cultured 
in the presence of methylcellulose 
and growth factors in non-tissue 
culture 6-well plates. When we cul-
tured MSC and hepatocytes with a 
single cytokine only, no organoids 
formed (Figure 1A) 14 days into 
culture. However, the combination 
of TGF-β and EGF growth factor 
gave rise to organoids of varying 
sizes  (50–600μm) (Figure 1B). Sur-
prisingly, the addition of all three 
growth factors in culture yielded or-
ganoids that weren’t as big in com-
parison to organoids from TGF-β 
and EGF growth factor combina-
tion (Figure 1C). The combination 
of TGF-β and EGF growth factor 
(Figure 1B) cultured organoids were 
macroscopic after 14 days in cul-
ture, varying in shapes and sizes 
(Figure 1D).
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 f FIGURE 1
Morphology of organoids grown in methylcellulose.

(A) Left hand panel: hepatocytes and MSCs cultured in a 2:1 ratio respectively in EGF only; right hand panel: as in left hand panel 
but at higher magnification. No organoid formation was observed after 14 days in culture. Scale bar = 100 micron. (B) Left hand 
panel: organoids obtained from hepatocytes and MSCs cultured in a 2:1 ratio respectively in EGF and TGF-β; right hand panel: as 
in left hand panel but at higher magnification. Organoids formation was observed after 14 days from culture initiation Scale bar = 
100 micron. (C) Left hand panel: organoids obtained from hepatocytes and MSCs cultured in a 2:1 ratio respectively in EGF, HGF 
and TGF-β; right hand panel: as in left hand panel but at higher magnification. Organoids formation was observed after 14 days from 
culture initiation, however morphologically not the same as in B. Scale bar = 100 micron. (D) Organoids grown in non-tissue culture 
treated 6-well plates. After 2 weeks in culture many were macroscopic and heterogenous in shape. Scale bar = 200 micron. 
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Liver function activities 
of organoids cultured in 
methylcellulose

We next tested the ability of organ-
oids to produce albumin and detoxi-
fy ammonium chloride, in optimally 
cultured in the conditions. We com-
pared these conditions, to that of or-
ganoids obtained using matrigel as a 
reference point. Albumin production 
was highest from organoids derived 
from cultures containing TGF-β and 
EGF (Figure 2A). Again, surprisingly, 
organoids derived from the culture in 
all three growth factors, yielded the 
least amount albumin production. 
This pattern of albumin production 
co-related with the morphology of 
organoids obtained as above. When 
organoids were assayed for the abil-
ity to detoxify ammonium chloride 
to urea, a similar pattern was ob-
served. Urea production was highest 
from organoids derived from the cul-
ture containing TGF-β and EGF in 
comparison to the organoids derived 
from all three growth factors (Figure 
2B). A similar co-relation of function 
to morphology was observed.

Histological & biochemical 
properties of organoids de-
rived from methylcellulose

Having established the function-
ality of these organoids, we then 
analysed the histology of these op-
timally cultured organoids. These 
organoids expressed hepatocyte 
specific marker, OCH1E5 and; bil-
iary marker, cytokeratin 7 (Figure 
3B) and Control H&E section (Fig-
ure 3A) indicating that cells of both 
hepatocyte and biliary lineages were 
present in the organoids. These or-
ganoids also expressed Cytokera-
tin 19 (Figure 3B, left  and middle 

panels). Furthermore, confocal, 
microscopy also revealed CD31 
expression in these organoids sug-
gesting endothelial cell formation 
(Figure 3C).

Finally, we assessed the ability 
of organoids to conjugate biliru-
bin. Albeit relatively lower levels 
compared to the HepG-2 cell line, 
these organoids could conjugate 
bilirubin (Figure 4A). Strikingly, 
we found the expression of MRP-
2 in these organoids, suggesting an 
attempt at organisation of the he-
patocytes into a lobule (Figure 4B, 
middle panel) and compellingly, 
bile staining as shown in a Fouchet 
stain (Figure 4C).

