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Abstract: Mesenchymal stromal/stem cells (MSCs) have the ability of self-renewal, the potential of multipotent differentiation, and
a strong paracrine capacity, which are mainly used in the field of clinical medicine including dentistry and orthopedics. Therefore,
tissue engineering research using MSCs as seed cells is a current trending directions. However, the healing effect of direct cell
transplantation is unstable, and the paracrine/autocrine effects of MSCs cannot be effectively elicited. Tumorigenicity and hetero-
geneity are also concerns. The combination of MSCs as seed cells and appropriate vector materials can form a stable cell growth
environment, maximize the secretory features of stem cells, and improve the biocompatibility and mechanical properties of vector
materials that facilitate the delivery of drugs and various secretory factors. There are numerous studies on tissue engineering and
inflammation of various biomaterials, mainly involving bioceramics, alginate, chitosan, hydrogels, cell sheets, nanoparticles, and
three-dimensional printing. The combination of bioceramics, hydrogels and cell sheets with stem cells has demonstrated good
therapeutic effects in clinical applications. The application of alginate, chitosan, and nanoparticles in animal models has also shown
good prospects for clinical applications. Three-dimensional printing technology can circumvent the shortage of biomaterials, greatly
improve the properties of vector materials, and facilitate the transplantation of MSCs. The purpose of this narrative review is to briefly
discuss the current use of MSC-based carrier biomaterials to provide a useful resource for future tissue engineering and inflammation
research using stem cells as seed cells.
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Background

Mesenchymal stromal/stem cells (MSCs) have the ability of self-renewal, the potential of multidirectional differentiation,
and a strong paracrine capacity. The term mesenchymal is derived from the word mesenchyme, which is used to describe
loosely organized tissue that is extensively associated with connective and bone marrow tissues during embryonic
development. Stem cells are cell populations with demonstratable progenitor cell functionality of self-renewal and
differentiation. Stromal cells are a bulk cell population with notable secretory, immunomodulatory, and homing
properties."> Compared with heterologous stem cells, MSCs exhibit both a self-renewal capacity and multipotent
differentiation potential, and have greater advantages in terms of the quantity of cells obtained. Compared with
embryonic stem cells, MSCs avoid medical ethical issues and can be easily extracted from autologous tissues.” MSCs
are widely distributed in various tissues of the human body, including trabecular bone, salivary glands, the synovial
membrane, dermis, periodontal ligament, and dental pulp.*® There are various MSC types depending on the tissue
source, mainly including bone marrow (BM), umbilical cord, and adipose MSCs.” BM-MSCs were mainly used until
2008, but BM-, perinatal tissue (PT)-, and adipose tissue (AT)-derived MSC products have been more commonly applied
in recent years and their concomitant safety and hemocompatibility profiles are used via systemic infusion.®’ In general,
AT- and PT-derived MSC products express much higher levels of highly procoagulant tissue factor (CD142) and thus
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trigger a strong instant blood-mediated inflammatory reaction (IBMIR) with concomitant thromboembolic events unless
carefully antagonized with anticoagulants. Biomaterial-based MSC delivery might be a good alternative to avoid IBMIR-
mediated cell destruction and thromboembolic risks upon systemic MSC infusion.'”

