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Organoid extracellular vesicles (OEVs) have emerging as
promising cell-free nanocarriers for bone therapy due to their
vigoroso physiological effects, significant biological functions,
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This review reviews highlights the outstanding performance
of polyhydroxyalkanoates (PHAs) as excellent biosynthetic
materials, focusing on the role of PHAs and their composites
in the musculoskeletal system in recent years. They not only
contribute to the recovery and reconstruction of bone, joint,
cartilage, blood vessel, etc., but also serve as drug carriers to
assist in the recovery of related tissues. At the same time, the
unique role of PHA degradation products is also elaborated.
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In the realm of scientific innovation, the study
of biomaterials emerges as a field of profound
significance, bridging the gap between theoretical
exploration and translational application.! The
essence of biomaterial research lies not only
in understanding the intricate relationships
between biological systems
but more importantly, in the translational
potential these materials hold.> The true value
of this research unfolds in its application -
from regenerative medicine to bioengineered
solutions, these
pivotal in addressing some of the most pressing
clinical challenges. Meanwhile, the necessity for
translating laboratory research into real-world
applications has become increasingly urgent, as
global ageing intensifies and public attention to
health concerns grows.

and materials

where materials become

With the rapid evolution of technology, a new
paradigm in biomaterial research has emerged,
characterised by the convergence of multiple
disciplines.® This multidisciplinary approach has
broken the traditional boundaries of the field, a
convergence of insights from nanotechnology,
biotechnology,
and cognitive science. This interdisciplinary
convergence not only expands the horizon of
biomaterial research, but also poses unique
challenges and unprecedented opportunities,
driving innovation on an unprecedented scale.

information technology,

In this issue, we present a collection of papers
from different fields of translational biomaterials
research. There are four review articles: the
first, by Han Liu and co-authors,* discusses the
therapeutic potential of organoid extracellular
vesicles in bone therapy, emphasising their
physiological effects, biological functions, and
biocompatibility; the second, by Yunke Jiao
and co-authors,” focuses on the advancements
in neuroelectrode materials and technologies
for brain-computer interfaces, emphasising the
critical aspects of biocompatibility, signal quality,
and durability for improved system performance;
the third, by Chen-Hui Mi and co-authors,*

Biomater Transl. 2023, 4(4), 197-198

reviews the use of polyhydroxyalkanoates in
musculoskeletal system applications, discussing
their biocompatibility, biodegradability, and
potential in tissue engineering and regeneration;
the fourth, by Long Bai and co-authors,’
examines the
like zinc, magnesium, and silicon in bone
regeneration, focusing on their impacts on
osteoimmunomodulation, neuroregulation, and
angiogenesis, highlights their integration into
biomaterials as a promising approach in bone
tissue engineering.

role of bioactive elements

Additionally, this issue presents two original
research articles, including the development
of a rapid method for harvesting mesenchymal
stem cells from osteo-organoids, resulting
in a high yield of mesenchymal stem cells
with enhanced stemness and anti-senescence
properties, marking a significant advancement
in regenerative medicine;® a comprehensive
investigation on magnesium-doped polylactic
acid microspheres regeneration,
highlighting their enhanced biocompatibility,
osteogenic activity, anti-inflammatory
properties.” Moreover, three commentaries shed
light on the most advanced research techniques
shaping the field today. Among the highlights
are explorations intelligence
accelerated discovery of self-assembling peptides,
early immunomodulation by magnesium ion:
catalyst for superior osteogenesis and exploration
of minimal invasive biodegradable poly(glycerol-
dodecanoate) nucleus pulposus scaffold with
function regeneration.'”!? The convergence
of these technologies symbolises the rapidly
evolving landscape of aforementioned four major
scientific domains and represents a technological
revolution in biomaterials.

for bone

and

into artificial

At the forefront of this transformative era, the
landscape of biomaterials in translational research
presents both thrilling prospects and formidable
challenges. The converging technologies in
biomaterials translational signal a shift towards
innovative and

more effective solutions in
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clinical treatment, through enhancing drug delivery systems, 3. Fong, E.L.; Watson, B. M.; Kasper, F. K.; Mikos, A. G. Building

improving tissue engineering methodo]ogies , and more bridges: leveraging interdisciplinary collaborations in the development

responsive biosensors. Nevertheless, these advancements also of biomaterials to meet clinical needs. Adv Mater. 2012, 24, 4995-5013.

bring intricate ethical considerations regarding patient safety 4. Liu, H.; Su, J. Organoid extracellular vesicle-based therapeutic strategies

and privacy, rigorous regulatory landscapes that ensure product for bone therapy. Biomater Transl. 2023, 4, 199-212.

efficacy and safety, and the need for extensive interdisciplinary 5.  Jiao, Y.; Lei, M.; Zhuy, J.; Chang, R.; Qu, X. Advances in electrode

collaboration to navigate the complexities of these innovations interface materials and modification technologies for brain-computer

effectively. This scenario calls for a harmonious blend interfaces. Biomater Transl. 2023, 4, 213-233.

of scientific expertise, ethical understanding, and global 6. Mi, C.H;Qi X Y;Ding, Y. W, Zhou, J.; Dao, J. W.; Wei, D. X.

cooperation. Recent advances of medical polyhydroxyalkanoates in musculoskeletal
system. Biomater Transl. 2023, 4, 234-247.

In conclusion, as Biomaterials Translational embarks on its new
journey at Shanghai University, China, the development of
the journal is entering its new phase. Our dedication to the
founding principles of the journal remains unwavering. We
are committed to delivering the latest research findings and in-
depth academic insights to our esteemed readers, continuing
our legacy of interdisciplinary collaboration in the field of
biomaterials science and translational research. Our goal
is to provide an exceptional platform for the exchange and
exploration of ideas in biomaterials translation, fostering a
bridge between scientific discoveries and practical applications,
and collectively advancing the ongoing development and
innovation in this dynamic field.
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Various degenerative diseases
develop, affecting multiple tissues and organs
within the body, and this process is largely
irreversible.!? The skeletal system, a component
of the human musculoskeletal system, undergoes
numerous physiological changes as the body ages.
The deterioration of physiological functions
leads to conditions such as osteoporosis,
osteoarthritis, and osteoporotic fractures due
to the fragile bone microstructure, resulting
in diminished bone strength and susceptibility
3, 4

to fractures. Additionally, the ageing of
cartilage cells reduces lubrication, cartilage
degeneration, and subchondral bone sclerosis
leading to joint discomfort and even pain during

movement. Overall, ageing has adverse effects

Biomater Transl. 2023, 4(4), 199-212

With the rapid development of population ageing, bone-related diseases
seriously affecting the life of the elderly. Over the past few years, organoids,
cell clusters with specific functions and structures that are self-induced
from stem cells after three-dimensional culture in vitro, have been widely
used for bone therapy. Moreover, organoid extracellular vesicles (OEVs)
have emerging as promising cell-free nanocarriers due to their vigoroso
physiological effects, significant biological functions, stable loading capacity,
and great biocompatibility. In this review, we first provide a comprehensive
overview of biogenesis, internalisation, isolation, and characterisation of
OEVs. We then comprehensively highlight the differences between OEV's and
traditional EVs. Subsequently, we present the applications of natural OEV's
in disease treatment. We also summarise the engineering modifications of
OEVis, including engineering parental cells and engineering OEV's after
isolation. Moreover, we provide an outlook on the potential of natural and
engineered OEV's in bone-related diseases. Finally, we critically discuss

the advantages and challenges of OEVs in the treatment of bone diseases.
We believe that a comprehensive discussion of OEVs will provide more
innovative and efficient solutions for complex bone diseases.

7 Currently,

on the musculoskeletal system.*
effective treatment options for conditions like
osteoporosis and osteoarthritis caused by ageing
are lacking. Long-term use of anti-osteoporosis
drugs and non-steroidal anti-inflammatory drugs
places a substantial burden on the body and

carries severe side effects.®'

Extracellular vesicles (EVs) have emerged as
a focal point in biomedical research in recent
years due to their nanoscale structure, low
immunogenicity, favourable biocompatibility,
and drug delivery potential.!"** Moreover, EVs
have been shown to effectively in improving the
progression of osteoporosis and osteoarthritis,'**!
and have also been shown to accelerate the
healing of osteoporotic fracture.””” Although
EVs have shown great advantages in bone ageing
diseases, their inherent limitations, such as low
yield and low therapeutic efficiency, hinder their
further development.
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With the advancement of stem cell technology, a three-
dimensional (3D) model of organ-like structures that closely
mimic native tissue architecture and physiological functions
has emerged. Organoids are cell clusters with specific
functions and structures that are self-induced from human
adult stem cells or pluripotent stem cells after 3D culture in
vitro??” Moreover, organoid EVs (OEVs) have also received
much attention. Compared with traditional EVs, OEVs
contain more quantity, better biological properties, and better
therapeutic effects.?® We innovatively propose the concept
that not only organoids but also OEVs can be used for the
treatment of complex diseases.” The discovery of OEVs might
yield unexpected benefits for the improvement of age-related
bone diseases. It is firmly believed that OEVs represent a novel

Su. J;etal.

research paradigm, harboring immense scientific exploration
and clinical utility ».

Here, a comprehensive overview of biogenesis, internalisation,
isolation, and characterisation of OEVs was provided. Then,
the differences between OEVs and traditional EVs were
comprehensively highlighted. Subsequently, the applications
of natural OEVs in disease treatment were presented.
Furthermore, the engineering modifications of OEVs were
summarised. Moreover, an outlook on the potential of natural
and engineered OEVs in bone-related diseases was provided.
Finally, the advantages and challenges of OEVs in the
treatment of bone diseases were discussed. We hope that a full
understanding of OEVs will promote progress in the field of
biomedical field and provide new strategies for the treatment
of complex bone diseases (Figure 1).

Figure 1. Schematic illustration of organoid extracellular vesicle (OEV)-based bone disease treatment strategy. OEV's
have emerging as promising cell-free nanocarriers for bone therapy due to their vigoroso physiological effects, significant
biological functions, stable loading capacity, and great biocompatibility. Created with BioRender.com.

Overview of Organoid Extracellular Vesicles

Organoids are cell clusters constructed through in wvitro
3D cultivation using stem cells, recapitulating the spatial
architecture and physiological functions of the source tissue.**
As 3D models composed of living cells, they are also capable
of secreting OEVs, which exhibit significant advantages in
quantity and physiological function compared with traditional
two-dimensional (2D) cultured EVs.*® Currently, organoid
research is in its infancy, where extensive investigation on
the OEV biogenesis is limited. However, traditional EVs and
OEVs are essentially derived from mammalian cells.” ** The
general principles underlying the biogenesis of these two types
of EVs are similar. Therefore, we exploited the biogenesis,
internalisation, and isolation of mammalian EVs (MEVs) to
characterise OEVs. Although the biogenesis of OEVs may be

similar to that of EVs, the unique properties of the organoids
may introduce subtle differences to OEVs. As OEVs continue
to advance, it is expected that the biogenesis of OEVs will be
further elucidated.

