Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 21 2024. Downloaded on 15.10.2024 17:14:53.

(cc)

] o
Materlals ROYAL SOCIETY
OF CHEMISTRY

Advances -

REVl EW View Article Online

View Journal | View Issue

W) Cheok for updates Hydrogels as carriers deliver stem cells/exosomes
for liver injury

Cite this: Mater. Adv., 2024,

> 387 Qiuxia Zheng, (22 Jia Yao,® Zongbin Sun,?® Yongcui Mao,?® Jiayun Wei,* Ye Xie,?°
Xue Kai Hu® and Xun Li*®*¢
Liver injury, both acute and chronic, poses a significant threat to human health, resulting in high morbidity
and mortality rates. The current challenges in the treatment of liver injury are limited regenerative capacity
and the few donor organs available. However, advancements in biomaterials and regenerative medicine are
gradually mitigating these challenges. Hydrogels, with tissue-like properties and biomimetic characteristics,
have become highly investigated biomedical materials, which can provide a microenvironment for stem cell
survival and enable the controlled slow release of exosomes. Targeted therapy with hydrogel-encapsulated
stem cells/exosomes has been demonstrated to promote tissue repair and regeneration. In this review, we
Received 23rd November 2023, first summarise the characteristics and design of hydrogels, emphasizing the design considerations of
Accepted 11th March 2024 hydrogels as carriers for the encapsulation of stem cells/exosomes in the treatment of liver injury. We then
DOI: 10.1039/d3ma01046e provide an overview of the hydrogel preparation and administration strategy. Finally, we conclude that
injectable hydrogels loaded with stem cells or exosomes are promising for liver tissue regeneration and
rsc.li/materials-advances repair. However, this field is still in its infancy and further research remains imperative.
1. Introduction
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hepatotoxic causes, such as trauma viruses, fat deposits, and
medicines, can trigger ALL* Trauma is the most prevalent cause
of ALI, resulting in rapid bleeding and subsequent liver failure
that can be life-threatening.® On the other hand, autoimmune
disorders, alcoholism, and viral infections are common causes
of chronic liver damage.””® The illness course is protracted,
marked by chronic inflammation and liver fibrosis that worsen
over time, rendering restoration of normal liver tissue
challenging.® Advanced chronic liver disease, specifically cir-
rhosis, is characterized by regenerated parenchymal nodules
surrounded by fibrous septa, and significant changes in vas-
cular structure, leading to fatal complications such as variceal
bleeding, encephalopathy, and hepatopulmonary syndrome.’
In addition, owing to the long-term chronic inflammatory environ-
ment, reactive oxygen radicals and peroxidised lipids generate an
adverse genotoxic climate that may cause genetic alterations and
impairment, eventually promoting tumourigenesis."® However,
regardless of the stage of liver disease, hepatic imbalance impedes
normal liver regeneration. Unfortunately, there are currently no
effective curative therapies available for chronic liver injury. In the
past few decades, cirrhosis and severe liver fibrosis have been
difficult to reverse, and effective antifibrotic therapies remain
unavailable."" Therefore, highly effective and specific antifibrotic
agents are needed to prevent further damage and enhance the
regenerative potential of the liver. Liver transplantation is the
optimal treatment option for patients with end-stage liver disease
or severe ALIL. However, due to the low supply and ever-increasing
demand, it is difficult to find suitable liver donors.'> Another
major challenge is the toxicity and adverse effects associated with
long-term immunosuppression.'® Regenerative medicine is a pro-
mising option for repairing impaired tissues to ameliorate the
problems of long-term immunosuppression and donor shortage in
organ transplantation.