DISCUSSION
In this study, we show that meth-
ylcellulose, an inert semi-solid me-
dia, could be utilized as a scaffold 
to establish liver-organoids that re-
semble liver structure and function. 
The results we obtained here are 
comparable to that of using matri-
gel as a scaffold. There was also a 
good correlation of the morpholo-
gy of organoids obtained to func-
tional activity. Albeit the lowered 
functional activities (albumin and 
urea production) using methylcel-
lulose as opposed to matrigel, the 
suitability of using methylcellulose 
towards clinical grade expansion 
of organoids is highly compelling. 
Further optimization and scal-
ing up of the process is under-
way. Methylcellulose is a synthetic 
chemical product derived from 
cellulose. Cellulose is heated with 
sodium hydroxide and the result-
ing substitution of hydroxyl resi-
dues on cellulose are replaced with 
methoxide [14]. Methylcellulose is 
used in a wide array of applications 
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 f FIGURE 2
Albumin secretion and urea production from organoids.

Albumin secretion from organoids was measured by ELISA method. (A) Albumin production from organoids cultured in Matrigel 
(as a base line) was compared to that which was cultured in methylcellulose. The combination of TGF-β and EGF growth factors in 
methylcelluose yielded the highest amounts of albumin production compared to other cytokine combinations in methycellulose (n 
= 3 independent experiments, each performed in triplicate). (B) Urea production of similar organoids were measured by colorimetric 
means. Here too the combination of TGF-β and EGF growth factors yielded the highest amounts of urea production compared to 
other cytokine combinations in methylcellulose (n = 3 independent experiments, each performed in triplicate).
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in industry and in the clinic. It is a 
well-known agent for the treatment 
of constipation [15] and its deriva-
tives can be used as artificial tears 
[16,17] or saliva. In the laboratory, 
methylcellulose has long been used 
as a scaffold for the development 
of colony forming cells from hae-
matopoietic stem/progenitor cells 
and is a good support for studying 
stem cell proliferation and differen-
tiation [18–20]. As such, it should 
be relatively easy to implement a 

clinical grade strategy using meth-
ylcellulose as a scaffold to obtain 
liver-organoids.

A further advantage to using 
methylcellulose as a scaffold is the 
flexibility to assess the effects of dif-
ferent growth factors, tailor-made 
chemicals or synthetic combina-
tions on organoid formation. We 
found that the use of EGF and 
TGF-β together were crucial in 
establishing organoids. EGF is 
a member of the tyrosine kinase 

 f FIGURE 3
Immunohistochemical profile of organoids.

Immunohistochemistry was performed to characterize organoids. (A) Organoids stained by H&E (left hand panel), and organoids 
expressing hepatocyte (Orange arrow) and biliary marker (blue arrow)(right hand panel). (B) Organoids expressing CK-19 (left and 
middle panel) and control H&E stained sections of a liver biopsy (right hand panel). (C) Organoids expressing CD31 (green) and 
nuclear stained DAPI (blue).
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 f FIGURE 4
Organoids exhibiting biliary function.

(A) Organoids were able to conjugate bile as in control cells, as measured biochemically. (B) Immunohistochemistry confirmed this 
as organoids stained positively for MRP-2 antibody (middle panel), H&E left panel and control tissue (right panel) thus suggesting 
structure formation. (C) Fouchet staining of organoids showing bile stain, indicating the presence of conjugated bile.
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receptor family [21] and is import-
ant in the upregulation of MAP 
kinase signalling pathway leading 
to DNA synthesis and cell prolif-
eration [22]. TGF-β on the other 
hand is a growth factor known to 
induce apoptosis in lymphocytes 
and hepatocytes in mice [23]. It is 
also thought to stop proliferation 
and induce differentiation in stem 
cells [24]. It is intriguing that the 
synergistic effect of EGF and TGF-
βin our experiments was necessary 
for the formation of organoids, to 
which the exact mechanism of or-
ganoid development remains to be 
determined. The simplicity of this 
system means that it can also be 
scaled up for drug screening and 
cell signalling experiments as well. 