Biogenesis and internalisation of organoid extracellular
vesicles

Here, the biogenesis of OEVs is summarised (Figure 2).
The cellular plasma membrane undergoes invagination to
absorb cell surface proteins and soluble proteins from the
extracellular environment, resulting in the formation of
early sorting endosomes (ESEs), sometimes synthesised in
conjunction with pre-existing ESEs; ESEs engages in cargo
exchange with the endoplasmic reticulum and Golgi apparatus,
maturing into late sorting endosomes, ultimately giving rise

1 Institute of Translational Medicine, Shanghai University, Shanghai, China; 2 Organoid Research Center, Shanghai University, Shanghai, China; 3 National
Center for Translational Medicine (Shanghai) SHU Branch, Shanghai University, Shanghai, China; 4 Department of Orthopedics, Xinhua Hospital, Shanghai

Jiao Tong University School of Medicine, Shanghai, China
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to multivesicular bodies. The multivesicular body membrane
undergoes secondary invagination to form intraluminal
vesicles, subsequently guided by relevant proteins, the
multivesicular body elects either to merge with lysosomes
for degradation or to fuse with the cell plasma membrane
to release intraluminal vesicles into the extracellular space,
thereby releasing OEVs.2 357

Released EVs primarily function in maintaining intercellular
communication and can be absorbed by recipient cells
through three modes: membrane fusion, receptor-ligand
binding, and endocytosis (Figure 2). Benefiting from the
fact that both OEVs and recipient cells possess phospholipid
bilayer membrane structures, when they can overcome the
instability of phospholipid bilayer interactions and the high
activation energy barrier, membrane fusion between the two
becomes plausible.®® During membrane fusion, a partially
fused connecting segment forms between two adjacent distinct
phospholipid bilayer membranes. As they draw closer, this

Biomaterials Translational

connecting segment expands, evolving into a semi-fused
that
enlarges until OEVs fuse with recipient cells.”” On the other

double-layered membrane structure progressively
hand, the ligand-receptor binding pathway heavily relies on
the presence of lectins, polysaccharides, integrins, and other
cell adhesion molecules.” The presence or absence of these
substances significantly impacts the internalisation of OEVs
through this pathway, although the specific mechanisms
remain indeterminate in current research.’” Some studies
indicate that protein-coated internalisation is a typical route for
OEV uptake, and inhibiting the coating proteins can notably
diminish cellular uptake of OEVs.*** Moreover, owing to the
distinctive 3D structure of organoids, the efficiency of OEVs
internalisation is enhanced. The intricate cellular interactions
and spatial arrangement within organoids create a unique
microenvironment that facilitates efficient uptake of OEVs by
neighbouring cells.*

Figure 2. Biogenesis and internalisation of organoid extracellular vesicles (OEVs). The early endosome was formed by
the absorption of extracellular proteins by the plasma membrane through endocytosis. The early endosome gradually
matured into the late endosome by exchanging goods with the endoplasmic reticulum and Golgi apparatus. In the late

endosomes, a second plasma membrane invasion occurs to form multivesicular body (MVB), which is finally selected to
fuse with the plasma membrane of the cell to release OEVs or to fuse with lysosomes with the participation of sorting
proteins. The free OEVs arrive at the recipient cell and are absorbed by endocytosis or receptor ligand binding. Created

with BioRender.com.

Biomater Transl. 2023, 4(4), 199-212
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Isolation and characterisation of organoid extracellular

ew

vesicles

Currently, methods for the isolation of EVs primarily
encompass density gradient centrifugation, differential
centrifugation, size-exclusion chromatography, and kit-based
extraction. Each approach possesses its distinct advantages
and limitations. Here, we summarised extraction methodology
for OEVs (Figure 3). First, the separation of organoids and
matrix gel is achieved by subjecting the mixture to low-speed
centrifugation at 1,000 x g for 5 minutes at 4°C. Subsequently,
the supernatant is subjected to a low speed centrifugation at

Su. J;etal.

10,000 x g for 10 minutes at 4°C, followed by filtration through
a 0.22 um sterile filter. Then, employing ultracentrifugation at
150,000 x g for 90 minutes at 4°C, the sediment at the bottom
is identified as OEVs, which are subsequently resuspended in
sterile phosphate buffered saline. For purification, a repeat
ultracentrifugation at 150,000 x g for 90 minutes at 4°C is
conducted, yielding the purified OEVs as the sediment at
the bottom. Sterile phosphate buffered saline is employed to
resuspend the collected purified OEVs, which are then stored
at —80°C for future use.'* ¥ Other OEVs extraction schemes
are shown in Table 1.4

=
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Lt —_—
o L
Sl s ==
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- |
E———
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— —
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. o

Figure 3. Isolation of organoid extracellular vesicles (OEVs). After three-dimensional (3D) cultivation, the organoid
culture is collected and centrifuged at 10,000 x g for 15 minutes at 4°C. The supernatant is then filtered by 0.22 pm
sterile filter to remove impurities. Subsequently, OEVs precipitate are collected by the ultracentrifugation for 2 hours at
150,000 x g. The collected OEV's are purified with phosphate buffered saline (PBS) and ultracentrifuged at 150,000 x g
for 2 hours. The obtained OEVs can be characterised and verified using nanoparticle tracking analysis, transmission
electron microscopy, and Western blotting to represent the size, shape, concentration, and specific markers of OEVs.
The collected OEVs are used immediately or stored at —80°C until use. Created with BioRender.com.

Table 1. The extraction methods of organoid extracellular vesicles

Method Principle Advantage Disadvantage Reference
Gradient ultrafast Different settlement High purity; Time-consuming; 48
centrifugation coefficient Separable subgroup High equipment requirements
Volume exclusion Different particle size High purity; Expensive; 49
chromatography Fast preparation Low output
Immunoaffinity capture Specific binding High purity; Expensive; 50
Specific exosomes Need to optimise ligand;
Low yield
Microfluidic technology ~ Immunoaffinity, particle ~ High efficiency; Low yield; 51
size and density No chemical pollution Expensive
EVs extraction kit Immune magnetic bead Simple method Low output; -
capture Expensive
Sucrose density gradient  Centrifugal force High purity Low output; 52
centrifugation method Long time;

Tedious process

After the isolation of OEVs, transmission electron microscopy,
nanoparticle tracking analysis, and Western blotting are
the most used characterisation methods.'® ** ** Generally,
transmission electron microscopy and nanoparticle tracking

analysis are used to represent the size, shape, and concentration
of OEVs. In addition, Western blotting is used to characterise
specific markers such as transmembrane proteins CD9, CD63,
CD381, and tumour susceptibility gene 101°** (Figure 3).

www.biomat-trans.com
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In summary, this isolation and characterisation protocol
provides a clear procedure to obtain pure OEVs suitable for
subsequent research. As organoid technology matures and
more people realise the existence and ability of OEVs, it is
necessary to propose a standardised set of guidelines for the
isolation and characterisation of OEVs.

The Differences between Organoid
Extracellular Vesicles and traditional
Extracellular Vesicles

In contrast to 2D monolayer cell culture models within culture
dishes, organoids exhibit advanced 3D physiological structures,
facilitating intricate intercellular communication.’®*” A study
investigated EVs released by gastric cancer cells from the same
source cultured in both 2D and 3D conditions.*® >’ Subsequent
observations revealed a substantial advantage in the quantity
of EVs collected under 3D conditions. Furthermore, a decrease
in adenosine diphosphate-ribosylation factor 6 expression and
an overall elevation in microRNA expression were detected
within EVs collected from 3D conditions.’®** A recent study
on 3D EVs has shown that, unlike 2D EVs, many miRNAs
choose to be highly expressed in 3D EVs rather than in 2D
EVs.® In addition, when stimulated by amyloid-42, 3D EVs
showed stronger anti-inflammatory effects, while 2D EVs

Biomaterials Translational

showed reduced pro-inflammatory factors.®

Additionally, explored the transplantation of
mesenchymal stem cell derivatives cultured in 2D and 3D
conditions into mice with brain injuries.®'*** Mice injected with
derivatives from 3D culture exhibited superior improvements
in angiogenesis and neural recovery. This potentially arises
from the more natural physiological structure of cells from
3D culture, leading to the secretion of EVs with advantages
in both quantity and physiological functionality. At present,
many preclinical and clinical studies have demonstrated
the therapeutic effect, drug delivery capacity and diagnostic
potential of EVs, but the production and clinical conversion
technology of EVs are the main challenges limiting the
application of EVs.* %% Monolayer cell culture mode leads
to reduced cell-cell interaction, which seriously affects the
production and function of EVs. Fortunately, OEVs from 3D
solved these problems perfectly. 3D culture not only preserves
the cell phenotype, but also brings more high-yield and
efficient OEVs.

studies

Overall, OEVs derived from 3D culture conditions surpass
traditional EVs in terms of quantity and physiological effects,
rendering them more suitable for therapeutic applications in
disease treatment® (Figure 4).

Figure 4. The differences between organoid extracellular vesicles (OEVs) and traditional extracellular vesicles (EVs).
Two-dimensional (2D) cultured cells produced fewer EVs, poor bioactivity, and less protein and nucleic acid (left), while
three-dimensional (3D) cultured cells produced more OEVs, more active, and more protein and nucleic acid (right).

Created with BioRender.com. miRNA: microRNA.

Applications of Organoid Extracellular
Vesicles

Currently, the literature related to OEVs is very scarce.
However, existing research results show that OEVs have
significant therapeutic effects, which makes scientists and
clinicians full of interest and confidence in the huge therapeutic
potential of OEVs.”” In addition to disease treatment, it is
foreseeable that OEVs will prosper in fields such as liquid
biopsy, pharmacological testing, toxicity testing, drug testing,

55, 68

Biomater Transl. 2023, 4(4), 199-212

and genetic research (Figure 5). Here, we summarise the
applications of OEVs in immunomodulation and epithelial
repair.

Organoid extracellular vesicles for immunomodulation

Many studies have shown that EVs are effective mediators
of intercellular communication between intestinal cells
and immune cells.’” 7' Current studies show that EVs
derived from human intestinal organoids can modulate the
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Figure 5. The application diagram of organoid extracellular vesicles (OEVs). OEVs have a wide range of applications,
including liquid biopsy, pharmacological testing, toxicity testing, disease treatment, customised personalised medicine,

genetic research. Created with BioRender.com.

inflammatory response of multiple immune cells.”> OEVs
from organoids derived from murine intestinal crypt stem
cells exhibit pronounced immunomodulatory capabilities
(Figure 6A). Notably, OEVs inhibit lipopolysaccharide-
triggered cytokine production in immune cells. However, this
immunomodulatory function is susceptible to suppression
by opiate drugs. Specifically, upon intervention with opioid
analgesics on intestinal organoids, the immunomodulatory
prowess of OEVs becomes nullified.”’* Through microarray
analysis, a multitude of microRNAs, particularly Let-7 (an
inflammation-regulating factor), were found to regulate
OEVs-mediated immune regulation.

