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Abstract

Background: Mesenchymal stem cell transplantation is an emerging therapy for treating acute and chronic
liver diseases as an alternative for patients who are not transplant candidates. The potential of this treatment
depends on its therapeutic efficiency and safety, which have been investigated and evaluated in both pre-
clinical and clinical settings. However, there are still some risks associated with the delivery methods, such
as low long-term retention rate and the possibility of arousing cancer or rejection.

Methods: During the review process, previous papers mentioning “stem cell treatment” and “liver diseases”
were searched. We described different up-to-date approaches for stem cells from various origins to be deliv-
ered to the liver and compared respectively their pros and cons for clinical applications. We also proposed
several potential techniques for future studies.

Summary: An efficient and safe stem cell delivery could be enabled via Alginate-Polylysine-Alginate (APA)
microencapsulation, lipid-conjugated coating or the use of nanoparticles. Their efficacy will be improved
through tissue engineering and microrobots as the delivery is sustained and targeted with fewer rejection

responses.

Introduction

Acute and chronic liver injury, such as that arising from viral infection,
alcohol abuse, metabolic disorders and toxins, can lead to liver cirrhosis
or failure (1). Liver transplantation has been deemed the gold standard
therapy for liver failure. However, the procedure still carries considerable
risks and limitations. Donor organ supply shortage, graft failure, and se-
vere transplant rejections make this an impractical option for many pa-
tients (2, 3).

Alternative approaches other than organ transplant have been pursued for
decades before the advent of liver stem cells therapy. Regenerative therapy
with granulocyte colony-stimulating factor (G-CSF) has become a lucra-
tive option for improving transplant-free short-term survival by stimu-
lating the proliferation and migration of bone marrow stem cells (4, 5).
However, most clinical trials on G-CSF have been conducted without ade-
quate knowledge on the pathway that promotes quantity and durable res-
toration of existing healthy hepatocytes or regeneration and formation of
new liver cells (4). Thus, the potential risks regarding the utility of G-CSF
in treating patients with liver diseases remain unclear. On the other hand,
prosperous studies on transplantation of engineered mesenchymal stem
cells have shown promising results in preclinical and clinical experiments,
which could offer a potentially unlimited source of cells for hepatocytes
(6). MSC therapy for liver has been shown to be effective via their immu-
nomodulation, differentiation, and anti-fibrosis properties. Though, it is
noticeable that stem cell therapy in liver failure is not yet standardized, as
every laboratory has their own methods, in terms of the type of cells and
delivery mechanisms.

In this review, we highlight the current findings from peer-reviewed jour-
nals on various stem cell delivery methods, which have ensured an effi-
cient stem cell accumulation in liver for clinical treatments according to
previous studies (1-3, 6). Some possible modifications could further in-
crease the safety of liver pathology therapy by lowering immune rejection
or inflammation.

Available Approaches

We summarized and examined currently available approaches for liver
stem cell therapy published in precious academic journals.

Artificial Cell Microencapsulation

In 1957, Chang invented artificial cells which are ultra-thin polymer mem-
brane microcapsules that can encapsulate various materials (7). The team
showed that microencapsulation can immobilize stem cells to provide a
favorable microenvironment for stem cells survival and functioning, as
well as make the stem cells immuno-isolated after transplantation (8-10).
Bone marrow stem cells (BMCs) were flushed out from the femurs of Wis-
tar rats; hepatocytes were isolated and collected from the rat’s liver (8-10).
Alginate-Polylysine-Alginate (APA) encapsulation method was used to
encapsulate the BMCs and hepatocytes (9, 10). This method led to cross-
linking of anionic alginate with cationic poly-L-lysine (PLL) which allows
a more controlled pore size of the microcapsules (11). This enables the
controlled release of cell secretions from the microcapsule.