We and others have previously 
shown that hepatocytes isolated 
from a donor liver, can be used to 
treat children with ALF effective-
ly [25–27]. Further improvements 
to hepatocyte transplantation has 
been the method of encapsulating 
hepatocytes with alginate beads 
[28,29]. This encapsulating method 
eliminates the need for immuno-
suppressing drugs that are routinely 
used in liver or non-encapsulated 
hepatocyte transplantation. Such 
alginate encapsulated human he-
patocyte transplants in humans 
although not necessarily curative, 
have shown to be useful as a bridge 
to native liver recovery or until a 
suitable donor liver is found [Anil 
Dhawan, Personal Communication/
Unpublished Data].

Recently, bio-fabrication tech-
niques have been developed using 
3D plotting with methylcellulose 
and alginate. MSCs cultured in these 
3D scaffolds retained viability and 
differentiation properties [30,31]. 
Taken together, it is highly conceiv-
able to be able to establish organoids 

in methylcellulose, as done here and 
then encapsulating the resulting or-
ganoids in alginate-methylcellulose 
3D scaffolds [32]. Such a strategy 
should be highly applicable in the 
treatment of ALF. 

METHODS 

Hepatocyte & MSC isolation

Primary hepatocyte isolation and 
research activities were ethically ap-
proved via the National Research 
Ethics Service (King’s College Hos-
pital local research ethics committee; 
LREC 01-016). Organs were donat-
ed through the National Health Ser-
vice Blood and Transplant (NHSBT) 
and offered for hepatocyte transplan-
tation and/or research following de-
cline for solid organ transplantation. 
Hepatocytes were derived from do-
nor as previously described [33]. All 
hepatocyte isolation procedures were 
performed to Good Manufacturing 
Practises (GMP) standards (Cell 
Therapy Unit, King’s College Hospi-
tal) and governed by the Human Tis-
sue Authority for the storage, clinical 
and research use of these cells. Brief-
ly, surgically obtained split liver lobes 
were weighed and cannulated [26]. 
This was followed a by an in-house 
modified collagenase perfusion step, 
followed by a perfusion to inactivate 
the collagenase. Perfused liver lobes 
were then macerated using scissors 
and forceps and filtered through 
gauze until clumps had reduced. He-
patocytes were obtained by centrifu-
gation at 50g, where the hepatocyte 
fraction was collected from the cell 
pellet. Cell number and viability was 
determined by trypan blue exclu-
sion. Cells were frozen in cryovials 
(research use) and cryobags (clinical 
use), using a controlled rate freezer 
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and stored at -180°C vapour phase 
nitrogen freezers. 

MSCs were isolated from Whar-
ton’s jelly (WJ) of umbilical cords 
obtained following caesarean sec-
tion deliveries at King’s College 
Hospital. These umbilical cords 
were procured via the Anthony 
Nolan Trust, according to King’s 
College Hospital Institutional 
guidelines. MSCs were isolated 
at research laboratory grade stan-
dards. Briefly, cords were collected 
in PBS containing 40μg/ml of gen-
tamicin [34]. Cords were cut into 
sections to expose the WJ, which 
was minced into fine pieces (1–3 
mm2). The explants were placed in 
sterile petri dishes and immersed 
with MSC culture medium, con-
sisting of MEM a (Life Technol-
ogies), 5% Stemulate (Cook Re-
gentec), 40μg/ml of gentamicin 
and allowed to adhere for up to 5 
minutes. Cord samples were then 
incubated at 37°C, 5% CO2 in at-
mosphere and half medium replen-
ished every 3–6 days. Gentamicin 
was used in the MSC medium for 
the first 1–2 weeks of culture and 
then replaced by penicillin/strepto-
mycin (100 units/ml and 100 μg/
ml, respectively). Once cell cultures 
were established, they were expand-
ed, quality controlled and cryopre-
served. Cells were positive for MSC 
markers (i.e., CD73, CD90 and 
CD105; expression higher than 
75%) and negative for hematopoi-
etic markers (i.e., CD14, CD34 
and CD45; expression lower than 
2%) by flow cytometry.