In in vivo experiments, Zhang et al.”? found that injection of
EVs derived from intestinal organoids significantly reduced
lipopolysaccharide-induced  systemic
improved the symptoms of dextran sulfate sodium-induced
colitis. Similarly, EVs derived from intestinal organoids
under morphine treatment failed to suppress immune
responses. Intestinal organoids are essential in vitro tools
that bring new research opportunities to intestinal stem cell
research. Watanabe et al.”® used intestinal organoids to treat
inflammatory bowel disease. The medical team at Tokyo
Medical and Dental University in Japan announced that they
successfully completed a colon transplant by using tissue
taken from the patient’s intestine to create organoids to treat
inflammatory bowel disease.”® This is the first time in the
world that organoid technology has been used to perform
transplantation for patients with the refractory disease
ulcerative colitis. We have reason to believe that EVs derived
from intestinal organoids will also be a powerful weapon in
the treatment of inflammatory bowel disease. In the future,
the combination of organoids and EVs derived from intestinal
organoids may achieve better therapeutic effects.

inflammation and

Organoid extracellular vesicles for epithelial repair
Radiation therapy can cause significant damage to the salivary
glands (SGs).”*”” Stem cell technology stands as a prospective
strategy for repairing SG injuries. Adine et al.”® has employed
a magnetic 3D bio-assembly platform to construct SG-
like organs (SGOs), aiming to introduce novel therapeutic
approaches for SG injury restoration. However, subsequent
experiments revealed suboptimal reparative outcomes of
SGOs, achieving only 25% efficacy.

In addition, during the cultivation of SGOs, it was observed
that conditioned media obtained by continuous centrifugation
of the cultures could yield oligodendrocyte-derived EVs
derived from SGOs (Figure 6B). These EVs derived from
SGOs were validated through nanoparticle tracking analysis,
transmission electron microscopy, and Western blot analysis.
Chansaenroj et al.” found that EVs derived from SGOs had
significant effects on SG injury, specifically stimulating SG
epithelial cell mitosis and promoting the growth of associated
neurons with an efficacy of 60% (Figure 6B). To a certain
extent, the therapeutic potential of OEVs greatly surpasses that
of organoids.

Engineering Methods for Modifying Organoid
Extracellular Vesicles

Although OEVs have better physiological effects than EVs,
OEVsstill havelimitations, such aslack of organ targeting.80-82
Currently, numerous articles have reported that modified EV's
can endow them with more powerful functions.®*¢ Given the
similarities between OEVs and EVs, engineering strategies
can also be used on OEVs to enhance their functionality
and achieve specific goals. Here, we summarise different
engineering approaches including engineering parental cells to
create therapeutic OEVs and engineering OEV’s after isolation
(Figure 7 and Table 2).!1:5387-%0
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Figure 6. Organoid extracellular vesicles (OEVs) for disease treatment. (A) OEVs secreted by intestinal organoids can
exert anti-inflammatory effects, while the anti-inflammatory effects of secreted OEVs are lost after the use of opioids
acting on organoids. Created with BioRender.com. (B) Cultivation and collection of SG-like organ (SGO) by magnetic
3D bio-assembly (M3DB) system for the treatment of radiation-induced epithelial damage. Reprinted from Chansaenroj
et al.”” 3D: three-dimensional; 96w ULP: 96-well ultra-low attachment plate; CM: conditioned media; EV: extracellular
vesicle; FGF10: fibroblast growth factor 10; GM: growth media; hDPSC: human dental pulp stem cell; IR: irradiated;
NTA: nanoparticle tracking analysis; SG: salivary gland; TEM: transmission electron microscopy; WB: Western blotting.

Figure 7. The engineering approaches for modifying organoid extracellular vesicles (OEVs), including the engineering
parental cells and engineering OEVs after isolation. Engineering parental cells, such as using clustered regularly
interspaced short palindromic repeats-CRISPR-associated protein 9 (CRISPR-Cas9) to modify cells to obtain engineered
organoids. Engineering OEVs after isolation are mainly Electroporation, chemical engineering, membrane fusion, and

freeze thaw. Created with BioRender.com.

Engineering parental cells

When parental cells are genetically engineered to overexpress
proteins, secreted EVs can also carry such proteins. For
example, Hu et al.>® genetically engineered NIH-3T3 cells to
generate engineered MEVs with C-X-C motif chemokine
receptor 4 (CXCR4) on their surface (Figure 8A). Moreover,
Liu et al.'"' used synthetic biology methods to construct

Biomater Transl. 2023, 4(4), 199-212

probiotic Escherichia coli Nissle 1917 (ECN) containing
recombinant plasmid pClyA-CXCR4 (ClyA, a bacterial
surface protein,’ ** thereby obtaining a large number of
engineered bacterial EVs (BEVs) displaying CXCR4 on the
membrane surface (Figure 8B). In addition, organoid can also
be genetically modified to generate engineered OEVs with
powerful functions.
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Table 2. Engineered retrofit solutions for organoid extracellular vesicles

Engineering approach  Strategy

Method

Purpose Reference

Engineering parental cells Genetic engineering

Synthetic biology

Engineering after Membrane fusion

isolation
Chemical engineering

Chemical engineering

Freeze-thaw

Electroporation technique

Direct modification of
parent cells

Shuttle plasmid

Co-incubation

Non-covalent reaction

Click chemistry

Freeze-thaw cycle

High voltage electric field

The protein was displayed on 53
the surface of extracellular

vesicles to enrich its

physiological function

Giving new functionality to 11
bacterial extracellular vesicles
Loading of exogenous cargo 87
into the membrane

Increased extracellular vesicles 88
targeting

Loading of azides onto the 89
membrane surface

Loading extracellular vesicles 90
with exogenous substances and
ensuring normal morphology
Transfer of DNA, or/and RNA 11
into extracellular vesicles

Figure 8. Engineering parental cells to endow their extracellular vesicles (EVs) with powerful functions. (A) Schematic
illustration of exosome-guided microRNA (miRNA) blocking. Reprinted from Hu et al.* (B) Schematic illustration of
the construction of bioengineered bacterial EVs (BEVs). Reprinted from Liu et al.!! Copyright 2023, with permission
from Elsevier. BEV: bacterial extracellular vesicle; BEV-C: BEVs-hCXCR4; BEV-CS: BEVs-hCXCR4-SOST siRNA;
ClyA: A bacterial surface protein; CXCR4: C-X-C motif chemokine receptor 4; ECN: construct probiotic Escherichia
coli Nissle 1917; hCXCR4: human C-X-C motif chemokine receptor 4; IV: intravenous; p: plasmid; SDF1: stromal cell-
derived factor 1; siRNA: small interfering RNA; SOST: sclerostin.

Engineering organoid extracellular vesicles after
isolation

Membrane fusion

OEVs with a phospholipid bilayer structure can spontaneously
fuse with other phospholipid bilayer materials, thereby
endowing OEVs with new functions.?” **°* In general, EVs
can fuse with liposomes after 12 hours of incubation at
37°C.¥ Moreover, polyethylene glycol can accelerate the

fusion of EVs and functionalised liposomes.” Chen et al.”
used membrane fusion technology to construct BEVs-cancer
EVs hybrid membranes and achieved tumor targeting and
immunogenicity. Lin et al.¥” constructed hybrid nanoparticles
for delivering the CRISPR-Cas9 system to MSCs by incubating
fused MEVs and liposomes. The same principle can be applied
to induce fusion between OEVs and liposomes, thereby
augmenting the functions of OEVs.
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Chemical engineering

Covalent and non-covalent reactions are commonly employed
techniques to modify the membrane surface of EVs.””* This
modification strategy is equally applicable to OEVs. For
instance, direct co-incubation utilizing hydration forces can
integrate targeting peptides into the phospholipid bilayer of
OEVs, enhancing their targeting capabilities.®® Furthermore,
the amine properties on the membrane of OEVs can be
modified with alkyne groups and click chemistry can be
employed for surface modification of OEVs. When alkyne
groups label the amines on the OEVs membrane, copper-
catalysed azide-alkyne cycloaddition reactions can impart new
properties to the EVs’ membrane by orthogonal reaction with
azide compounds.”

Freeze thawing

The freeze thawing approach is a straightforward method for
loading exogenous substances into OEVs. For example, Haney
et al. ” constructed a new MEVs-based delivery system to treat
Parkinson’s disease. Catalase was loaded into MEVs ex vivo
using incubation, freeze-thaw cycles, sonication, or extrusion.
In addition, Hajipour et al.!® isolated MEV's from uterine fluid
and loaded human chorionic gonadotropin by freeze-thaw
cycle and sonication methods. Shi et al.”” have evaluated six drug
loading methods, including incubation, sonication, extrusion,
freeze-thaw cycles, saponin-assisted, and electroporation
method, for milk derived MEVs drug delivery. Drug-loaded
MEVs obtained through freeze-thaw cycles showed minimal
morphological changes.

Electroporation technique

The electroporation technique involves applying high-
intensity electric fields to transiently enhance the permeability
of the phospholipid bilayer, facilitating the uptake of exogenous
substances from the surroundings.’” Hence, electroporation
technique enables the introduction of DNA, RNA, proteins,
and more into the membrane of OEVs. An advantage of
electroporation lies in its ability to preserve the physical
characteristics of small interfering RNA during the transfer
process.'” Alvarez-Erviti et al.'” loaded exogenous small
interfering RNA into brain-targeted MEVs (Lamp2b-MEVs)
through electroporation for the treatment of brain diseases,
such as Alzheimer’s disease. Moreover, Liu et al.11 also used
electroporation to load exogenous small interfering RNA into
bone-targeted BEVs (BEVs-CXCR4) for the treatment of bone
diseases such as osteoporosis.

The Potential Role of Organoid Extracellular
Vesicles in Bone Therapy

Due to the limited development of organoids and OEVs, the
therapeutic applications of OEV (especially OEV-derived from
bone organoids) in the treatment of bone diseases still need
to be further explored. However, the existing research on
MEVs and BEVs in the treatment of bone diseases has laid the
foundation for the treatment of OEVs in bone diseases.** 1105

Importantly, OEVs have surpassed traditional MEVs in
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quantity and physiological effects, making them more suitable
for therapeutic applications in disease treatment.*® Therefore,
OEV-based bone therapies, including the natural OEVs and
engineered OEVs, have huge potentials.

The nanoscale size of OEVs as well as their cell-free properties
and high safety make them excellent nanocarriers.®> % Natural
OEVs have been shown to have promising therapeutic effects
against complex diseases.®® 717 19% n addition, engineering
natural OEVs can endow them with specific organ targeting
and stronger therapeutic effects. For example, loading targeting
elements on the membrane surface of OEVs can enhance
specific targeting. In addition, encapsulating therapeutic agents
in OEVs not only enhances drug stability and extends half-life
in vivo but also reduces the risk of adverse effects.