The study of MSCs as seed cells is a current hot topic, which are mainly used in the field of clinical medicine
including dentistry and orthopedics. In addition to their multipotent differentiation potential, the strong paracrine capacity
is considered to be a major mechanism that promotes tissue repair.'''* Stimuli from the extracellular environment affect
the proliferation and differentiation properties of MSCs. Therefore, the repair of defective tissues is usually implemented
by either directly transplanting MSCs into the target tissue or stimulating their differentiation into mature tissue.'
However, the use of various factors secreted by MSCs, which is called the secretomes, may provide a more efficient
alternative, including direct secretion of proteins and two major subpopulations of biologically active extracellular
vesicles, namely exosomes and microvesicles (Figure 1).'"'® Although MSCs exert profound immunomodulatory effects
on both adaptive and innate immune systems by producing numerous immunomodulatory and immunosuppressive
factors to inhibit alloantigen and mitogen-activated mixed lymphocyte culture, rapid cell destruction upon cell infusion
occurs through an IBMIR.?*?? MSCs combined with biomaterials can effectively prolong cell survival when implanted
outside of the bloodstream, which is necessary to suppress and prevent graft-versus-host disease.”> Additionally, MSCs
secrete various cytokines, chemokines, angiogenic factors, and growth factors that act autocrine/paracrine manners to
regulate several physiological processes, including directing endogenous progenitor cells to the injury site, and mediating
apoptosis, scar formation, and tissue remodeling.>'** For example, when MSCs and hydrogels are assembled into
spheroids, they accelerate the secretion of endogenous trophic factors and extracellular matrix, increase the levels of
cytokines and immunomodulatory paracrine factors and suppress the LPS-induced inflammatory response.”
Additionally, MSCs have homing properties and can migrate to an injury site to exert a healing effect that can be

enhanced by cytokines, chemical modifications, and bioparticle coating technique.”*’ Moreover, MSCs applied with
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Figure | Current vector materials for MSCs used in tissue engineering and inflammation research include bioceramics, chitosan, alginate, hydrogels, interbinding materials,
cell sheets and 3D bio-scaffolds. Vector materials promote the paracrine activity of MSCs, including the secretion of paracrine factors to the extracellular through the fusion
of secretory granules with the plasma membrane, such as cytokines, chemokines, angiogenic factors, and growth factors. This promotes the release of exosomes to the
extracellular environment through the fusion of multivesicular bodies with the plasma membrane, thereby promoting the shedding of microvesicles directly from the plasma
membrane through outgrowth. Additionally, exosomes and microvesicles contain biomarkers, RNA/DNA isoforms, lipids, and proteins.
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biomaterials might survive better than cryopreserved/freeze-thawed cells.?®° These properties of MSCs have made them
an optimal candidates to repair damaged tissues and organs.

The concept of tissue engineering was first introduced by Lange and Vacanti in 1993 to apply biological and engineering
principles to the development of functional replacements for damaged tissues, providing solutions for tissue generation and
repair.*® 2 Subsequently, the combination of biological scaffolds and cell transplantation has gradually become an important
aspect of applied research in regenerative medicine, in which a scaffold structure, scaffold materials, and cell inoculation
techniques are crucial.”**’ The combination of MSCs as seed cells and vectors forms a three-dimensional cell growth
environment for spatial organization of cells, promoting cell-cell and cell-matrix interactions for certain physiological
functions generated by tissue-specific cells within organs.>>=*® Therefore, the vector material needs to be capable of promoting
the growth, secretory function, and differentiation of stem cells, which in turn need to be able to promote modifications of the
mechanical properties and environmental remodeling of the vector material. These interactions drive multicellular responses
to form a multicellular system that is consistent with the growth patterns of the internal environment of the human body,
resulting in a multicellular structure with enhanced robustness and physiological relevance.>* >’ Additionally, vector materials
can be used to deliver drugs and various secreted factors.*®*° Therefore, the biocompatibility of these materials is also
essential and their combination with stem cells can effectively improve the tissue response of these vector materials.***' There
are numerous studies on tissue engineering of various biomaterials, mainly regarding bioceramics, alginate, chitosan,
hydrogels, cell sheets, nanoparticles and 3D printing (Figure 1). The purpose of this narrative review is to briefly discuss
the current use of mesenchymal stromal/stem cell (MSC)-based carrier biomaterials to provide a useful resource for future
tissue engineering and inflammation research using stem cells as seed cells. The detailed search strategy is presented as
Supplementary Material.