Cell therapy utilizing mesenchymal stem cells (MSCs) or
exosomes is an encouraging paradigm for liver diseases that
has been gradually translated into clinical practice. MSCs are
multipotent stem cells that can reduce hepatocyte apoptosis,
foster liver regeneration, reduce inflammation at lesion sites,
inhibit hepatic stellate cell activation, and have anti-fibrotic
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and angiogenic effects in the injured liver.'*'> MSCs also have
a preventive and ameliorative effect on the occurrence of acute
liver failure after partial hepatectomy.'®'” However, several
critical issues warrant attention: (1) stem cells can differentiate
abnormally, resulting in tumour formation; (2) host rejection; (3)
ectopic tissue formation; and (4) intravenous injection of stem
cells retains them in the lung, minimising aggregation at the site
of injury."*° Interestingly, stem cells can paracrine release
some active substances such as exosomes or extracellular vesi-
cles (EVs) that can promote liver repair and ameliorate systemic
inflammation, thus providing a cell-free, less immunogenic
approach to facilitate liver regeneration and repair.”* Exosomes
are typically injected directly into the site of damage or delivered
through multiple systemic injections. The disadvantages of
intravenous exosome therapy include poor targeting and ease of
removal.*®> Local delivery, as opposed to systemic intravenous
infusion, helps maintain a higher concentration in the targeted
tissues. However, both may be susceptible to exosome overdose
or quick clearance from the microenvironment, rather than
ensuring long-term exosome release.

Hydrogels are biomaterials with a porous structure that
enables them to function as slow-release stem cells/exosomes
and mimic natural extracellular matrices to match the mechan-
ical properties of target tissues.”* >*> Hydrogel-loaded stem cells
are an excellent option in the field of regeneration since
they can also shield the cells from membrane damage during
injection and offer a bionic 3D milieu for cell growth.*
Compared to two-dimensional monolayer cultures, three-
dimensional growth conditions are preferable for cell growth
and provide a better microenvironment for differentiating stem
cells into the liver lineage.”” Thus, hydrogels as carriers can
overcome the current limitations of conventional cell or active
substance delivery. Moreover, hydrogels can deliver not only
living cells but also active substances such as exosomes or
EVs,?® proteins,® drugs,*® peptides,®® and growth factors.*?
They avoid rapid removal after infusion into the organism,
and when locally injected local injection, which can improve
the concentration of exosomes or stem cells in the hepatic
injured site to facilitate regeneration and repair of the liver.*
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Here are the merits of topical hydrogels: (1) in situ injectable
hydrogels exhibit sol-like properties under ambient conditions
and are transformed into a gel phase under physiological
conditions, which can be directly injected anywhere desired;**
(2) hydrogels are amenable to specific modifications to improve
their biological properties such as mechanical properties, mak-
ing their morphological and functional properties akin to
native tissues;*>?® (3) they offer an effective and minimally
invasive approach that is easy to administer and provide three-
dimensional growth conditions for stem cells to restore tissue
function and reconduction.**?”*® (4) They can slowly release
stem cells or exosomes to avoid rapid clearance.

In this review, we focus on developments in the application
of injectable hydrogels loaded with stem cells/exosomes in liver
injury. Specifically, we discuss some crucial factors in designing
these hydrogels as carriers for stem cells or exosomes, as well as
the preparation and delivery strategies of hydrogels used in
liver injury from a medical practicality perspective. At the end,
we also summarise the current limitations and future potential
of hydrogel-loaded stem cells/exosomes in treating liver
diseases.

2. Characteristics and design of
hydrogels

Hydrogels, characterized by their superior physicochemical
properties, have emerged as the preferred choice for delivering
cell-loaded and bioactive substances. Currently, studies on
injectable hydrogels comprising exosomes or MSCs for tissue
restoration have been conducted. We provide an overview of
several applications (myocardial infarction,>® bone defect,*’
spinal cord injury,"" skin wound*?) that are now accessible in
Fig. 1. Additionally, hydrogels are being used as scaffolds due to
the following reasons: (1) the hydrogel’s microporous structure
and three-dimensional cross-network can promote cellular
nutrient exchange and metabolite efflux, as well as promoting
targeted drug administration and slowly release of bioactive
substances; (2) the elasticity of the biological-like tissues can
mimic the extracellular matrix. Therefore, hydrogels as medical
materials can be designed to have properties like biocompat-
ibility, tissue-like ECM, and bio-responsiveness to meet the
demands of specific biomedical applications. Next, we will
discuss the characteristics of hydrogels and the design con-
siderations that should be taken into account when using them
as biomaterials.