However, realising the applications of OEVs for bone disorder
treatment presents challenges that need to be surmounted,
such as organoid preparation, OEV isolation, engineering
modifications, drug loading, and release mechanisms. As
advances in organoids and OEVs continue, we can foresee that
the use of OEVs to treat bone diseases will lead to more effective
and personalised treatment options, ultimately improving bone
health and improving overall quality of life.!* '

Advantages and Challenges

OEVs represent a novel technological branch that extends
from the development of organoid technology. Conceptually
aligned with MEVs, BEVs, and plant derived EVs, OEVs are
nanoscale vesicles released by living cells into the extracellular
environment. Particularly, the similarities between OEVs and
MEVsin terms of biological mechanisms are striking. However,
the advantages of organoids (similar spatial structure to human
tissue) compared to MEVs endow OEVs huge advantages in
terms of yield and functionality.® " '"> Moreover, OEVsinherit
the low immunogenicity and efficient crossing of biological
barriers of MEVs, thereby showing broad prospects in medical
applications and drug delivery vehicles. Furthermore, OEVs
have the potential to be engineered to enhance their targeting
specificity and confer complementary physiological functions,
thus enhancing their potential applications.

Nevertheless, OEVs still face several obstacles in moving
them from lab to clinic. The biggest obstacle to bring OEVs
from lab to clinic is the construction of organoid. As organoid
models are still in their nascent stages, currently generated
organoids predominantly exhibit singular functions and
lack comprehensive functional integration. For example,
currently reported bone organoids mainly represent isolated
bone functions, such as bone formation, resorption, or
haematopoiesis, rather than integrated multifunctional bone
organ systems.’® ''* These divergences prevent OEVs from
perfectly replicating the diversity of human cells. Furthermore,
while OEVs possess a pronounced production advantage over
MEVs, they still cannot meet the demands of research and
clinical applications. In addition, OEV extraction methods lack
standardised standards, and their mechanism of action remains
unclear. Here, we summarise the advantages and challenges of
OEVs (Figure 9).
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Figure 9. Advantages and challenges of organoid extracellular vesicles (OEVs). OEVs have the advantages of strong
physiological function, high yield, low immunogenicity, cell-free system, and good delivery potential. At the same
time, OEVs also have several obstacles, including unknown functional mechanism, lack of source, need engineering
transformation, single function, and lack of standardised extraction course. Created with BioRender.com.

Conclusions and Perspectives

OEVs and traditional EVs are essentially derived from
mammalian cells. Therefore, the biogenesis, internalisation,
isolation, and characterisation of OEVs are similar with
that of MEVs. However, OEVs exceed traditional MEVs in
terms of quantity and physiological effects. Therefore, OEVs
are more suitable for therapeutic applications in disease
treatment. Subsequently, the applications of natural OEVs in
disease treatment, such as immunomodulation and epithelial
repair, have been summarised. Although OEVs have better
physiological effects than EVs, OEVs still faces several
obstacles. We then summarise the engineering modifications
of OEVs, including engineering parental cells and engineering
OEVs after isolation (membrane fusion, chemical engineering,
freeze thawing, and electroporation technique). Furthermore,
the potential of natural and engineered OEVs in bone-related
diseases is prospected. Finally, the advantages of OEVs
(including strong physiological function, high vyield, low
immunogenicity, cell-free system, and good delivery potential)
and challenges of OEVs (including unknown functional
mechanism, lack of source, need engineering transformation,
single function, and lack of standardised extraction course)
have been critically discussed. The comprehensive discussion
of OEVs will provide more innovative and efficient solutions
for complex bone diseases (Figure 1).

Although the research on organoids is very hot, there are only
few studies on OEVs, and there are almost no applications of
OEVs in diseases, especially bone-related diseases. In essence,
we hope that this review can propose a novel concept, where
OEVs constitute a powerful new paradigm in the field of
biomedical research and provide new therapeutic avenues for
a variety of complex diseases, especially bone diseases. With
the continuous improvement of organoid technology and the
construction of multifunctional integrated organoids, we will
be able to highly simulate the physiological environment and
functions of the human body in vitro. This will also help extract
more effective OEVs to meet the needs of disease treatment.

There is no doubt that the potential of OEVs will be further
demonstrated in the future to benefit patients. Despite ongoing
challenges, the field of organoids and OEVs have significant
progress in recent years, driving the realisation of clinical
applications.
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diseases. The neural electrode interface part of brain-computer interface is
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between brain tissue system and external electronic devices, which determines
the performance of brain-computer interface. In order to solve the problems
of insufficient flexibility, insufficient signal recognition ability and
insufficient biocompatibility of traditional rigid electrodes, researchers have
carried out extensive studies on the neuroelectrode interface in terms of
materials and modification techniques. This paper introduces the biological
225 reactions that occur in neuroelectrodes after implantation into brain

tissue and the decisive role of the electrode interface for electrode function.
Following this, the latest research progress on neuroelectrode materials and
interface materials is reviewed from the aspects of neuroelectrode materials

and modification technologies, firstly taking materials as a clue, and then
focusing on the preparation process of neuroelectrode coatings and the design
scheme of functionalised structures.

Introduction

Since the discovery of electrical signals in the
brain in the 1920s, people have been constantly
searching for ways to decipher its thinking
process and explore new methods of interaction
between the human brain and the outside world.
Brain-computer interface (BCI) recognises
multiple electrical signals generated by the human
brain during thought processes through neural
electrodes, and converts them into meaningful
information. This innovative approach does not
rely on conventional extracerebral peripheral
nerve-to-muscle output pathways but instead
establishes a novel non-muscular channel
between the human brain and computers or
other electronic devices, enabling barrier-free
interaction and control of information. The new
non-muscular channel established between the

Biomater Transl. 2023, 4(4), 213-233

human brain and computers or other electronic
devices achieves barrier-free interaction and
control of information. Implantable electrodes
used to detect local neural signals have probes
that can be embedded in designated areas of the
cerebral cortex, providing a very high degree
of accuracy in electroencephalogram signal
transmission, while implantable BCIs can not
only output and interpret human brain signals
from the inside out, but also input and transform
electrical signals from the outside in to reverse
stimulate neurons and restore specific neural
activity. BCI has provided a brand-new window
for the study of brain activities and diagnosis of
brain-related diseases,"? as well as serving as a
novel treatment tool for neurological damage
caused by diseases or injuries. For example,
technological advances in

and theoretical
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neuroscience and implantable BCIs have introduced potential
solutions for a wide range of common neurological-related
disorders, including deafness, blindness, epilepsy, and
depression.’ Neuroelectrodes play a crucial role in signalling
within BClIs as they determine the quality and efficiency of
communication. This is essential to ensure the stable and
effective operation of the BCI system. The electrode interface
serves as the area where electrical, optical, and chemical signals
are transmitted between the brain tissue system and external
electronic devices. As the “bridge” of the BCI, it is also where
the electrode material directly contacts biological tissues. The
signal interaction ability, biocompatibility, and long-term
stability of this interface directly impact the working efficiency
and lifespan of BCI electrodes.

Currently, the mainstream neuroelectrodes on the market
are still dominated by conventional electronic materials, such
as metals and inorganic semiconductor materials; however,
the high modulus of elasticity of the conventional electrode
materials obviously leads to their inability to match the brain
tissue. To solve this problem, electrode interface materials have
been extensively investigated. One approach is to modify the
structure of conventional metal and semiconductor electrode
materials to enhance their flexibility. For example, a promising
direction is to fabricate electrodes with smaller dimensions,
such as thin films or filament structures.** Meanwhile,
modifying the electrode surface with nanostructures,”’ such
as modifying metal nanopatterns, or rough surface electrodes
with nanoparticles, not only increases the surface area of the
electrode interface and improves the contact with the neural
tissue, but the surfaces with some specific structures also
make the electrode interface have more biocompatible, which
is more conducive to the neuron cell growth in the contact.
After metals and semiconductors, another category that has
received attention is the carbon nanomaterials for electrodes,
which range from carbon quantum dots, carbon nanowires,
and carbon nanotubes (CNTs), to graphene, and have variable
structural features and therefore a wide range of tunable
properties.’®!? In addition, carbon nanomaterials have better
biocompatibility than metals and semiconductor materials,
as well as good electrical properties.”*"> With the rise of
conductive polymers (CPs),'*"** more flexible organic materials
have successfully expanded the choice of interface materials
for neuroelectrodes. Polymer hydrogels as well as bio-based
materials,'”  as implants, possess better biocompatibility
and even bioactivity, and have been widely used in the field
of tissue repair and other areas since early days, and after
improving the electrical properties through specific structures
or doping with conductive components,?** these organic
materials have also demonstrated promising prospects in the
field of neuroelectrodes.

In this review, we first introduce the biological responses
of neuroelectrodes after implantation into brain tissues and
the decisive role of the interfaces for electrode function.

Qu, X,;etal.

Afterwards, we review the latest research progress of
neuroelectrode materials and interface materials from
the aspects of neuroelectrode materials and modification
technologies. Specifically, we discuss the materials used for
neuroelectrodes as a starting point and subsequently delve into
the preparation process of neuroelectrode coatings and the
design of functional structures.

Challenges of Implantable Neuroelectrodes in
Brain Tissue

Specificity of brain tissue

Brain tissue is one of the softest and most fragile tissues
compared to other tissues in the human body.* Neural axons
in brain tissue break at about 18% strain,” so rigid implants
will inevitably cause damage to neural tissue when entering
the brain. The brain and other central nervous tissues are
mechanically protected throughout the body by other sturdy
tissues, such as the dura mater and skull. Therefore, compared
to other tissues, brain tissue is hardly exposed to mechanical
stress from the outside nor does it generate as much internal
mechanical stress as tissues such as muscles or blood vessels.?
So once exposed to external mechanical stress, brain tissue is
more susceptible to mechanical injury. Moreover, although
brain tissue has a regenerative mechanism, self-repair of
neural tissue after damage is difficult. One point is due to
the unfavourable microenvironment formed by post-injury
inflammation, and the second is the lack of healthy extracellular
matrix, and the presence of neuroglial scarring affects neuronal
survival, regeneration and axonal growth.”

Foreign body reaction after electrode implantation

Foreign body reaction inevitably occurs when implanting any
material into the tissues of a living organism,” and similarly,
foreign body reaction occurs during the implantation of
neuroelectrodes into brain tissues. The first and most critical
event that occurs during the implantation of electrodes is
the disruption of the blood-brain barrier,* *
infiltration of blood cells and plasma proteins triggers a series
of dynamic biochemical alterations and an inflammatory
cascade with multicellular involvement at the tissue-electrode
material interface. Within minutes after blood-brain barrier
injury, resting microglia are activated as primary effectors,
transforming into a “pro-inflammatory” phenotype® and
initiating an acute immune response. In the following hours,
oligodendrocytes are activated and begin to participate in
neuronal repair.*” And in the subsequent days, astrocytes are
activated by interleukin-1p, tumour necrosis factor-a, and
complement component 1q from microglia,”® and gradually
accumulate near the electrode and form a glial scar.** Further,
activated astrocytes no longer provide an appropriate nerve
regeneration matrix while synthesising and secreting inhibitory
and damaging factors leading to neuronal loss and reduced
fibre density.”® In summary, the stress response initiated by
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microglia undergoes several days of indirect cellular forces that
ultimately prevents the intimate contact and communication
between neurons and electrodes, both in terms of physical
space and biochemical cues. And when the electrodes are
implanted in brain tissue, a highly dynamic and complex
inflammatory microenvironment consisting of multiple cells
and factors forms on their surface, thereby impeding direct
dialogue between neurons and the electrode surface.