Organoid formation

The initial establishment of liver 
organoids was adapted from Takebe 
et al. Briefly, hepatocytes and MSC 

were thawed and cultured in round 
bottom non-tissue culture treated 
96 well plates. The culture media 
consisted of DMEM/F12 high 
glucose (Gibco) as the basal me-
dia supplemented with N2 (Gib-
co) and B27 (Gibco) supplements, 
Penicillin and Streptomycin and 
L-glutamine. Matrigel (Corning) 
was added to a final concentration 
of 1%. The initial ratio of hepato-
cytes to MSC was 1:1 and 105 cells 
in 200 μl total volume used. Plates 
were incubated at 37°C, 5% CO2 
in atmosphere. Different cell ratios 
were investigated. Plates were cul-
tured for 2 weeks and monitored 
daily for the growth of organoids.

Having established the system 
in Matrigel, methylcellulose (Bio-
Techne) was substituted as a scaf-
fold. We also scaled up the process 
into non-tissue culture treated six 
well plates, omitting the use of 
Penicillin and Streptomycin. Meth-
ylcellulose was added to a similar 
culture media as above to a final 
concentration of 1.2%. 10ng/ml fi-
nal concentration of TGF-β, HGF 
and EGF (all from BioTechne) was 
used in cultures, either individually 
and/or in combination. Plates were 
incubated at 37°C in 5% CO2 in 
atmosphere. Plates were cultured 
for 2 weeks and monitored daily for 
the growth of organoids.

Albumin assay 

Albumin secretion from organoids 
were measured by a standard ELI-
SA protocol as previously described 
[13]. Briefly, organoids were trans-
ferred to fresh plates and incubated 
with media (less the scaffold) for 8 
to 18 hours, and media was then 
removed and stored at -20°C until 
the assay. 
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Urea assay

Urea assay was performed according 
to previously established methods 
[13]. Again, organoids were trans-
ferred to new plates and incubated 
with media (less scaffold) in the pres-
ence of 4mM Ammonium Chloride. 
Urea production in the media was 
measured 6 hours later using Quan-
tiChrome Urea Assay Kit (BioAssay 
Systems, Cambridge, UK).

Bile conjugation assay

Total and conjugated bile was de-
termined by using a bilirubin assay 
kit from Sigma. One μM unconju-
gated bilirubin was used to spike 
organoids. This assay is based on 
the Jendrassik-Grof method which 
utilizes the reaction of bilirubin 
with diazotized sulfonic acid result-
ing in a colorimetric product mea-
sured at 530 nm, proportionate to 
the bilirubin present in the sample. 

Histology

Developing and established or-
ganoids were fixed in 4% parafor-
maldehyde. Fixed organoids were 
embedded in 2.5% agarose. The 
set agarose-organoid material was 
then routinely processed. Five-mi-
cron thin paraffin embedded sec-
tions were placed on poly-lysine 
coated slides. Standard immuno-
histochemistry protocols were em-
ployed. Details of antibodies used 
in Table S1. All immune-stained 
sections were counter stained with 
Haematoxylin and permanently 
mounted.

Confocal microscopy was per-
formed on live organoids mildly 
permeabilised with 0.01% triton-x 

in PBS. Organoids were then 
stained with respective antibodies 
(Table S1), washed twice in PBS and 
mounted onto glass slides. Confo-
cal microscopy was performed on a 
Leica SP5 microscope.

ACKNOWLEDGEMENTS

We would like to thank Ms Shirin E 
Khorsandi for reading the manuscript. 
The authors would also like to thank Mr 
Simon Walker (MSC and hepatocyte iso-
lation), Dr Charlotte Lee and Dr Raquel 
Fernandez-Dacosta for help with hepato-
cyte isolations. Our gratitude also goes 
to all the families of the liver donors for 
consenting  to the use of tissue for research 
and the liver transplant coordinators at 
King’s College Hospital London for their 
tireless work. This work was funded by 
the Medical Research Council, UK un-
der the UK Regenerative Medicine Pro-
gramme-II; Stem Cells and the Niche. 
Ms Simona Asan, a research student in-
volved in the project passed away shortly 
before drafting the paper and this work is 
dedicated in her memory.