The microbeads of microscopic dimensions (less than 2 mm in diameter)
can provide a high surface-to-volume ratio, which allows for good mass
transfer of oxygen and nutrients as the theoretical diffusion across a mem-
brane is proportional to the total surface area and inversely proportional
to its membrane thickness (12). This ensures cell viability, while also acting
to protect the cells from immune-rejection (7). In particular, hepatocytes
have been shown to maintain 65% viability at Day 28 when co-cultured
or co-encapsulated with bone marrow cells compared to 18% viability at
Day 28 for hepatocyte in single encapsulation (8). Chang et al. and Zhang
et al. proposed that the preservation of hepatocyte functions seemed to be
dependent on cell-cell contact interactions. Transplanted stem cells will
produce cytokine and secrete several potentially beneficial growth factors,
such as the hepatocyte growth factor (HGF). HGF is an important fac-
tor in liver regeneration and stimulating the transdifferentation of BMCs
into hepatocytes (13, 14). Hepatic stimulatory substance (HSS) released
from free or microencapsulated hepatocytes can pass through the APA
membrane to stimulate the remnant liver to regenerate (10, 15, 16). The
most promising application of this technique is in acute liver failure such
as hepatic coma, as it can provide immediate liver support (17). These
bioencapulated BMCs could be retained in the peritoneal cavity such that
secreted HGF is drained into the portal circulation to reach the liver, com-
pared to free BMCs which will be rapidly removed from the peritoneal
cavity; this may contribute to the higher efficiency of microencapsuled
BMCs than the free ones (10).

The application of stem cell encapsulation is promising from these prelim-
inary results. However, some challenges stop the technology to deliver its
promise. The first contact of the capsule with the host could elicit
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host immune response and cells in capsules might produce proteins that
can provoke inflammatory responses in immune cells (7, 18). Research
shows that this is because the thin and poorly formed membrane in the
standard method allowed cells to be protruded and entrapped within the
micro-capsular membrane matrix (19). These cells might activate rejec-
tion from body and degradation enzymes might be released from activated
leukocytes of lysing cells, which can further accelerate the erosion of mi-
cro-capsular membrane (19, 20). These problems have now been solved by
the use of a novel two step method of preparation resulting in membrane
that does not allow the entrapment or protrusion of cells across the mem-
brane (20).

Lipid-conjugated Heparin Coating

For acute liver failure (ALF) arising from acetaminophen (APAP) over-
dose, Hwang et al. investigated on the therapeutic effects of human ad-
ipose-derived stem cells (hADSCs), which could recover the metabolic
rates of the liver cells to over 60% after one-day treatment (21). An en-
hanced delivery and longer retention of the cells was enabled by apply-
ing coating of lipid-conjugated heparin; the coating of lipid-conjugated
heparin on hADSCs also enhanced the anti-inflammatory effects on the
damaged liver to increase the recovery efficiency (21-23).

Many ALF patients with APAP overdose develop infectious complications
with inflammatory response that can progress to multi-organ failure (24).
hADSCs are a promising candidate to treat APAP liver injury as their se-
cretomes have therapeutic effects by enhancing hepatocyte regeneration
and inhibiting liver stress and inflammatory signaling (21-23). To increase
the delivery and engraftment efficiency of the administered cells to the tar-
get tissue, cell surface engineering that decorates a target-oriented ligand
on the cell surface, has been employed (25-27). It was reported by Tae et al.
that the cell surface of hADSCs can be engineered with lipid-conjugated
heparin (28). Heparin is an anionic glycosaminoglycan which has many
distinct bioactivities including anticoagulant activity, immune suppression
activity, and strong binding affinity hADSCs (29). Therefore, the interac-
tion between heparin and cell membrane will contribute to the coating of
it across the cell surface. However, free heparin itself did not induce stable
coating on hADSC:s (28). Thus, lipid-conjugation to heparin was necessary
to induce the effective presence of heparin on the cell membrane. Sinu-
soid capillary structures within the liver are abundant with heparin recep-
tors Stabilin on cell membrane, and this increases the amount of trapped
heparin-coated ADSCs on the capillary wall, which might provide more
chances for the cells to migrate into the parenchyma parts of liver from
bloodstream (30-32).