2.1 Biocompatibility and safety

Biocompatibility is defined as the ability of a biomaterial to
perform its desired function without eliciting any undesirable
local or systemic side effects. For example, low immunogeni-
city, and non-toxicity. A hydrogel with poor biocompatibility
can lead to several adverse outcomes within the host tissue,
including heightened inflammation, foreign body reaction, and
fibrous encapsulation, which can cause the implant to detach
from the host tissue and lose its functionality.*> Thus, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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highly biomimetic hydrogels must meet some criteria, includ-
ing no local inflammatory reaction, non-toxicity,
carcinogenicity, and low immunogenicity.**

non-

2.2 Mechanical properties

Mechanical stability is a prerequisite for biomaterial applica-
tions. Elasticity, or stiffness, is important in controlling survi-
val, proliferation, and differentiation.”> Otherwise, the
hydrogels are not mechanically stable enough, indicating a
high rate of biodegradation, which results in premature dis-
assembly or disintegration.*®*” Notably, the mechanical forces
within the surrounding milieu influence the direction of cel-
lular differentiation. Physical cues may modulate and trans-
form biochemical signals, which can be modulated by
manipulating the encapsulated hydrogels to control stem cell
fate.*®*° Furthermore, poor mechanical properties adversely
affect the fate of stem cells or exosome release, thereby limiting
the practical application of hydrogels in medicine.*’

2.2.1 Effect of stiffness on stem cells. It is an intricate
process through which mechanical signals are detected, trans-
duced, and integrated into a cascade of biochemical signals that
ultimately determines the fate of cells.’® First, the mechanical
stimulation of stem cells with hydrogels activates cell surface
mechanosensory processes, including cellular integrins, focal
adhesion kinases (FAKs), and Rho GTPases, to sense the stiffness
of the hydrogel.>" Cells respond to the stiffness of the matrix by
adjusting the adhesion complexes and cytoskeletal contractile
forces according to the requirements of different celllECM
adhesion strengths.>> Complexes and cytoskeletal contractility
activate the downstream effectors of mechanotransduction
signaling.”® In general, major mechanotransduction pathways
are involved in stiffness-induced signaling, including integrin-
dependent FAK signaling,”* Rho/ROCK signaling,”> YAP/TAZ
signaling,”® MAPK, and Wnt/B-catenin signaling.”” They are
responsible for translating mechanical signals into biochemical
signals and determining stem cell fate (Fig. 2).

2.2.2 Effect of stiffness on exosomes. The regulation of
exosomes through the mechanical properties of hydrogels
remains unclear. Liu et al.>® reported that soft hydrogels release
exosomes more rapidly than stiff hydrogels and promote in vivo
repair more efficiently. However, the mechanical properties
largely affect the release of exosomes from the hydrogel. Super-
ior mechanical properties reduce the rate of degradation,
allowing the slow release of exosomes with the degradation of
the hydrogel and improving the long-term retention of exo-
somes within the hydrogel while improving the encapsulation
properties and delivery, resulting in long-lasting therapeutic
concentrations and doses for tissue repair.”® However, the long-
term retention and stability of exosomes at defective sites are
challenged by poor mechanical properties.®

2.3 Swelling

Swelling is influenced by the structural properties of the poly-
mer network, particularly the crosslink density, which in turn
influences stem cell differentiation and phenotypic matrix
synthesis.®" Thus, the swelling property of hydrogels is an

Mater. Adv.,, 2024, 5, 3587-3601 | 3589
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Fig. 1 Injectable hydrogel-loaded stem cells/exosomes in tissue injuries (myocardial infarction,® bone defect,*® spinal cord injury,** skin wound*?). In
the treatment of myocardial infarction, myocardial remodeling will be facilitated by hybrid hydrogels, which will also prevent myocardial fibrosis and
apoptosis. As for the therapy of bone loss, it can promote bone repair, and enhance cell proliferation and migration. For spinal cord injury, it can prevent
glial scar formation and stimulate nerve repair. In the skin wound it can encourage vascular internalisation and wound healing.