AUTHOR CONTRIBUTIONS

Anil Chandrashekran, Anil Dhawan 
conceived and designed experiments; Anil 
Chandrashekran, Tharindu Premachan-
dra, Chris Starling performed experi-
ments; Anil Chandrashekran, Maesha 
Deheragoda, Anil Dhawan analyzed and 
interpreted data; Sharon Lehec, Ragai R 
Mitry, Celine Filippi,  Valeria Iansante, 
Anil Chandrashekran for GMP hepato-
cyte isolation; Valeria Iansante responsi-
ble for MSC isolation; SB, Emer Fitz-
patrick obtained and provided clinical 
samples; Ragai R Mitry, Celine Filippi, 
David Hay provided useful discussion, 
insight and support. Anil Chandrashek-
ran, Anil Dhawan wrote the paper. 

This work is licensed under 

a Creative Commons Attri-

bution – NonCommercial – NoDerivatives 4.0 

International License



CELL & GENE THERAPY INSIGHTS 

DOI: 10.18609/cgti.2018.1111098

FINANCIAL & COMPETING  
INTERESTS DISCLOSURE

The authors have no relevant financial 
involvement with an organization 
or entity with a financial interest in 
or financial conflict with the subject 

matter or materials discussed in the 
manuscript. This includes employment, 
consultancies, honoraria, stock options 
or ownership, expert testimony, grants or 
patents received or pending, or royalties. 
No writing assistance was utilized in the 
production of this manuscript.

REFERENCES
1. Daley GQ. Stem cells and the evolv-

ing notion of cellular identity. Philos. 
Trans. R Soc. Lond. B Biol. Sci. 2015; 
370(1680): 20140376.

2. Rela M, Vougas V, Muiesan P et al. 
Split liver transplantation: King’s Col-
lege Hospital experience. Ann. Surg. 
1998; 227(2): 282–8.

3. Bonatti H, Muiesan P, Connolly S et 
al. Liver transplantation for acute liv-
er failure in children under 1 year of 
age. Transplant. Proc. 1997; 29(1-2): 
434–5.

4. Strom SC, Fisher RA, Thompson MT 
et al. Hepatocyte transplantation as a 
bridge to orthotopic liver transplan-
tation in terminal liver failure. Trans-
plantation 1997; 63(4): 559–69.

5. Bilir BM, Guinette D, Karrer F et al. 
Hepatocyte transplantation in acute 
liver failure. Liver Transpl. 2000; 6(1): 
32–40.

6. Best J, Manka P, Syn WK, Dolle L, 
van Grunsven LA, Canbay A. Role of 
liver progenitors in liver regeneration. 
Hepatobiliary Surg. Nutr. 2015; 4(1): 
48–58.

7. Dhawan A, Puppi J, Hughes RD, Mi-
try RR. Human hepatocyte transplan-
tation: current experience and future 
challenges. Nat. Rev. Gastroenterol. 
Hepatol. 2010; 7(5): 288–98.

8. Iansante V, Chandrashekran A, Dha-
wan A. Cell-based liver therapies: 

past, present and future. Philos. 
Trans. R Soc. Lond, B Biol. Sci. 2018; 
373(1750).

9. Ghaedi M, Soleimani M, Shabani I, 
Duan Y, Lotfi AS. Hepatic differen-
tiation from human mesenchymal 
stem cells on a novel nanofiber scaf-
fold. Cell Mol. Biol. Lett. 2012; 17(1): 
89–106.

10. Maghsoudlou P, Georgiades F, Smith 
H et al. Optimization of Liver Decel-
lularization Maintains Extracellular 
Matrix Micro-Architecture and Com-
position Predisposing to Effective 
Cell Seeding. PLoS One 2016; 11(5): 
e0155324.

11. Kelly CN, Miller AT, Hollister SJ, 
Guldberg RE, Gall K. Design and 
Structure-Function Characterization 
of 3D Printed Synthetic Porous Bio-
materials for Tissue Engineering. Adv. 
Healthc. Mater. 2017.

12. Takebe T, Sekine K, Enomura M et al. 
Vascularized and functional human 
liver from an iPSC-derived organ bud 
transplant. Nature 2013; 499(7459): 
481–4.