For the synthesis of lipid-conjugated heparin, carboxyl-group activated
heparin dissolved in deionized water (DIW) was mixed with the 1, 2-Di-
palmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) lipid solution at
65 °C, and the mixture was then incubated for 20 h. Heparin was modi-
fied using its carboxylate group to ensure sufficient contact of the heparin
(hydrophilic with a highly negative charge from sulfate groups) with the
hydrophobic lipid (33). The obtained lipid-conjugated heparin was then
added into human ADSCs (with 100% confluency) seeded one day pri-
or to heparin coating at 250 pg/ml in 1% (v/v) fetal bovine serum (FBS).
The harvested heparin-coated cells were intravenously injected to mice
through the tail vein. Distinct changes in biodistribution by heparin coat-
ing could be seen with an increased accumulation of ADSCs in the liver
(1.8 times more) and a reduced accumulation of the cells in the lung (59%
less) compared to the control group with uncoated ADSCs (28). A 2.4-
fold increase in heparin-coated ADSCs was also observed in the spleen of
the mice. As spleen has been used as alternative cell transplantation site
to treat acute and chronic liver diseases, this accumulation of ADSCs in
spleen could also provide better therapeutic effects (28).

Therefore, lipid-conjugated heparin coating on hADSCs might function
to enhance the therapeutic effect of intravenously administered stem cells
on liver diseases as cytokines or growth factors are secreted from the de-
livered hADSCs. This helps to recover the liver injury by improving liver
tissue regeneration (21). The coating of lipid-conjugated heparin on hAD-
SCs also enhanced the anti-inflammatory effects on the damaged liver
(34). Despite the advantages of heparin-coated ADSCs to treat ALE, their
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benefits might not be applied successfully to other chronic liver diseases
due to the relatively low retention rate (50% remaining after four days) of
the stem cells (21). This might result from the lack of supporting matrix
after hADSCs are trapped in liver (35). In addition, ALF might cause high
oxidative stress (36), leading to an alteration or loss of stem cell functions
(37). Unfortunately, heparin coating might not be efficient enough for an-
tioxidant effects, which probably requires genetic modification of the stem
cells such as overexpressing miR-210 (37, 38). From the work of Xu et al.,
MSCs transfected with agomiR-210 were exposed to H202 in vitro, which
induces MSC apoptosis via oxidative stress, but miR-210 overexpression
could attenuate the c-Met activity repression induced by H202, alleviate
accumulation of ROS, as well as decrease the apoptosis rate of MSCs in
H202 (41.52% less than non-modified MSCs (37). This indicated their
antioxidant effects. However, in vivo research has not been continued, and
thus the antioxidant effects of miR-210 mutations in liver disease environ-
ments may require further investigation.

Nanoparticles

Nanoparticles are nanosized structures in which at least one of its phases
has a dimension ranging from 1 to 100 nm. Magnetic nanoparticles with
paramagnetic characterization because of the unpaired electrons have
been used in stem cell therapy for stem cell homing and tracking in the
attempts of treating liver diseases (39).