Bioceramics

Bioceramics have distinct advantages to construct efficient and safe materials for bone defect repair as bone graft
substitutes.**** Although ceramics are highly brittle, the application of techniques, such as plasma spraying and
electrophoretic deposition, have facilitated the development of ceramic composites. Titanium-ceramic composites
composed of titanium and bioactive ceramics, such as hydroxyapatite, calcium phosphate, and wollastonite provide,
have both in vitro bioactivity and enhanced mechanical properties.***> Calcium phosphate bone cement was developed
in 1986 and consists of tetracalcium phosphate and anhydrous dicalcium phosphate, which has good biocompatibility,
osteoconductivity and resorbability. Its combination with mesenchymal stem cells can greatly promotes the regeneration
of bone tissue and accelerates the repair of bone defects.*>***° Porous bioceramics constructed from calcium phosphate
exhibited better biocompatibility when cotransplanted with stem cells that repair experimentally induced bone defects in
animal models.’** Powder injection molding of titanium-hydroxyapatite composites generates complex shapes and
geometries, forms more complex porous structures, improves the distribution density of mesenchymal stem cells and
interior compatibility with the scaffold, which effectively promotes the differentiation of stem cells and the growth of
bone tissue.>*>> However, because of high brittleness and biomechanical strength, these materials are generally only used
in bone tissue repair. In clinical practice, Gomez-Barrena et al treated long bone nonunion using mesenchymal stem cells
in combination with bioceramics, and found effective bone consolidation by clinical and radiological evaluation and bone

biopsy confirming bone formation around bioceramic particles.’®>’

Alginate

Alginate is a class of polycationic copolymers derived from brown algae, which has diverse ratios of 1,4-linked
B-D-mannuronic acid (M) and a-L-glutamine (G) residues, mild ionic gelation, good biocompatibility, biodegradability,
injectability, and hydrophilicity, low immunogenicity, and cost-effectiveness, and provides excellent support for cell
transplantation.”® Alginate forms gels under mild physiological conditions and can be crosslinked by ions to form
microspheres that deliver cells, drugs, and growth factors, but also have a pliable consistency that allows them to fully
adapt to defective tissues. Alginate microbeads are usually produced by dripping a cell-alginate solution into a calcium
chloride solution, which controls the inflammatory response and promotes angiogenesis by creating an appropriate
interface between the transport signal and receptor environment.>® However, the main drawback of alginate is the lack of
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mechanical stability, and its biocompatibility is very dependent on the molecular weight, composition, purity, and
solution viscosity of the alginate.*>*' The combination of alginate with other biomaterials, such as bone morphogenetic
protein-2, RGD, and vascular endothelial growth factor, increases its mechanical strength and can be applied to cell
transplantation to promote the regeneration of tissues and organs such as bone, cartilage, and heart.*>** The combination
of alginate with stem cells also improves mechanical strength and tissue regeneration, which is mainly reflected by an
expanded secretion profile of proangiogenic, neuroprotective, and immunomodulatory paracrine factors in bio-instructive
hydrogel-encapsulated MSCs with a predicted augmented proangiogenic potential.®> Sahu et al co-cultured alginate-
encapsulated MSCs with patient-derived OA cartilage.®® Cytokines, including IL-10, HGF, and sFAS, were significantly
increased in the experimental group compared with the control group, followed by an increase in the total thioglycosa-
minoglycan content and tissue inhibitor of matrix metalloproteinase inhibitor 1 levels, and a decrease in the percentage of
apoptotic cells.®® Therefore, alginate-encapsulated MSCs created a synthetic, proliferative, and anti-apoptotic micro-
environment for the OA cartilage response and induced endogenous regeneration in OA cartilage.

Chitosan

Chitosan (CHS) is a bioactive polymer with a wide range of clinical applications because it is antibacterial, non-toxic,
easily modified, and biodegradable, and has a low cost and is suitability for mass production.®”*® Additionally, chitosan
is functional in various forms such as membranes, sponges, gels, scaffolds, microparticles, nanoparticles and
nanofibers.®*%*® Thus, chitosan has played a great role in drug delivery, gene therapy, tissue engineering, and wound
healing.®® Macroporous scaffolds composed of alginate-chitosan polyelectrolyte complexes co-cultured with MSCs allow
better retention of MSCs (> 90%) for long-term survival and secretion of FGF2 to promote tissue repair and regeneration
in acute and chronic injuries, which is an attractive tool to optimize the therapeutic effect of MSCs.”” In vitro
experiments have shown that cultured with chitosan show both good compatibility and high osteogenic properties.’'
Moreover, in vivo experiments have shown that CHS scaffolds implanted into femoral defects in rats induce a higher
grade of bone healing compared with the control.”? Some studies have found that pore size and porosity have a great
influence on the mechanical stability of the scaffolds. For example, an increase in porosity is associated with
a concomitant decrease in mechanical stability.”> Additionally, chitosan hydrogel-loaded MSC-derived extracellular
vesicles obtaining by extracellular vesicles mixed with an equal volume of a 2% CS solution showed good performance
in skin injury repair models.”* They increase the proliferation, migration, and expression of anti-aging-related genes in
naturally senescent fibroblasts and promote extracellular matrix regeneration of senescent fibroblasts by decreasing
MMPS levels and increasing TIMPs levels.”*