Literature Search

Articles on neuroelectrode materials BCIs
neuroelectrode coating technology were searched using the
search terms: “brain-computer interfaces” or “neuroelectrodes”
combined with “coating materials”, “coating technology”, and
“microstructure”, respectively. These searches were conducted
on the Web of Science in July 2023, and articles published after
2018 have been collected in order of publication. After careful
screening, 145 articles were included in this review.

for and

Interface Determines Electrode Function
Electrical properties

The most basic function of implantable microelectrodes is to
acquire electrophysiological signals from neurons, and the
signal quality is reflected in several metrics, including signal-
to-noise ratio, single-unit recording capability, and long-term
recording capability.’>*” In BCI systems, ions are the carriers
of signals transmitted along the nerve, and electrons are the
medium in the electrode. Therefore, the neuroelectrode
interface is where the ionic signals are converted into electronic
signals, and the electrical properties of the neuroelectrode,
such as the interface impedance between the electrode and
the brain tissue, and the amount of charge storage, determine
the quality of the signals recorded by the electrode.’® ** The
interfacial impedance, in turn, is affected by the roughness of
the neuroelectrode interface, its area, and the electrical/ion
exchange capacity of the interfacial material.*

Biocompatibility

Biocompatibility is reflected in several aspects. Firstly, the
electrode material itself should be non-biotoxic. Secondly, it
should cause as little mechanical damage to the brain tissue
as possible during and after implantation, and lastly, it should
induce as little immune response as possible during long-term
use. Mechanical damage caused during the implantation of
neuroelectrodes is the beginning of the immune response,
which triggers a series of inflammatory cascade reactions
that will firstly disturb the local tissue microenvironment
around the neuroelectrode, thus affecting the collection
of electrophysiological signals from the electrode to the
surrounding area.** In contrast, reducing the size of the
implant** and increasing its flexibility*’* are methods to
minimise mechanical damage to the implant. The long-term
biocompatibility of the electrodes after implantation, on the
other hand, is challenged by the ability to adapt the elastic
modulus of the neuroelectrode to the brain tissue,*** the ability
of the electrode interface to inhibit immune responses,”*
the stability of the electrodes during long-term use.****

and
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Bioactivity

Bioactivity is a higher requirement for current neuroelectrode
interfaces. Biocompatibility aims to make the implant
“invisible” to biological tissues, thus escaping immune tracking
and minimising the impact of immune responses. However,
due to the unavoidable damage caused by implantation and
the difficulty of repairing neuronal cells that are damaged,
biocompatibility alone cannot meet the requirement for
high quality signal transmission. To achieve the goal of non-
destructive implantation, the neuroelectrode needs to be
bioactive. In other words, through specific morphology of
the electrode interface® ® and modification of the bioactive
components,®* the neuronal cell repair can be actively
regulated, and the neural axon growth can be promoted, so
that the neural tissues around the electrodes can restore the
pre-implantation state, and even establish a tighter connection.

Neuroelectrode Materials

Inorganic materials

Metal and inorganic semiconductor materials are traditional
neuroelectrode materials with good chemical inertness and
electrical properties, but it is often difficult for metal and
semiconductor materials to adapt to the needs of brain tissues
for elastic modulus and biocompatibility. In recent years,
researchers have made progress in improving the performance
of neuroelectrodes made of inorganic materials by designing
the composition and structure of neuroelectrodes made of
metals and semiconductors. Meanwhile, the rise of new
carbon nanomaterials, such as nanodiamond, CNTs, and
graphene, has also provided new directions for inorganic
neuroelectrodes. Carbon nanomaterials have great potential in
the field of neuroelectrodes due to their extremely low toxicity,
high biocompatibility and unique optical, electrical, magnetic
and chemical properties.

Metal electrodes

Traditional metal electrodes often use precious metals such
as aurum (Au), platinum (Pt), etc. Precious metals have
good electrical conductivity and chemical stability, but
their excessive elastic modulus makes them difficult to be
compatible with brain tissue. One way to reduce the elastic
modulus of metal electrodes is to make the metal partially
ultrathin.®® For example, cylindrical three dimensional
(3D) Au thin-film microelectrodes fabricated using the
microelectrode array (MEA) technique, with the sidewalls
insulated with poly(parylene C) and the tip modified by wet
etching and/or the application of a titanium nitride coating,
exhibit low impedance and low intrinsic noise levels.* Hong
et al.¥ developed nucleation-inducing seed layers using
biocompatible polyelectrolyte multilayer metal films using
flexible and transparent ultrathin (< 10 nm) Au MEAs (Figure
1A) with low sheet resistance (< 5 Q'), high light transmission
(> 77%), and excellent mechanical bending performance (600
mm bending radius for one cycle) (Figure 1B). Miniaturising
metal electrodes is an effective way to increase their flexibility,
but the size of bioelectrode materials is limited by the electron
mean free range, and materials with sizes smaller than the
electron average free range inhibit electron mobility. Lim et
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al.®® prepared a nanocomposite of whiskered Au nanosheets
(Figure 1C). While possessing high tensile properties, the
permeation threshold (1.56 vol%) was maintained below that
of Au nanoparticles (5.02 vol%) and Au nanosheets (2.74 vol%).

Another category of metallic materials suitable for
neuroelectrodes is room-temperature liquid metals (LMs) such
as gallium-based alloys that are liquid at room temperature.
LMs show potential for neuroelectrodes due to their fluidity,
high electrical conductivity, and high biocompatibility.**"!
LM-based fluidic cuff electrodes, which are highly flexible and
maintain excellent electrical conductivity even when stretched
to 200% of their original length, are capable of transducing
peripheral nerve signals and delivering neural stimuli for up to
2 weeks under exercise.”” Zhang et al.”" developed a 20-channel
neuroelectrode array based on the eutectic Ga-In alloy (75.5%

Qu, X,;etal.

gallium and 24.5% indium) in a 20-channel neural electrode
array. Electrochemical impedance spectroscopy tests showed
thatthe studied LM electrode has a similar interfacial impedance
to the Pt electrode; the maximum and minimum impedances of
the LM-type electrode are 0.75 MQ/4.1 kQ (2.77 MQ/5.2 kQ
for the Pt electrode), in the same range, over the test frequency
range of 1 x 107'-1 x 10° Hz (Figure 1D). Dong et al.*’ prepared
highly stretchable neural electrode arrays by screen-printing
an LM conductor onto a poly(dimethylsiloxane) substrate
(Figure 1E), which exhibited stable electrical properties at
100% strain. However, the chemical properties of LMs under
physiological conditions limit their in vivo application, e.g., in
environments above 1 ppm oxygen content, an oxidised layer
rapidly forms on the surface of Ga, leading to a decrease in
conductivity at the interface.”>”*
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Figure 1. New metal material electrode. (A) Schematic of the formation process of ultrathin Au electrodes on
polyelectrolyte coatings and photographic and microscopic images of Au/(PEI/PSS), MEA on plastic. (B) The
magnitude of the impedance at 1 kHz (top) and a comparison of the area-normalised electrochemical impedance and
light transmittance in a recently developed neuro-microelectrode (bottom). A and B were reprinted from Hong et
al.”” Copyright 2022 Wiley-VCH GmbH. Reproduced with permission. (C) TEM images of whiskered Au nanosheets
showing the overall morphology and magnified views of the edge portion of the whiskers. Scale bars: 5 um (C1, C2), 1
pm (C3), 200 nm (C4). Reprinted with permission from Lim et al.*® Copyright 2022 American Chemical Society. (D) The
EIS curves of the LM-based and Pt electrodes under 1 x 10~ up to 1 x 10° Hz at a scan rate of 0.1 V/s (in normal saline, 10
mV sine wave).”! (E) Fabrication of stretchable metal electrodes based on liquid metal-polymer conductors using screen
printing, which reprinted from Dong et al.* Copyright 2021 Wiley-VCH GmbH. Reproduced with permission. Au:
aurum; EGaln: eutectic gallium-indium alloy; EIS: electrochemical impedance spectroscopy; LM: liquid metal; MEA:
microelectrode array; NP: nanoparticle; PDMS: poly(dimethylsiloxane); PEI: polyethylenimine; PET: polyethylene
terephthalate; PSS: poly(styrene sulfonate); Pt: platinum; TEM: transmission electron microscopy.

Semiconductor materials

Semiconductor materials are rich in composition and
structure, and can be tuned and processed to exhibit a variety
of properties and produce a multitude of functions to suit
applications in different scenarios.

Traditional silicon-based electrodes can conform to brain
movements when processed into microneedle arrays on
flexible stretchable substrates. Lee et al.”> demonstrated a
1024-channel penetrating silicon microneedle array using a
double-sided lithographic microfabrication process (Figure
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2A-C) to successfully record single-cell activity in mice under
both optogenetic and whisker-air blowing stimuli for up to
196 days. Suzuki et al.”® used a complementary metal oxide
semiconductor MEA with 236,880 electrodes each measuring
11.22 pm? and covering an area of 5.5 x 5.9 mm? to provide
a detailed single-cell level neural activity analysis platform
for brain slices, human induced pluripotent stem cell-derived
cortical networks, peripheral neurons, and organ tissues of
the human brain. Two-dimensional transition metal carbides
(MXene) have excellent metal conductivity, electrochemical
stability, and higher volumetric capacitance than conventional
carbon-based electrode materials.”””’ Rafieerad et al’®
prepared a novel Ta4C3Tx MXene-tantalum oxide hybrid-

Biomaterials Translational

a fluorine-free etching technique to achieve superior bulk
capacitance while maintaining biocompatibility. As shown in
Figure 2D, the titanium dioxide (TiOZ)—based electrode arrays
of reconfigurable anatase-brookite bicrystalline polycrystalline
mesoporous layers exhibited excellent selectivity and fast
photoconductive response to ultraviolet radiation, high
stability in aqueous solution while maintaining a high
switching ratio of 10 for 5 more than 30 days, and excellent
biocompatibility for cell transfer and growth.*® Zhang et al.®!
developed an active fully transparent electrocorticography
array based on zinc oxide thin-film transistors (Figure 2E,
and F) with a transparency of up to 85% and a higher signal-
to-noise ratio than Au grid electrodes (zinc oxide thin-film

structure electrode based on MXenes, innovatively using transistors 13.2 dB, Au grids 19.9 dB).