essential factor affecting the differentiation and infiltration of
cells.®*®* Uncontrolled swelling even leads to tissue compres-
sion in the vicinity, which may be displaced or lost from the
implanted sites, and some pores may even collapse, all of which
are detrimental to integrity.®>®> For instance, the higher swel-
ling characteristics in hydrogels typically result in volume
expansion, which impairs the hydrogel’s mechanical properties
and squeezes the surrounding tissue in an undesirable way
when applied in vivo.°® This can be particularly problematic
after hepatectomy, where a highly swollen hydrogel may
adversely affect liver repair. In cartilage tissue engineering,
hydrogels with high swelling rates (12-35%) have greater
expression levels of chondrocyte-specific genes, which are more
conducive to the differentiation of mesenchymal stem cells into
chondrocyte cell lines. The results may be due to better diffu-
sion of signaling molecules and nutrients in hydrogel samples
with high swelling ratios.”’ However, an excessive swelling
performance means that water molecules have a high diffusion

3590 | Mater. Adv, 2024, 5, 3587-3601

rate under equilibrium conditions, thus inhibiting the attach-
ment and growth of stem cells.®” On the other hand, hydrogels
with low swelling are crucial for preserving steady tissue adhe-
sion and reducing tissue inflammation. Nevertheless, currently
available strategies for low swelling often result in a reduced
tissue adhesion strength of hydrogels.®® Balancing swelling
rates is crucial. Lower swelling rates may not provide adequate
nutrient and metabolite efflux from the cells, and may also be
detrimental to the release of exosomes, leading to less effective
treatments. Further research is necessary to determine the
acceptable range of swelling rates for different liver disorders,
as there is currently none.

2.4 ECM-mimicking microstructures

Biological processes involve intricate interactions among cells,
biological ligands, and extracellular matrix (ECM) structures to
complete them.®® Tissue development can be more effectively
guided by hydrogels that replicate the natural extracellular

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of hydrogel stiffness on stem cells. Exerting a regulatory effect on stem cell fate by transducing mechanical signals into biochemical ones
including FAK signaling,>* Rho/ROCK signaling,®® YAP/TAZ signaling,>® MAPK, and Wnt/p-catenin signaling.%”

matrix in terms of its characteristics.** Furthermore, to facil-
itate interactions and encourage the healing of damaged tis-
sues, scaffold materials should incorporate ECM-mimicking
microstructures.”® Also, the composition of the ECM micro-
structure will change depending on the tissues and organs to
which it is applied to satisfy the demands of different cell
development and differentiation. The hydrogel is similar to
normal liver ECM (0.3-6 kPa), then the stem cells express higher
levels of urea and protein liver marker genes.”' Moreover,
applying the hydrogel to tougher tissues like bone defects,
encourages stem cells to differentiate into polygonal-shaped
bone tissue, which resembles osteoblasts.*>”* In addition, the
micropore structure in the hydrogel is an important factor in
promoting angiogenesis, controlling cell fate, facilitating suc-
cessful cell in-growth into host tissues, and transporting nutri-
ents and metabolites. Cell processes such as infiltration,
proliferation, migration, and differentiation are related to pores
and their interconnection.”>’* Therefore, tissue-matched and
ECM-like hydrogels can better influence cellular growth pro-
cesses and morphology.

2.5 Bio-responsiveness

Bio-responsive hydrogels must be able to undergo structural
and chemical characterization in response to shifts in the
microenvironment. These shifts play a crucial role in

© 2024 The Author(s). Published by the Royal Society of Chemistry

controlling cell development, metabolism, and release, making
them essential for biomaterials to meet clinical requirements.””
Bioprinting-based hydrogel bioactive materials can offer a
potent toolkit for imitating the spatially specified signals of
encouraging regeneration and anti-fibrosis for clinical trans-
formation, allowing researchers to better understand the spa-
tial biological features that lead to fibrosis and wound
healing.®® Thermogel-based bioprinting processes to prepare
3D hepatocytes loaded with hydrogel may provide a more
accurate depiction of the pathophysiological responses of the
liver to external stimuli, thus promoting cell metabolism,
making it suitable for hepatotoxicity research.”® In addition,
the design of bioactive, biomimetic, and bio-responsive scaf-
folds relies heavily on the insertion of peptide sequences into
hydrogel materials, as peptides can enhance cell adhesion or
stimulate signaling pathways.””