Hydrogels

Hydrogels are widely used for various tissue engineering applications because of their low cost, simple synthesis, low
immunoreactivity, relative stability, good hydrophilicity, and tight conformational control, which can be categorized as
injectable hydrogels or mucoadhesive hydrogels.”>”"” The injectability of hydrogels is achieved by enzyme-mediated
crosslinking, Schiff base crosslinking, photocrosslinking, and in situ polymerization of thermosensitive polymers.”®
The adhesion of the hydrogel is then facilitated by electrostatic interactions, covalent bonding, and/or physical interac-
tions with the cell-attached integrin recognition site.*® Additionally, hydrophilicity is conferred by the presence of
hydrophilic groups in polymers forming hydrogel structures, such as -OH, -CONH-, -CONH,-, and -SO3;H. These
structures form hydrogels with similar physical properties to living tissues because of the high water content, soft and
rubbery consistency, and low interfacial tension with water or biological fluids.** Hydrogels combined with MSCs
facilitate good tissue repair in animal models and clinical studies.”” Genovese et al aggregated MSCs into spheres
combined with hydrogels in vitro, encapsulated them in hydrogels containing fibrinogen, and injected them into muscle
tissue to treat volumetric muscle loss injury in mice, which enhanced the protein expression of myogenic markers (MyoD
and myogenin) proteins, improved muscle mass, increased the presence of central nuclei in myofibers and small fibers,
and modulated pro- and anti-inflammatory macrophage markers expression.® Fibrin gels used with stem cell transplan-
tation can also be applied to repair injured peripheral nerves. The combination of a fibrin gel-based drug delivery system
with MSCs allows for sustained local release of tacrolimus in vitro. Tacrolimus in PLGA microspheres and suspended in
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fibrin gel is released by sustained diffusion through surface erosion of the PLGA microspheres and then through the gel.
Additionally, a hydrogel scaffold that combines local tacrolimus and MSC delivery overcomes the systemic side effects
of immunosuppressants, while inducing a local immunotolerant environment, extending the survivability of stem cells,
which may promote peripheral nerve regeneration.®® A study of 50 patients with chronic ischemic heart disease found
that, after 12 months of treatment, the infarct size had increased by 5.19% (—1.85-12.22%) in patients treated by
myocardial injection of a human umbilical cord mesenchymal stem cell-loaded collagen hydrogel compared with 8.59%
in the control group (—3.06-20.25%). This study demonstrated that collagen hydrogels used for cellular transport are safe
and feasible to repair myocardial infarction lesions.®’