MSCs homing is the delivery process of the cells to the site of injury,
but its mechanism is not totally understood yet (40). There are different
factors that are thought to affect this process, such as the expression of
homing regulating molecules C-X-C chemokine receptor 4 (CXCR4) and
Stromal cell-derived factor 1 (SDF1) (41). Yu Meng and his team showed
that MSCs labelled with super-paramagnetic iron oxide nanoparticles
(SPIONG) lead to efficient homing in vivo when exposed to an external
magnetic field (EMF) generated by permanent magnets (42). In Yu Meng’s
experiment, Wharton’s Jelly-derived MSCs (WJ-MSCs) were transfected
using SPIONs with a final concentration of 25 pg/mL, and the labelled
MSCs were hypodermically injected (hypodermis) in mice. By applying
an external magnetic field (0.5 T, 1.5 cm away from the tissue, 6h/day), the
direct movement of magnetized cells to the target tissues was accelerated
with a significant reduction in displacement, area and signal-to-noise ratio
(SNR) parameters by more than 50% (42). Yun et al. suggested that these
SPIONs would not affect MSCs properties such as viability, proliferation
and differentiation in vitro and in vivo in short-term experiments. Via the
internalization of rhodamine B (IRBs) in SPIONS, it also showed an in-
crease in CXCR4 as the nanoparticles stimulated the signaling receptor of
CXCR4-SDF1 axis, which is essential in MSCs” homing (43).

Invivo stem cell tracking and visualization of the transplanted stem cell is
an essential means for monitoring their tissue localization (39). MRI has
the utility to track the homing and trajectory of SPION-labelled MSCs in
the liver (44). This can help to predict the therapeutic potential of certain
treatment since the success of cell therapy will depend on the local avail-
ability of stem cells for tissue. The combination of iron oxide nanoparticle
along with MRI provides a means to deliver cells and immediately verify
whether the cells have indeed grafted within the target organ (45).

Beyond the application of magnetic nanoparticles for MSC homing and
tracking, there is also administration of other nanoparticles to increase the
efficiency of stem cell delivery by lowering the possible inflammation. IL-
1-induced intracellular signaling pathway could be blocked by IL-1Ra, and
this will exhibit an anti-inflammatory effect. As shown previously, MSCs
are promising in treating ALF by transdifferentiating into hepatocytes.
Consequently, the co-administration of IL-1Ra with MSC transplantation
has great potential of effectively treating ALF, as well as maintaining MSCs’
functions against oxidative stress (36, 46). However, due to the high cost
and short biological half-life of IL-1Ra, its clinical application is seriously
restricted (47). Xiao et al. proposed the use of IL-1Ra loaded in lactosylat-
ed chitosan nanoparticles instead of using large dose of IL-1Ra directly.
FITC-1L-1Ra lactosylated chitosan nanoparticles were prepared by dis-
solving lactose acyl chitosan in diluted acetic acid solution (0.3 mg FITC
and a small amount of polyethylene oxide [PEO]) (46). Lactose acyl group
on chitosan surface could specifically target the nanoparticles to hepato-



cytes, and this could be observed as concentration of IL-1Ra in liver tis-
sue (147.15 pg/ml) was significantly higher than that in serum (25.65 *
9.59 pg/ml), kidney (42.65 + 9.79 pg/ml), and heart (46.58 + 10.18 pg/
ml). IL-1Ra will be released from biocompatible and biodegradable chi-
tosan through self-diffusion, therefore, the time of drug release and effect
will be significantly extended (48). IL-1Ra chitosan nanoparticles thus can
not only lower the cost using IL-1Ra via controlled drug release but also
show significant liver targeting ability via employing lactose acyl on chi-
tosan surface. Combined therapy with IL-1Ra chitosan nanoparticles and
MCS transplantation exhibited great synergistic effects for ALF treatment
through suppression of inflammation for a period of time with 200% ex-
tension, and this can significantly improve the survival rate of transplanted
cells. In addition, this therapeutic strategy can promote hepatocyte prolif-
eration (46).

The implementation of nanoparticles in stem cell therapy has a great ef-
fect in enhancing the efficiency of stem cell-based liver diseases treatment,
however, the relatively short duration of investigation might not be suffi-
cient to conclude the long-term effects of magnetic field and nanoparticles
on the viability and differentiation potential of the labelled MSCs (42).
Nevertheless, experimental settings as the concentration of nanoparticles
and the strength of the applied EMF are not standardized, which requires
further research to allow the optical therapy effects.