13. Fitzpatrick E, Wu Y, Dhadda P et al. 
Coculture with mesenchymal stem 
cells results in improved viability and 
function of human hepatocytes. Cell 
Transplant. 2015; 24(1): 73–83.

14. Nasatto PL, Pignon F, Silveira JLM, 
Duarte MER, Noseda MD, Rinaudo 

M. Methylcellulose, a Cellulose De-
rivative with Original Physical Prop-
erties and Extended Applications. 
Polymers 2015; 7(5): 777–803.

15. Snape WJ Jr. The effect of methylcel-
lulose on symptoms of constipation. 
Clin. Ther. 1989; 11(5): 572–9.

16. Yusufu M, Liu X, Zheng T, Fan F, Xu 
J, Luo Y. Hydroxypropyl methylcellu-
lose 2% for dry eye prevention during 
phacoemulsification in senile and dia-
betic patients. Int. Ophthalmol. 2017.

17. Safarzadeh M, Azizzadeh P, Akbarsha-
hi P. Comparison of the clinical effi-
cacy of preserved and preservative-free 
hydroxypropyl methylcellulose-dex-
tran-containing eyedrops. J. Optom. 
2017; 10(4): 258–64.

18. Chandrashekran A, Gordon MY, 
Casimir C. Targeted retroviral trans-
duction of c-kit+ hematopoietic cells 
using novel ligand display technology. 
Blood 2004; 104(9): 2697–703.

19. Lewis JL, Chinswangwatanakul W, 
Zheng B et al. The influence of INK4 
proteins on growth and self-renewal 
kinetics of hematopoietic progenitor 
cells. Blood 2001; 97(9): 2604–10.

20. Eaves CJ, Sutherland HJ, Udomsak-
di C et al. The human hematopoietic 
stem cell in vitro and in vivo. Blood 
Cells 1992; 18(2): 301–7.

21. Herbst RS. Review of epidermal 
growth factor receptor biology. Int. J. 



RESEARCH ARTICLE 

  1099Cell & Gene Therapy Insights - ISSN: 2059-7800  

Radiat. Oncol. Biol. Phys. 2004; 59(2 
Suppl.): 21–6.

22. Oda K, Matsuoka Y, Funahashi A, 
Kitano H. A comprehensive pathway 
map of epidermal growth factor re-
ceptor signaling. Mol. Syst. Biol. 2005; 
1: 2005 0010.

23. Kulkarni AB, Huh CG, Becker D et 
al. Transforming growth factor beta 
1 null mutation in mice causes ex-
cessive inflammatory response and 
early death. Proc. Natl Acad. Sci. USA 
1993; 90(2): 770–4.

24. Massague J, Xi Q. TGF-beta control 
of stem cell differentiation genes. 
FEBS Lett. 2012; 586(14): 1953–8.

25. Bartlett A, Vara R, Muiesan P et al. 
A single center experience of donation 
after cardiac death liver transplanta-
tion in pediatric recipients. Pediatr. 
Transplant. 2010; 14(3): 388–92.

26. Mitry RR, Dhawan A, Hughes RD 
et al. One liver, three recipients: seg-
ment IV from split-liver procedures as 
a source of hepatocytes for cell trans-
plantation. Transplantation 2004; 
77(10): 1614–6.

27. Iansante V, Mitry RR, Filippi C, 
Fitzpatrick E, Dhawan A. Human 
hepatocyte transplantation for liver 
disease: current status and future per-
spectives. Pediatr. Res. 2017.

28. Jitraruch S, Dhawan A, Hughes RD 
et al. Alginate microencapsulated he-
patocytes optimised for transplanta-
tion in acute liver failure. PLoS One 
2014; 9(12): e113609.

29. Mitry RR, Jitraruch S, Iansante V, 
Dhawan A. Alginate Encapsulation of 
Human Hepatocytes and Assessment 
of Microbeads. Methods Mol. Biol. 
2017; 1506: 273–81.

30. Li H, Tan YJ, Leong KF, Li L. 3D 
Bioprinting of Highly Thixotropic 
Alginate/Methylcellulose Hydrogel 
with Strong Interface Bonding. ACS 
Appl. Mater. Interfaces 2017; 9(23): 
20086–97.