Cell Sheets

Cell sheets are based on ordered accumulation and adhesion of cell monolayers in two-dimensional cell culture. There is
no complicated enzymatic step before cell sheet implantation, which effectively preserves intercellular connections and
some cell surface proteins.®**” Intercellular junctions also provide protective and mechanically supportive effects to the
microenvironment and exert a positive influence on cell proliferation, differentiation, and migration.”® The shortcoming
is that multilayer cell sheets can undergo necrosis and have decreased survival due to hypoxia or nutrient deficiencies
caused by the high cell density.”’ However, cell sheets as extracellular matrix-rich structures can be implanted directly
into living tissues without artificial scaffolds or structural intermediates, and they act as support structures in combination
with scaffolds as vectors.”? Cell sheets have been widely used in the clinical treatment of diseases and provided positive
therapeutic results.”>” For example, Long et al wrapped allogeneic structures of regenerated allograft bone in thin
sheets of MSCs as tissue-engineered bone membranes.”® In vitro experiments showed that MSCs maintained good
morphology on the membrane, and transplantation into mouse femoral defects revealed prolonged cartilage formation at
the graft-host junction, enhanced bone crust formation, and enhanced graft-host osseointegration. Additionally, biome-
chanical tests showed significant improvements in the structural and functional properties of thin sections of MSC-
transplanted femurs. This study demonstrated the feasibility of this tissue engineering strategy for large-scale allograft
bone repair.”® Another clinical study confirmed the safety and efficacy of autologous PDL-derived cell sheets in patients
with periodontitis, during which a temperature-responsive culture dish was used to construct three-layer PDL-derived cell
sheets and transplanted them in an autologous fashion after standard flap surgery. The study included 10 patients and
found improvements the in periodontal probing depth (mean SD of 3.2+1.9 mm), an increase in clinical attachment (2.5
+2.6 mm), and an increase in bone height (2.3+1.8 mm). These treatment effects persisted for an average follow-up
period of 55+19 months without serious adverse events. This cellular membrane engineering-based cell therapy may
provide an innovative treatment for severe periodontal defects.”® Additionally, stem cells from human exfoliated
deciduous in dental regeneration have been assessed. Xuan et al found that aggregates of stem cells from human
exfoliated deciduous teeth increase the root length and decrease the apical foramina width of recipient immature
permanent teeth and regenerate complete pulp tissues in patients with pulp necrosis, which are equipped with blood
vessels and nerves.”” Some studies of animal models and clinical trials have also demonstrated that MSCs have an
enormous potential in regenerative medicine for bone and teeth.”®'%°

Nanoparticles

Nanoparticles have been used as a carrier system for targeted delivery of bioactive molecules to ensure long-term
maintenance of MSCs in vitro and enhance their regenerative potential. Nanostructured materials have also been
developed to recapitulate the stem cell niche in tissues and to direct MSCs to create a regeneration-permitting
environment.'' ' Compared with gelatin and chitosan, nanofiber scaffolds formed by polyelectrolyte composites
have a high energy storage modulus and excellent mechanical properties.'® Sahu et al incorporated Prussian blue
nanoparticles as biocompatible reactive oxygen species-scavenging nanoparticles into MSCs without affecting their
stemness or differentiation potential of MSCs and significantly improved MSCs survival under high oxidative stress
conditions and enhanced their paracrine effects and anti-inflammatory properties. The study demonstrated profound
in vivo therapeutic effects in an animal model of hepatic ischemia-reperfusion injury.'® Fan et al used kartogenin
(KGN)-coupled polyurethane nanoparticles in combination with hydrogel-loaded TGF-B3, which exhibited good
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biological properties.'®® The addition of TGF-B3 significantly increased the levels of phosphorylated Smad3 compared
with the control. Furthermore, the addition of KGN did not change the levels of phosphorylated Smad3. These results
indicated that TGF-B3 promotes the chondrogenesis of MSCs by activating Smad2/3, and the effect of KGN on MSC
chondrogenesis was not mediated by directly phosphorylating Smad3. Moreover, the nanoparticles promoted MSC
migration and cartilage regeneration by attracting endogenous MSCs and inducing recruitment of cells to form cartilage,