Comparison and Summary

The basic principle, method, advantages and disadvantages of each afore-
mentioned approach is compared and summarized in Table 1.

efficiency and safety, as well as solve some risks associated with using stem
cell treatments. For example, tissue engineering and microrobots allowed
a more sustained and targeted cell delivery to liver.

Tissue Engineering

Tissue engineering has been a promising technique to promote stem cell
homing by providing a bioactive material scaffold and include some nec-
essary biochemical signals within the structure. Hydrogels could serve the
purpose of extracellular matrices (ECMs) which assist in cell adhesion,
proliferation, and differentiation.

Das et al. developed a 3D bioprinting tissue analog using silk fibroin-gel-
atin (SF-G) bioink encapsulating tissue-derived mesenchymal progenitor
cells (50). The hydrophobic interaction of silk fibroin macromolecules
could be altered by tyrosinase and sonication, which changes the cross-
linking of the hydrogel. The effect of optimized rheology and other print-
ing parameters were assessed to achieve maximum cell viability and mul-
tilineage differentiation of the encapsulated hMSCs. Lee et al. and his team
showed that by including hepatocytes within the bioink, the survivability
and functionality of HCs could also help with the transdifferentiation of
stem cells (51).

Xu et al. transplanted mouse ADSC-seeded and BMSC-seeded regenerated
silk firoin (RSF) electrospun matrix on the injured liver surface of a mice
(35). RSF scaffolds were excellent in biological effect and biocompatibility;
the degradation products of RSF are amino acids that could be conducive
to cell growth, which make RSF an effective biomaterial for liver regenera-

Table 1 Liver diseases that can be treated with stem cell therapy and the applied delivery technique

Method Role Disease

Advantages

Disadvantages Author

APA membrane APA encapsulation for BMCs Acute liver

microencapsulation and hepatocytes to maintaina  failure
longer viability of hepatocytes.  Ex: Hepatic
BMCs secrete HGF for liver coma

regeneration and transdiffer-
entiate into hepatocytes within
the capsule

APAP-induced
acute liver
failure

Lipid-conjugated
heparin coating

Lipid-conjugated heparin can
interact with hACSCs’ cell
membrane and be recognized
by liver capillary receptor to en-
sure efficient stem cell delivery

Nanoparticles Magnetic SPIONSs used for Diverse liver
stem cell homing by applying diseases
external magnetic field and Ex: liver

fibrosis, liver
cirrhosis and
liver cancer

tracking by using MRI

Acute liver
failure

IL-1Ra chitosan nanoparticles
used to exhibit extra anti-in-
flammatory effects and protect
MSCs from oxidative stress

a.

a.

a.

b.

a.

. Heparin also has an-

Provide a favorable en-
vironment for stem cells
survival and function

Applicable for liver
regeneration especial-
ly for short-term uses

Chang et al. (7-10,
12, 15-17, 19, 20, 49)

. Recovered easily
. Prevent immuno-re-

jection

a. Low retention
rate for long-term
treatment due to
lack of support
matrix

. Cannot withstand
oxidative stress

Could be recognized by
Stabilin receptors on the
liver capillary to ensure

a higher distribution of

stem cells in liver

Hwang et al. (21, 33)
Kim et al. (28, 29)

ti-inflammatory effects,
which enhance the liver
disease treatment

SPIONs with EMF can  a.
enhance homing

Unknown long-
term effects of

Meng et al. (42)
Bos et al. (45)

MRI and nanoparticle magnetic fields and

can monitor stem cell SPIONs on MSCs

trajectory to target b. Design setting not
optimized

Cost efficient for
controlled release of
IL-1Ra, which also helps

Unsure long-term
effects of IL-1Ra and
chitosan on MSCs’ vi-

Xiao et al. (46)

with ALF treatment
Lactosylated chitosan
could specifically target
the NPs to target

ability and functions

Perspectives

In this section, we propose some intriguing techniques that have the po-
tential to be incorporated with stem cell therapy to improve the delivery

tion. MSCs also exhibited good interaction with RSF and differentiated to
hepatocyte-like cells in vitro. The transplanted stem cells could remain in

tissue for up to 30 days and have been proved to lead to an improved re-
covery of the liver (35). This technique could enhance the retention rate of
stem cells at the target for long-term treatments, but the requirement of an
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open surgery renders it less attractive than minimally invasive treatment.