A B D
C
E F
a b c d e f
Substrate  S/D Active layer Through Gate Protective
hole electrode layer
Glass ITO-1 ZnO AlLO,-1 Al,O,-2 ITO-2 AlLO,-3

Figure 2. Semiconductor materials neuroelectrodes. (A) Photograph of a 1024-channel SiMNA and a magnified view of
an array with a tapered SiMN with a height of approximately 300 um and a tip coated with PtNM. Scale bar: 2 mm. (B)
Magnified view of a 1024-channel SIMNA implanted in the right hemisphere of the rat brain. Scale bar: 200 um (left), 1
mm (right). (C) Schematic diagram of SiMNA implantation in the right hemisphere with electrical connections pointing
toward the back of the rat (green highlighted area indicates successful implantation of cortical SiMNs, while the SiMN
in the red highlighted area is located at the top of the rat skull) and a signal-to-noise histogram of whisker blowing
stimulation evoked LFP response. A-C were reprinted from Lee et al.”> Copyright 2022 Wiley-VCH GmbH. Reproduced
with permission. (D) Side and top views of patterned TiO, electrodes. The green parallel lines in the top view represent
ITO patterns attached to 60 external contact pads.”® (E) Left: (a, b) The first ITO layer of 100-nm thickness for source
and drain, (c) 20-nm thick ZnO active layer and the first AL,O, layer of 10-nm thickness for the ZnO layer protection,
(d) the second AL O, layer of 20-nm thickness as the gate dielectric layer and through-holes punched in the layer, (e) the
second ITO layer of 100-nm thickness for the gate electrodes, and (f) the third AL, O, layer of 20-nm thickness to protect
the whole device. Right: Structure of a ZnO-TFT electrode. The red dashed square labels a transistor with W/L = 80/5,
which consist of 16 transistors with W/L = 5/5 in parallel. (F) Microscopic image of a 3 x 4 ZnO-TFT array. The red
dashed frame labels an active region consisting of 16 paralleled ZnO-TFT, corresponding to that in the red dashed frame
in E (right). Scale bar: 200 um. E and F were reprinted from Zhang et al.*! A1203: aluminum oxide; D: drain; ITO: indium-
tin-oxide; LFP: local field potential; PtNM: platinum nanomesh; S: source; SIMNA: silicon microneedle array; SNR:
signal-to-noise ratio; TFT: thin-film transistor; TiO,: titanium dioxide; W/L: width-to-length ratio; ZnO: zinc oxide.

Carbon nanomaterials

Carbon nanomaterials, ranging from carbon quantum dots,
CNTsto graphene, have versatile structural features, which also
contribute to the special functionality of carbon nanomaterials,

which are widely used as neuroelectrode materials on the basis
of possessing high chemical stability and biocompatibility.®2%
Flexible CNT fibre were able to continuously record signals
from the spinal cord of freely moving rats for 3-4 months
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without electrode repositioning and successfully recorded
individual neurons and local field potential activities in
response to mechanical stimulation of somatic cells.®® Yang
et al.* developed a flexible multifunctional electrode based on
CNT arrays, which, compared with conventional Au electrodes,
has a larger electrochemically active area (3.54 times), higher
specific capacitance (13.75 times) and charge storage capacity
(2.66 times). As shown in Figure 3A, Xiong et al.*” ® prepared a
multilayer graphene hydrogel membrane by flow self-assembly
of chemically transformed graphene nanosheets. Although
Young’s modulus of this multilayer graphene hydrogel
membrane was not sufficient to match the nerve tissue,

A B
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there was almost no inflammatory response after 8 weeks of
implantation in the sciatic nerve of rats. It can be concluded
that due to the sliding between the graphene mizunas, the
multilayer graphene hydrogel membrane showed significant
viscoelasticity, which enhanced contact while reducing
compression (Figure 3B), thus reducing inflammation due to
the stiffness mismatch. Xiong et al.* developed a graphene-
based fibre optical electrode, which dramatically enhanced the
charge storage capacity of the graphene fibre electrode while
maintaining the excellent electrical properties of the graphene
fibre electrode, which was able to safely deliver stimulation
currents up to 504.04 mC/cm?.

Figure 3. Neuroelectrodes are made of carbon nanomaterials. (A) Photograph of graphene dispersion and MGH
membrane (top). The inset (bottom) outlines the multilayer structure of the MGH membrane made of CCG nanosheets
(red).*” (B) Proximal and distal d-MGH at 8 weeks after implantation. The color bars represent the blood flow velocity.
Scale bars: 5.0 mm (left), 2.0 mm (right).”” CCG: chemically converted graphene; d-MGH: CCG nanosheets densely

packed MGH; MGH: multilayer graphene hydrogel.

Conductive polymers

CP materials provide a softer interface and excellent
biocompatibility while being able to guarantee the required
electrical properties of nerve electrodes.”*> Hydrogels have a
tunable 3D structure, are water-rich and have a low modulus
of elasticity, as can imitate the chemical-mechanical properties
of neural tissues, and CP hydrogels are therefore widely used
as neuroelectrode materials. Liang et al.”® used polypyrrole
(PPy)-modified microgel as a cross-linking agent to generate
electrically conductive transparent hydrogels. By restricting
the conductive components to the surface of the microgel,
the interaction between the particles and light waves was
reduced, thus improving the transparency of the hydrogel
while maintaining good electrical conductivity. Xia et al.*
developed a set of polymer network hydrogels interpenetrated
with poly(N-isopropylacrylamide) and poly(Cu-arylacetyl)
(HCuM). Poly(Cu-arylacetates) has intrinsic electronic
conductivity and unique fluorescent properties for
optoelectronic, photocatalytic, and bioimaging applications.
The presence of the poly(Cu-arylacetylide) component
allows it to exhibit extreme adhesion, resistance to swelling
(Figure 4A, and B), excellent antimicrobial properties,
and high biocompatibility. Hydrogels have a wide range of
advantages as neuroelectrode materials, but the inherent
electrical conductivity is generally poor and other methods are
needed to enhance their electrical properties. Among these,

doping of nanometallic materials (nanowires, nanosheets or
nanoparticles) and carbon materials (nanotubes or graphene)
are common ways to improve the conductivity of hydrogels.
Rinoldi et al.”> developed a flexible neuroelectrode interface
material consisting of a polyacrylamide hydrogel loaded with
plasmonic Ag nanocubes. The incorporation of Ag nanocubes
enabled the hydrogel to obtain excellent conductive properties,
with a 2.4-fold enhancement in conductivity at 10 Hz compared
to pure polyacrylamide hydrogel (Figure 4C, and D). Won et
al.’ prepared conductive fibres doped with Au nanoparticles
in the outer layer by using osmotic pressure to control the
distribution of Au ions in the polymer network, and the uptake
and reduction of the Au precursor in polyurethane fibres. High
electrical conductivity (o= 7.68 x 10* S/m) and low impedance
(I1Z| = 2.88 x 10° Q) were obtained while maintaining the
original modulus of elasticity of the polyurethane fibres.

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) hydrogels”® have attracted much attention
among CP hydrogels due to their higher electrical conductivity
induced by well-connected CP networks.'®'%? Li et al.'®
designed a stretchable network electrode by combining the CP
PEDOT:PSS hydrogel as a top layer with a resilient polystyrene-
ethylene-butylene-styrene substrate bond. It is characterised
by the use of a network design with a large strain range, which
maintains a remarkably high level of electrical properties under
huge strains compared to conventional electrodes.
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Figure 4. Neuroelectrodes are made of conductive polymer materials. (A) Swelling study of pNIPAm hydrogel and
HCuM 0.13-0.40 in water for 5 days. (B) Demonstration of adhesion of HCuM 0.13-0.40. A and B were reprinted from
Hong et al.”* Copyright 2022 Wiley-VCH GmbH. Reproduced with permission. (C) Histogram of Young’s modulus,
showing the mechanical properties of PAAm/AgNCs compared to PAAm hydrogels, measured by nanoindentation

method (left) and histogram of the electrical impedance values , measured at a physiologically significant frequency (10
Hz), showing the superior electrical properties of the PAAm/AgNCs hydrogel (right). Data are expressed as mean + SD.
**P<0.01, **P < 0.001. Reprinted with permission from Rinoldi et al.” Copyright 2023 American Chemical Society.
AgNC: silver nanocube; HCuM: a set of polymer network hydrogels interpenetrated with poly(N-isopropylacrylamide)

and poly(Cu-arylacetyl); PAAm: polyacrylamide.

Bio-based materials

Biobased materials are characterised by high biocompatibility,
biodegradability, and sustainability, whereas biopolymers such
as hyaluronic acid,'* alginate,'* ' chitosan,'” ' filipin,'®-'!!
and collagen''*'"*
of biobased materials, but also low immunogenicity, anti-
inflammatory, and even bioactivity."”® These biological
properties, which are difficult to be possessed by inorganic
and polymer materials, have led to the widespread interest in
bio-based materials in the field of neuroelectrodes. Zhou et
al.""® designed a hybrid probe consisting of multiple flexible
MEAs wrapped in silk proteins. Zhou’s team took advantage
of the properties of silk proteins, which have a high stiffness
when dry and a significant decrease in stiffness after absorbing
water, to design a neuroelectrode that actively adapts to its
environment. The filipin-coated probes remain hard before
implantation to facilitate surgical implantation, and after
implantation, the filipin softens when it comes into contact with
body fluids and absorbs water, which reduces its mechanical
strength and allows it to remain mechanically compliant with
the surrounding tissue. This variable mechanical property
ensured high-fidelity implantation of the electrodes, and the
electrode worked appropriately and elicited a small immune
response when observed 2 months after implantation. Yang et
al.""” used bacterial cellulose, a flexible substrate synthesised by
microorganisms with low mechanical strength, as the electrode
substrate material to fabricate a bacterial cellulose-based
neuroelectrode system, and eight weeks after implantation, the
bacterial cellulose electrodes remained conformally adhered
to the surface of the surrounding tissues and maintained the
curvilinear shape with minimal immunoreactivity.

not only possess the general characteristics
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Neuroelectrode Interface Materials

In addition to designing the structure and performance of
the electrode body material, decorating the basic electrode
with functional coating materials is another feasible solution
to the functional limitations of the electrode body. The
electrode interface is the area where the electrode body
is in direct contact with the brain tissue, and it is also an
important area for the transmission of electrical signals and
cellular activities. Therefore, it can be considered that the
performance of this interface determines overall electrode
functionality. As an interface material, coatings can exist
temporarily or permanently alongside the body electrode,
providing a functional surface that extends or compensates for
its capabilities.

In terms of modulating the bioactivity of the implanted

materials, some studies have doped anti-inflammatory agents,''®

cell attachment molecules,!!® 12 121,122

and neurotrophic factors
into the coating materials to improve the microenvironment
around the neuroelectrodes and coordinate the biological
responses of different cell types through passive diffusion or
controlled delivery. In addition, well-designed coatings can
provide micro-woven surfaces, such as microconical structures
or random nano-textures that match the cellular characteristics
of neurons. These textured surfaces or 3D structures located
at cellular and subcellular scales can modulate the immune
response of glial cells, promote direct neuronal attachment
and growth, as well as synaptic growth and extension, and
strengthen neuronal survival.
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Metal coating

Although traditional precious metal materials possess
extremely high electrical conductivity, it is often difficult to
avoid the problem of mismatch between elastic modulus and
brain tissue when used for the electrode body, but using nano-
metallic materials for the coating material of flexible electrode
substrate is another approach to solve the problem.