2.6 Dose of hydrogel-loaded stem cells/exosomes

The optimal dose of cells or exosomes to be added to the
hydrogel is also a critical aspect of the design, yet it remains
ambiguous. Generally, the number of stem cells required for
treatment is 1 x 10°. In partially hepatectomised fibrotic livers,
the local injection of 2 x 10° MSCs was more effective in
alleviating the effect of collagen deposition, suggesting that
stem cell therapy is dose-dependent.”® Similarly, exosome

Mater. Adv., 2024, 5, 3587-3601 | 3591
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injection is also dose-dependent, with systemic administration
of 100 pg mL ™" benefiting the proliferation of hepatocytes
compared to 50 pg mL~".”° In a rat model of CCl, liver fibrosis,
MSC with a cell count of 3 x 10° was comparable to 80 pg mL "
of stem cell-derived exosomes in terms of therapeutic benefits.*°
HucMSC-Exos (administered at 16 mg kg™ ') via the tail vein
exerted antioxidant and antiapoptotic effects in a carbon tetra-
chloride (CCl,)-induced liver failure mouse model, resulting in
effective treatment of liver failure.®’ Exosome therapy has the
advantage of allowing more flexibility in controlling the dose,
frequency, and duration of administration.®” The advantage of
exosome therapy lies in its flexibility to control dosage, fre-
quency, and duration of administration. Thus, determining the
optimal therapeutic dose of stem cells or exosomes encapsulated
in hydrogels depends on individual factors such as injection
modality, cell type, disease severity, and body weight. Based on
these results, the optimal dose is considered for some factors for
local injection as follows: (1) injectable doses differ between
species due to differences in immunity; (2) the optimal dose may
be related to disease type due to diverse injury microenviron-
ments for different diseases. (3) There is dose-dependent to
some extent, but if MSCs reach the threshold of affecting
neighboring cells through paracrine action, there may be a lack
of dose-response. In addition, the volume of hydrogel injection
is related to the size of the cross-section after hepatectomy;
hence, it is determined in different situations.

2.7 Release control

Ensuring stable and controlled release of stem cells or exosomes
is crucial for achieving therapeutic effects. Several approaches
for drug release from hydrogels exist, but hydrogels control the
release of cells or exosomes mainly through degradation or
sometimes in combination with mesh size and electrostatic
interactions. Hydrogels can be degraded by simple dissolution,
hydrolysis, enzymatic degradation, or a combination of these
methods.®® For example, the controlled release of hepatocyte
growth factor by enzymatic degradation of gelatin hydrogels can
facilitate liver regeneration in cirrhotic rats, with sustained
release for >3 weeks.?* In the literature, when the size of the
extracellular vesicles (EVs) is larger than that of the hydrogel
mesh, the release is controlled not only by the degradation rate
but also by the mesh size.*® In addition, the positively charged
hydrogel attracts negatively charged exosome membranes, allow-
ing the release of exosomes from the hydrogel to be controlled by
electrostatic binding, thereby enabling optimal therapeutic
release at the desired time.®*® Regarding the release time of
hydrogels for cells or exosomes, most studies report a sustained
release time of several weeks, commonly 4 weeks.