31. Schutz K, Placht AM, Paul B, Brug-
gemeier S, Gelinsky M, Lode A. 
Three-dimensional plotting of a 
cell-laden alginate/methylcellulose 
blend: towards biofabrication of tissue 
engineering constructs with clinically 
relevant dimensions. J. Tissue Eng. Re-
gen. Med. 2017; 11(5): 1574–87.

32. Payne C, Dolan EB, O’Sullivan J, 
Cryan SA, Kelly HM. A methylcellu-
lose and collagen based temperature 
responsive hydrogel promotes encap-
sulated stem cell viability and prolifer-
ation in vitro. Drug Deliv. Transl. Res. 
2017; 7(1): 132–46.

33. Mitry RR, Hughes RD, Dhawan A. 
Progress in human hepatocytes: iso-
lation, culture & cryopreservation. 
Semin. Cell Dev. Biol. 2002; 13(6): 
463–7.

34. Devito L, Badraiq H, Galleu A et al. 
Wharton’s jelly mesenchymal stro-
mal/stem cells derived under chemi-
cally defined animal product-free low 
oxygen conditions are rich in MSCA-
1+ subpopulation. Regen. Med. 2014;  
9(6): 723–32.

AFFILIATIONS

Anil Chandrashekran1,2*, Ragai R 
Mitry1, Tharindu Premachandra3, 
Chris Starling3, Sharon Lehec1, Va-
leria Iansante1, Emer Fitzpatrick1, 
Celine Filippi1, Maesha Deherago-
da3, David Hay4 & Anil Dhawan1*
1Paediatric Liver GI and Nutrition 
Centre and Mowat Labs, King’s 
College London, 3rd Floor, Cheyne 
Wing, Denmark Hill, London, SE5 
9PJ, UK
2Molecular Haematology, School 
of Cancer & Pharmaceutical Sci-
ences, King’s College London, The 
Rayne Institute, 123 Coldharbour 
Lane, London, SE5 9NU, UK
3 Liver Histopathology, Institute of 
Liver Studies, King’s College Hos-
pital, Denmark Hill, London SE5 
9PJ, UK
4MRC Centre for Regenerative 
Medicine, University of Edinburgh, 
5 Little France Drive, Edinburgh, 
EH16 4UU, UK

*Authors for correspondence: 

anil.chandrashekran@kcl.ac.uk

anil.dhawan@kcl.ac.uk



CELL & GENE THERAPY INSIGHTS 

DOI: 10.18609/cgti.2018.1111100

Figure S1 Organoids cultured in matrigel
A. Morphology of organoids from a 96-well plate
B. Confocal imaging of hepatocyte (top right panel, in green) and CD105 marker (bottom left panel-in 
red and merged image (bottom right panel). Dapi stain of nuclei (Top left panel-in blue)
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Figure S2 Cell ratio analysis for organoid development
A. Albumin ELISA demonstrating that a 2:1 hepatocyte: MSC ratio gave rise to the highest expression
B. Urea production was highest using a 1:1 hepatocyte: MSC ratio
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Figure S3 Time function of organoids
A. Albumin production was detected from day two in culture and peaking at day 10
B. Urea production was like albumin production except that a slightly higher level was noted on day 2. 
Urea production peaked at day 12
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Figure S4 Schematic production for developing organoids suitable for transplantation
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Table S1. Antibodies used in this study 

Antibody Supplier Catalogue 
#

Pretreat-
ment

Dilution Bond 
Protocol

Control Result

cMOAT 
(F)

Abcam Ab3373-
250

ER2 1:40 F Normal 
liver

Canaliculi 
+ve

CK 7 Dako M7018 ER1 1:200 F Normal 
liver

Bile ducts 
+ve

OCH1E5 Dako M7158 ER1 1:100 F Normal 
liver

Hepato-
cytes +ve

Cytokera-
tin 19

Abcam ab52625 - 1:200 - Normal  
liver

Bile ducts 
+ve

CD31 Abcam ab28364 - 1:50 - - Endothe-
lial cells 
+ve

CD105-PE Biolegend 323205 - 1:50 - MSC-P1 MSC +ve