providing a promising strategy for cartilage repair.'*®

3D Printing

3D printing is compatible with biomaterials using its unique advantages to complement materials such as the spatial
structure and mechanical strength.'°”'°® 3D printing reduces the time and cost of producing physical models and
implants, creates personalized implants, and reduces the time and space constraints of conventional methods.**'®
Lian et al found that multilayer porous bionic sponges prepared by LDM printing were shown to promote cell-
material interactions and modulate MSC paracrine functions, enhance MSC adhesion, retention, survival, and growth,
and significantly promote immunomodulation, angiogenesis, and osteogenic factor secretion.''” In a rat distal femoral
defect model, prior to the animal experiment, MSCs were separately seeded on the LDM- and FDM-printed scaffolds and
incubated for 24 h which significantly promoted the regeneration of vascularized bone.''® In an animal study on
endometrial repair, Ji et al used 3D printing to construct porous lattice-type human induced multipotent stem cell-
derived mesenchymal stem cell-loaded hydrogel scaffolds to repair the damaged endometrium.'"' They promoted
restoration of endometrial tissue morphology (endometrial tissue and gland regeneration) and regeneration of endometrial
cells (stromal and epithelial cells) and endothelial cells, improved endometrial receptive function indices, including
pinopode formation and leukemia inhibitory factor and integrin oavp3 expression, and partially restored embryo

implantation and pregnancy maintenance functions of the damaged endometrium.'"’

Limitations

MSCs transplantation is a safe and effective cell regeneration therapy, but the repair effect of direct cell transplantation is
unstable. Vector materials have their own advantages and shortcomings when combined with MSCs, but have shown
good performance in in vivo and in vitro experiments and effectively promote the paracrine/autocrine effect of stem cells
and enhance their healing effect. However, there are still several limitations.

The inherent defects of carrier materials limit their wide application.Bioceramics are often used for bone tissue
engineering because of their good mechanical properties, brittleness, and poor toughness.''> Conversely, hydrogels offer
the advantages of good biocompatibility, high water content, and degradability. Alginate is susceptible to pH effects
because of its polyanionic properties.''> Chitosan has good antibacterial, hemostatic, and anti-inflammatory effects.
However, because of the poor mechanical properties, solubility, and controlled release and loading of drugs, they are
more often used in skin and soft tissue injury repair. Additionally, cell sheets are formed mainly on culture substrates
constructed from sensitive materials and have a great potential to repair tissue organ defects. However, it should be noted
that they lack functional blood vessels and are susceptible to ischemia and hypoxia, which limits the thickness of the cell
sheet. Without the involvement of a scaffold, the strength may be insufficient and it is susceptible to the influence of the
culture substrate material.''* Nanomaterials improve the precision of material applications from a microscopic viewpoint
and indirectly compensate for the shortcomings of other materials. 3D printing provides individualized treatments and
will be well applied in tissue engineering in the future. However, because of its advanced nature, it needs strong and
robust technical support.

MSC:s are currently available from a wide range of sources, but are limited in terms of the quantities of cells obtained,
potential for expansion, and ability to be modified and integrated. MSCs from various sources also have different
properties in response to different tissue injuries.''> The selection of MSC donors should be strictly controlled and kept
aseptic. Factors that adversely affect MSCs should be excluded, such as immunodeficiency viruses and human
T-lymphotropic viruses. Additionally, MSCs become large when cultured in vitro and do not easily pass through small
vessels after implantation. Under the influence of blood flow and cell—cell interactions, MSCs tend to form clumps that
block blood vessels and affect blood flow, leading to serious risks such as thrombosis and embolism.''® Long-term
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in vitro expansion can lead to epigenetic variation, morphological and biological changes, immune rejection, and even
neoplasia, which may reduce implantability and affect survival rates to a certain extent.''”'2° After long-term treatment,
there is a lack of clarity about the survival or regression of MSCs in vivo.

Although the multipotent differentiation potential and paracrine function of MSCs have been verified in vitro, the
mechanism by which they function in vivo is not fully clarified. Furthermore, the compatibility between cells and
biomaterials and the mechanisms by which they function are unclear and require further research. In terms of clinical
translation, because of efficacy and ethical limitations, most current research is limited to basic research and there is
insufficient research on clinical treatments.

Conclusions

The combination of bioceramics, hydrogels, and cell sheets with stem cells has demonstrated good therapeutic effects in
clinical applications. The application of alginate, chitosan, and nanoparticles in animal models has also shown good
prospects for clinical applications. 3D printing can circumvent the shortage of biomaterials, greatly improve the proper-
ties of vector materials, and facilitate the transplantation of MSCs, which will be a critical fields for future research in
tissue engineering and regenerative medicine.
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