3. Stem cells/exosomes in liver
diseases
Stem cells/exosomes have demonstrated a curative effect on

liver diseases, which can downregulate infiltrating macro-
phages and thereby exert immunomodulatory effects, resist

3592 | Mater. Adv, 2024, 5, 3587-3601
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the activation of hepatic stellate cells with antifibrotic effects,
stimulate hepatocyte proliferation, inhibit apoptosis and inflam-
matory responses, release several bioactive molecules by paracrine
secretion, and promote liver regeneration.'>*”*® Soluble factors
secreted by MSCs, including EVs or exosomes, can also ameliorate
liver fibrosis and promote liver regeneration by regulating the
function of macrophages, neutrophils, and monocytes. The ability
of EVs or exosomes to directly infiltrate damaged target organs
may be more effective than stem cells.*® Song et al.°® discovered
that exosomes derived from human umbilical cord mesenchymal
stem cells (hucMSCs) alleviated hepatocyte injury, improved liver
function, and promoted liver regeneration after partial hepatect-
omy in rats, possibly because miR-124 in exosomes negatively
regulates Foxg1 expression, thereby promoting hepatocyte prolif-
eration. Xu et al®' revealed that miR-182-5p in hypoxic bone
marrow mesenchymal cell-derived exosomes promotes liver
regeneration after partial hepatectomy through FOXO1-mediated
macrophage polarisation. In addition, MSC-derived exosomes can
reverse liver fibrosis and reduce inflammation by targeting the
KLF6/STAT3 pathway in macrophages to deliver miR-148a.%*
Thus, exosomes demonstrate functions similar to those of derived
stem cells, and studies have shown that stem cells exert their
therapeutic effects via paracrine exosomes.

Exosomes are nanosized phospholipid bilayers encapsu-
lated by vesicles released from cells with a diameter of 30-
150 nm.”® Typically, the molecular composition of exosomes
includes proteins (member and nuclear proteins), metabolites,
amino acids, and nucleic acids (mRNA, non-coding RNA spe-
cies, and DNA).”" The process of exosome formation begins
with the invagination of the cell membrane to form intracel-
lular multivesicular bodies (MVBs) containing intraluminal
vesicles (ILVs), which eventually fuse with the cell membrane
and continuously release exosomes.””> Exosome release is regu-
lated by various proteins, related enzymes, and stimuli. For
instance, some proteins are directly or indirectly involved in
mapping MVB to the plasma membrane via docking and
fusion, followed by exosome release into the extracellular
96:97 Eyentually, the released exosomes interact with cell
surface receptors in neighbouring or distant cells to deliver
information molecules, such as cargo consisting of encapsu-
lated lipids, proteins, and RNA, to recipient cells, thus trigger-
ing modifications in the expression and biological functions of
the target cells.”®*® Exosomes mainly fuse with target cells as
follows:*® (1) mutual recognition of ligands and receptors to
activate intracellular signals; (2) fusing of the plasma
membrane of target cells with the exosome membrane, and
(3) internalisation of exosomes by target cells via endocytosis.

matrix.

4. Hydrogel encapsulated MSC/
exosomes in liver injury

Stem cell therapy attenuates liver inflammation, improves liver
function, and promotes liver regeneration.'®® Clinically, stem

cell transplantation is generally performed through the portal
vein, hepatic artery, and systemic intravenous infusion.'®*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, with the immunosuppressive properties of stem cells,
they are prone to be cleared quickly, while if injected intrave-
nously, more stem cells are retained in the lungs."°®> Moreover,
several regenerative functions of MSCs are regulated by para-
crine functions that are mainly secreted in the form of EV
cargo.'” However, variations in the microenvironment in vivo,
such as hypoxia and ischaemia, might promptly destroy MSCs,
which would then cause the cessation of EV release.'® Inject-
able hydrogels serve as promising scaffolds to encapsulate stem
cells or some active material, thus reducing the chance of
clearance by the harsh microenvironment while providing a
slow-releasing effect.

4.1 For post-partial hepatectomy

Partial hepatectomy (PH) is the main procedure for treating
benign and malignant liver disorders.'® The postoperative liver
volume and number of liver cells decrease rapidly, and the limited
liver regeneration capacity is a risk factor for postoperative liver
failure, which occurs in 1.2-11.0% of cases and is the most
serious complication and major cause of mortality.'® Application
of hydrogel-loaded stem cells or exosomes to liver resection after
PH surgery allows rapid penetration of stem cells or exosomes
into target tissues through continuous slow