Through adjusting the immersion and exudation time, a
network of Au nanoparticles was formed on the polymer fibre
shell, which showed excellent electrical properties (conductivity
7.68 x 10* S/m impedance 2.88 x 10° Q at 1 kHz) with an
elastic modulus approximating the brain tissue and achieved
stable recording of electrical signals for up to 4 months.” In
addition to being used to improve organic flexible electrode
material substrates, metal coatings are often used to modify
metal electrodes because the added coating does not affect the
biocompatibility of the original electrode when the electrode
substrate is identical to the coating material. Ramesh et al.!?*"1#*
performed pulsed direct-current electrophoretic deposition
of laser-generated platinum nanoparticles on platinum-based
3D neuroelectrodes and found that this coating of platinum
nanoparticles was sufficiently stable (Figure 5A) and the total
mass of platinum around the electrodes was below the systemic
toxicity-related concentrations after 4 weeks of experiments
in the rat brain. By functionalising the metal coating with a
structural design, the liquid can improve the performance
of the electrode without changing the coating material.
The internal structure and surface morphology of metal
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electrodes also affect the flexibility, electrical conductivity, and
biocompatibility of neuroelectrodes. As shown in Figure 5B,
Yang et al."®® proposed a dual-microcrack coupling strategy
to enhance the stretchability of metal electrodes by utilising
the complementarity between two layers of Au microcracked
films. The double-microcrack-coupled electrode fabricated
using this method has a much lower resistance change (R/R0 =
5.6) and exhibits a high stretchability of ~200% at 100% strain
(Figure 5C, and D).

Inorganic coatings

The combination of inorganic semiconductor materials and
metal electrode substrates can achieve controllable tuning of
the electrical properties of neuroelectrodes. The impedance
and intrinsic noise level of microelectrodes were successfully
reduced by modifying titanium nitride coatings by wet etching
on micro-Au cylindrical MEAs.* Nguyen et al.'”’ designed a
wide bandgap material system consisting of silicon carbide (SiC)
nanomembranes as the Faraday interface and silicon dioxide
(SiO,) as the encapsulation layer, which, while maintaining the
bio-interface and biosensing functions, showing remarkable
electrical stability (Figure 5E). The hybrid structure of SiC/
SiO, is extremely resistant to degradation and can guarantee the
proper functioning of the underlying electronic components
for at least a decade, with the potential for long-term sustained
use over the lifetime of the patient. Cyclic bending test surfaces
that the hybrid structure has excellent mechanical flexibility
and electrical stability, and is able to form conformal contacts
with biological tissues.
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Figure 5. Coating of metallic materials for neural electrodes. (A) SEM images of the side of the PDC-coated neural
electrode before (A1-3) and after (A4-6) mechanical stability tests. Scale bars: 500 nm.'* (B) Schematic diagrams of
stretchable electrodes based on a single-layer microcrack design and a dual microcrack-coupled design. (C) R/RO versus
tensile strain for Au electrodes based on PDMS 0.9-IPDI and PDMS substrates, respectively (-D for a double-layer
microcrack, -S for a single-layer microcrack). (D) Dual microcrack-coupled PDMS 0.9-1PDI electrodes Change in tensile
resistance after 12 hours of healing at 25°C. B-D were reprinted from Yang et al.'*® Copyright 2023 Wiley-VCH GmbH.
Reproduced with permission. (E) Soaking test of hydrolysis in SiC and as-grown SiO, in 1x PBS at different temperatures
up to 96°C (top) and SiC thickness and electrical resistance variations after the accelerated hydrolysis test in PBS at
96°C after up to 14 days (bottom).'” Au: aurum; IPDI: isophorone diisocyanate; PBS: phosphate buffer solution; PDC:
pulsed direct current; PDMS: poly(dimethylsiloxane); R/RO: resistance change; SEM: scanning electron microscope;

SiC: silicon carbide; SiO,;: silicon dioxide; Ti: titanium.
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Carbon materials are also frequently used as coating
materials for neuroelectrodes due to their excellent electrical
conductivity and good biocompatibility. Pt/iridium (Ir)
neuroelectrodes coated with graphene oxide, fabricated using
electrochemical reduction techniques, resulted in a 15.2-fold
increase in charge storage capacity and a 90% reduction in
impedance with only a 3.8% increase in electrode diameter.128
A hybrid coating of reduced graphene oxide and Pt was able
to reduce impedance by a factor of 60 by electrodeposition on
planar Pt microelectrodes, allowing long-term detection of
neural spike potentials in epileptic mice.'” Liu et al. modified
conventional metallic silver electrodes with graphene to form a
van der Waals heterostructure at the interface. The graphene/
silver electrode interface impedance was reduced to 161.4 +
13.4 MQ/pm?, and the cathode charge storage capacity reached
24.2 £ 1.9 mC/cm?, which was 6.3 and 48.4 times higher than
that of commercial silver electrodes, respectively.

Conductive polymer coatings

CPs can be used both as a substrate material for neuroelectrodes
and as a modified coating material for neuroelectrodes. The
construction of hydrogel networks using CPs can confer other
important characteristics required for their neuroelectrode
materials, such as bioadhesion, flexibility, and antifouling
ability. One study prepared a PEDOT/polydopamine melanin
coating (Figure 6A) by doping polydopamine melanin with
PEDOT, which enabled it to exhibit better electrochemical and
mechanical stability than PEDOT/PSS and was able to maintain
cell proliferation and even promote cell differentiation into
neuronal networks (Figure 6B, and C)."*° Saunier et al.'®!
electrochemically method by depositing carbon nanofibres
with PEDOT on Au MEAs to prepare PEDOT:carbon
nanofibre thin film coatings. The synergistic effect of carbon
nanofibres and PEDOT resulted in coatings with remarkable
electrochemical properties combining low impedance, high
charge injection capability, and reliable neurotransmitter
monitoring. The properties of CPs are affected by doping
compositions and synthesis modes, and in addition to varying
the CPs’. In addition to changing the doping composition of
CPs, the use of different polymerisation techniques can also
lead to tunable properties of CPs. Some studies have used
chemical polymerisation to directly polymerise PEDOT on the
electrode sites, obtaining similar impedance and good stability
to that of electro-polymerisation, which greatly improves the
modification efficiency of multichannel electrodes compared
to electro-polymerisation.”*” Lim et al.'*® encapsulated Ga-
based LM electrodes with PEDOT:PSS by electrochemical
deposition to prevent LM from oxidising and degrading under
physiological conditions. The study showed that the PEDOT-
encapsulated LM electrodes, in a 6-week invertebrate model,
recorded statistically higher signal-to-noise ratios compared
to those of bare LM (P = 0.017) versus conventional platinum
electrodes (P = 0.061; Figure 6D).

However, weak adhesion between PEDOT and metal
electrodes is common, and unstable connections can easily
lead to coating detachment thus leading to interface failure
and loss of PEDOT functionality. There have been several

previous attempts to improve the adhesion of PEDOT
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coatings, such as roughening the substrate material134 and
introducing functional groups into the PEDOT monomer for
modification."** % All of these approaches have made progress
in enhancing the adhesion of PEDOT coatings, but there are
still problems such as affecting the interfacial conductivity.
Tian et al."” pre-polymerised thin layers of polydopamine
(PDA) as an adhesive and then electropolymerised it with
hydroxymethylated 3,4-ethylenedioxythiophene with PSS
to form a stable interpenetrating PEDOT-MeOH:PSS/
PDA network. The interfacial adhesion of the PEDOT-
MeOH:PSS/PDA interface to the metal electrode substrate
was significantly improved, retaining 93% of the area after 20
minutes of vigorous sonication, and the interfacial impedance
was reduced by two orders of magnitude compared with that
of the uncoated platinum-iron wire microelectrode.

Active substance grafting

A significant reason for the reduced signal reception efficiency
of nerve electrodes during service is the contamination of
nerve electrode materials with biomolecules from biological
fluids, such as nonspecific adsorption of proteins such as
bovine serum albumin, lysozyme and fibrinogen. Modification
of antifouling molecules on the surface of neuroelectrodes
can effectively reduce biomolecule adsorption, attenuate
inflammatory responses and prolong the service life of
neuroelectrodes. Lubricin is a biological anti-adhesion
glycoprotein that rapidly self-assembles and firmly adheres
to most interfaces including PPy (Figure 7A), resulting in an
easy-to-apply and efficient coating."*® Amphiphilic ion coatings
are another common class of antifouling coatings, such as
carboxybetaine, sulfobetaine, and phosphatidylcholine, which
are active substances that enhance the hydrophilic properties
of neuroelectrode surfaces. An ultrathin sulfobetaine coating
consisting of PDA, polyethyleneimine, and poly(sulfobetaine
methacrylate-co-methacrylic acid), was able to completely
inhibit fibroblast adhesion in vitro, preventing cell adhesion for
at least 31 days and maintaining stable electrode impedance.'*’
Another study used a methacryloyloxyethyl phosphorylcholine
coating polymerised in situ by gamma radiation to introduce
antifouling properties to the surface of PPy, which showed
excellent resistance to biofouling without affecting the
conductivity of the electrode body and reduced scar tissue
formation in vivo.'* Lee et al.'"*! designed a virtually frictionless
lubrication layer modification with a silicon-based neural
probe, where the surface of the probe was functionalised with
hydroxyl (-OH) groups by oxygen (O,) plasma treatment,
and then a self-assembled monolayer was formed with
trichloro(1H,1H,2H,2H-perfluorooctyl)-silane  using
phase deposition. As shown in Figure 7B, the lubricant layer-
modified probe implantation friction was reduced by 86-fold,
and the expression levels of ionised calcium-binding adapter

gas-

molecule 1 and glial fibrillary acidic protein were significantly
reduced in microglia and astrocytes in the vicinity of the probe.

Composite coating

As the “bridge” between brain tissue and external equipment,
the interface of neuroelectrode needs to coordinate the dual
needs of biological tissue and mechanical equipment, although
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Figure 6. Conductive polymer material coatings for nerve electrodes. (A) SEM and TEM images of (a) PEDOT and (b)
PEDOT/PDAM films. Scale bars: 200 nm (left), 10 nm (right). (B) Fluorescence images showing immunofluorescence
staining of B-tubulin III (green), MAP2 (red), and nuclei (blue) after culturing neuronal progenitor cells in PEDOT/
PDAM films for 21 days. (C) Cyclic voltammetry curves of chemically polymerised PEDOT and other interfaces (n = 3),
impedance of electrodes at 20 kHz frequency after sonication. A-C were reprinted with permission from Huang et al.'*
Copyright 2022 American Chemical Society. (D) (a) The numbers of high-quality recording spikes (SNR > 6) of LM
wire, Pt wire, and PEDOT LME:s for 4 weeks, and (b) analysis of variance test revealed the significant difference among
the electrodes. *P < 0.05, **P < 0.01. D was reprinted from Lim et al.’** Copyright 2022 Wiley-VCH GmbH. Reproduced
with permission. Au: aurum; C-PEDOT: chemical polymerization PEDOT; E-PEDOT: electropolymerization
PEDOT; Ir: iridium; IrO;: iridium trioxide; LM: liquid metal; LME: liquid metal based electrode; MAP2: microtubule-
associated protein 2; PDAM: 1-pyrenyldiazomethane; PEDOT: poly(3,4-ethylenedioxythiophene); Pt: platinum; SEM:
scanning electron microscope; SNR: signal-to-noise ratio; TEM: transmission electron microscope.
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Figure 7. Coating with active substance grafts. (A) SEM images of (Aa) Au polyester film electrode and (A2) Au/PPy
electrode surface. Reprinted with permission from Desroches et al.!*® Copyright 2020 American Chemical Society. (B)
von Mises stress profiles of bare and LIPS-coated probes within brain tissue during insertion (B1) and under lateral
micromotion of 100 pm (B2).!*! Au: aurum; LIPS: lubricated immune-stealthy probe surface; PPy: polypyrrole.
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a variety of materials have been developed, a single material
is often difficult to simultaneously meet the biological needs
and electrical performance requirements. Combining different
materials to prepare composite coatings is a common way to
enhance the functionality of coatings.