Microrobots

Magnetically actuated microrobots could facilitate cell/drug delivery in
fluidic environments; due to their small size and wireless control, microro-
bots undergo littler distortion or attenuation in the body. Thus, they have
several advantages as medical treatments, such as reduced pain, risk of
infection, and trauma (52). If stem cells are transported via microrobots,
cell function could be preserved by the devices; these cell-loaded micro-
robots can be guided toward some hard-to-reach tissue or human cavities,
making various medical treatments possible (53). Therefore, fewer cells are
needed, which lower the possible host immune response due to cytokine
production.

Jeon et al. developed a biocompatible porous 3D microrobots and assessed
their feasibility for delivery of stem cells in 3D culture using magnetic lo-
comotion (52). With different shape designs, the microrobots exhibited
different motions upon application of a rotating magnetic field: for spher-
ical microrobot, it would be a rolling motion; for a helical microrobot, it
would be a corkscrew motion. These designs showed higher propulsion ef-
ficiencies for a precise targeting of the transplanted stem cells. The porosity
of the 3D scaffold could be customized by laser lithography; pore size of
15 um was chosen to fit the size of stem cell, and nickel and titanium layers
were deposited to increase the model’s biocompatibility. Human stem cells
could then be cultured within the microrobots. By applying an external
magnetic field (EMF), the devices have shown precise movements along
the direction of the applied magnetic field gradient. Real-time visualiza-
tion and localization are required for a more accurate in vivo manipula-
tion of the microrobots. In addition, the recycle of microrobots is another
problem as this might arouse rejection response from body.

To reduce the potential immune activation and thrombi formation, de-
gradable materials PEG diacrylate (PEGDA) were used to fabricate the
microrobots (54). The degradation and swelling of the microrobot will
help the cells to passively detach from the device surface. PA imaging was
used to visualize the microrobots with a penetration depth reaching 2 cm
to achieve a precise delivery of therapeutic cells. The penetration depth
may not be optimal for stem cell transplantation in deep tissue; therefore,
alternative tracking systems should be investigated. Similar to the use of
magnetic nanoparticles, the effects of EMF on the functions of these stem
cells need further research.

Comparison and Summary

The basic principle, advantages and disadvantages of each promising tech-
nique is compared and summarized in Table 2.

Conclusion

Many studies have been conducted to ensure an efficient and safe deliv-
ery of stem cells, including microencapsulation with APA membrane, lip-
id-conjugated heparin coating and administration of nanoparticles. They
have shown promising results to treat both acute and chronic liver diseas-
es. However, several concerns remain, regarding the poor long-term cell
retention rate, and the risk of host rejection. We proposed several tech-
niques to enhance the delivery efficacy. By including a 3D matrix, we could
enhance cell homing and support long-term treatment. Tracking and tar-
geted delivery could be achieved with degradable magnetic microrobots
when applying external magnetic fields and MRI.

MSCs delivery should be easy to perform, less invasive, with limited side
effects and high stem cell survival. It should also be capable of having a live
tracking of the delivery process. Among the various potential modalities
for stem cell delivery in liver disease as discussed in this review, each ap-
proach has its own peculiarities, so the choice of the modality should be
based on the clinical settings. When the corresponding issues for those
methods have been addressed, an optimal approach integrating stem cell
biology, gene therapy, tissue engineering, and transplant medical devices
can be pursued. This will lead to better treatment for liver diseases like
ACLEF, HBYV reactivation with immunosuppression and alcoholic hepati-
tis, especially for patients who are in liver failure but are not transplant
candidates.
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