Coatings made from metal and polymer materials are the
most common composite coatings, and the excellent electrical
conductivity of metals and the mechanical flexibility and
biocompatibility of polymers can easily reach a mutual
complementarity. Jain et al.'** designed a Au wire electrode
with a nanoparticle Au shell and a hydrogel layer, which
achieved an effective electrical/ionic coupling between the
hydrogel and the Au wire through the nanostructured Au
shells on the surface of the Au wire (Figure 8A). Chen et al.'#*
proposed a tissue-like metal-doped hydrogel, which could
achieve excellent electrical biosensing by introducing disulfide-
modified silver nanowires into a bifunctional hyaluronic acid/
carboxymethyl chitosan composite. Plasma silver nanocubes
were also introduced into polyacrylamide hydrogels in a similar
manner to enhance the electrical properties of the system.”
Carbon materials, as discussed previously, are also common
neuroelectrode coating materials as both excellent electrical
properties and biocompatible materials. However, carbon
materials such as CNT, although generally considered to be
non-cytotoxic to neuronal cells, their direct exposure in human
tissues has also been suggested to lead to abnormal activation of
immune cells,'* and increased neuronal excitability induced by
CNT can promote neuronal regeneration, but overexcitability
may also lead to neurological damage.'*® For neuroelectrode
materials applied to brain tissues, in order to pursue higher
biocompatibility, the risk of carbon material application
can be reduced by compositing with polymer hydrogels. Ye
et al."® mixed CNT with ionic liquids to obtain reticulated
CNTs and transferred them into hydrogel matrices by in-situ
polymerisation of suitable monomers in ionic liquids, which
were then converted into CNT-poly(ethylene glycol) hydrogel
composites by solvent substitution. poly(ethylene glycol)
hydrogel composite (Figure 8B). PC-12 cells cultured on this
composite showed enhanced differentiation and increased
neuronal to astrocyte ratio in neural stem cells. Another study
prepared a multifunctional coating presenting both the anti-
inflammatory drug dexamethasone and neuroprotective factor
on top of multiwalled CNTs (MWCNTs) and PPy composite
coatings (Figure 8C),' which was capable of releasing
dexamethasone mediated by exogenous stimuli and effectively
inhibiting inflammatory factor secretion and astrocyte
proliferation. The charge storage capacitances of PPy/PSS and
MWCNTs/dexamethasone-PPy/y-poly(L-glutamic ~ acid)/
PSS-poly-L-lysine-nerve growth factor-modified electrodes
were much larger than those of bare Au electrodes (Figure
8D). Among them, the capacitance change of MWCNTSs/
dexamethasone-PPy/y-poly(L-glutamic ~ acid)/PSS-poly-L-
lysine-nerve growth factor-modified electrode was small,
suggesting that drug loading in the CP may lead to weakening
of the long-term stability of conductive coatings, whereas
MWCNTs sandwiched between smooth electrodes and CPs
enhance the stability of the coating materials, and thus the
electrochemical performance.
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Natural biomaterials have excellent biocompatibility and
even bioactivity, but they are also often used in combination
with conductive materials because they generally do not
possess conductive properties. Wei et al.'*® prepared a novel
multimodal transparent electrophysiological hydrogel, by
freeze-thawing method using polyvinyl alcohol, quaternary
ammonium chitosan, and hyaluronic acid (PVA@HACC@
HA) as a polymer network. multimodal transparent
electrophysiological hydrogel has a low modulus of elasticity
(0.15 MPa) and can be conformably and tightly adhered to brain
tissues (Figure 8C, and D) causing minimal immune response
due to mechanical damage; conducts electricity through ions
and has a low interfacial impedance with brain tissues (150 Q
at 1 kHz); and has a transmittance of 93% in the wavelength
range of 300-1100 nm. Ding et al.""! constructed a conductive
hydrogel electrode material of filipin protein by chemically
grafting tyramine monomers onto CNTs and simultaneously
constructing a 3D covalent network between silk fibroin
and CNTs, which enabled faster gelation of silk fibroin.
The 3D covalent network has good electro-permeability
properties, which enhances the conductivity of the hydrogel
by promoting the movement of electrons at the interface of the
neuroelectrode, and enables more effective recording of weak
neuroelectric signals.

Coating Fabrication Techniques

A variety of coating preparation techniques have been
applied to the fabrication of neural electrode coatings, while
neural electrodes are often characterised by low mechanical
strength and miniaturized dimensions, and need to be in long-
term service in the human body, which also puts forward
higher requirements for coating technology. In addition to
ensuring the long-term stability of the connection between
the coating material and the electrode, advanced coating
technology should also support the internal structure of the
coating as well as the controllable preparation of the surface
morphology. Currently, technologies for the controlled
fabrication of coatings with specific structures and patterns
can be roughly categorised into subtractive manufacturing
(photolithography, etching)*'*? and additive manufacturing
(chemical vapour deposition (CVD),'**'% electrochemical
deposition,'** %8 electrospinning,’***®* and microcontact
printing).!®** Using these techniques, it is possible to
customise microscopic morphologies with specific geometric
patterns, 3D structures, and roughness on electrode surfaces
with different compositional structures and physicochemical
properties at the micro (nano) metre scale.

Subtractive manufacturing

Photo-lithography, etching and laser ablation are common
micro-fabrication processes that are now widely used for the
preparation of micro-electrode arrays or other 3D electrode
materials. Seo et al.'® used photo-lithography to fabricate a
high-density filamentary neuroelectrode array. 256 electrodes
were integrated in a small area of 2300 x 300 pm?, with each
electrode site being only 34 x 7 pm?. Using photomasks designed
by complex patterns, Roh et al.'*® used photo-lithography and
ion etching in conjunction to simplify the fabrication of MEAs
with different heights and cross-sectional shapes.
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Figure 8. Neuroelectrodes with composite coatings. (A) (A1) Schematic representation of stimulation paradigm
showing connection of the stimulation patch and EMG electrodes placement along with camera for whisker movement
recording. (A2) Two different flexible patches were used for HD-ECS. Patch 1 contained 24 disk electrodes arranged in
a 6 x 4 array in a cartesian grid, and Patch 2 had 27 ring-shaped electrodes arranged in a hexagonal grid. The patch was
placed above the skull with its centre aligned to bregma, covering the motor cortex of both hemispheres.!*? (B) Surface
morphology (2D and 3D height images) of c-PEG-0 (B1) and ¢-PEG-20 (B2) samples in water taken by AFM. Scale
bars: 5 pm (inset: 500 nm).'* (C) SEM images of different functional coatings. (C1) MWCNTs, (C2) MW CNTs/Dex-
PPy/PSS, (C3) MW CNTs/Dex-PPy/PGlu/PSS, (C4) MW CNTs/Dex-PPy/PGlu/PSS-PLys, (C5) MW CNTs/Dex-PPy/
PGlu/PSS-PLys-NGF (before CV stimulation), and (C6) MW CNTs/Dex-PPy/PGlu/PSS-PLys-NGF coatings (after 500
cycles of CV stimulation). Insets are corresponding images with higher magnification. (D) (D1, D3) EIS (D1) and CV
(D3) of bare Au electrodes, MW CNTs/Dex-PPy/PSS, MW CNTs/Dex-PPy/PGlu/PSS, MWCNTs/Dex-PPy/PGlu/
PSS-PLys, and MW CNTs/Dex-PPy/PGlu/PSS-PLys-NGF functional coatings. Comparison of EIS (D2) and CV (D4) of
bare Au electrodes, PPy/PSS films, PPy/Dex films, and MW CNTs/Dex-PPy/PGlu/PSS-PLys-NGF functional coatings.
Data are represented by mean * standard deviation (n > 3). Reprinted with permission from Tian et al.'” Copyright 2022
American Chemical Society. 2D: two dimensional; 3D: three dimensional; AFM: atomic force microscope; Au: aurum;
c-PEG: carbon nanotube-poly(ethylene glycol); CV: cyclic voltammetry; Dex: dexamethasone; MW CNT: multiwalled
carbon nanotube; NGF: nerve growth factor; PGlu: poly(glutamic acid); PLys: poly(lysine); PPy: polypyrrole; PSS:
poly(styrene sulfonate); SEM: scanning electron microscope.

Compared to lithography, the fabrication of polymer masks
(e.g. polyimide films) by laser ablation allows for simpler
preparation of patterned macro molecular biomaterials or
polymer coatings.'”” There have been numerous applications
of laser technology for patterning neuroelectrode materials,

PEDOT:PSS has good water stability and can retain only the
laser-patterned portion after water washing.

Additive manufacturing
CVD is widely used for the growth of carbon material coatings.

including the use of lasers to cut and pattern metal
electrodes,'*® ' the use of laser melting to increase the
electrode surface area,”® and the improvement of the electrode
surface electrochemical activity,'”! etc. Yang et al.'”? developed
a patterning technique based on ultrafast pulsed laser ablation
for the large-volume sequential fabrication of various groups
of organic and inorganic degradable materials, with high
resolution of coating patterns and the ability to prepare
multilayer structures with precise superposition. Amini et al.'”?
developed a new method of hierarchical surface restructuring
of electrode surfaces using femtosecond laser technology,
which significantly improved the electrical properties of Pt-Ir
electrode surfaces. Won et al."”* developed an ultrafast digital
patterning process using a 3D-printing-like approach by laser-
induced PEDOT:PSS phase separation, and the processed

Through the application of different catalyst lithography
patterns, CVD-synthesised CNTs can be grown into highly
porous mats or highly ordered and vertically aligned column
bundles.'” Highly porous CNTs with fluffy mat-like structures
have a larger charge transfer surface area and preferential
adhesion of nerve cells to CNT's via dendritic entanglement can
significantly improve signal recording at nerve electrodes.'”®
In addition to CVD-fabricated flexible graphene electrode
arrays with low impedance and high signal-to-noise ratio,"”
multilayer graphene electrodes fabricated by CVD using a
wafer-level no-transfer process exhibited very low impedance
(4.1 kQ) comparable to precious metal electrodes.'”

Electrostatic spinning is another simple and highly versatile
technique which is widely applicable in a variety of polymers
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and composites and allows large-scale fabrication of continuous
ultrafine fibres. Fibres manufactured by electrostatic spinning
are known for high uniformity, high porosity, high surface
area and high mechanical strength. Lee et al.'”’ fabricated
nanofibrous conductive scaffolds by deposition of nano-
thick PPy on poly(lactic-co-glycolic acid) nanofibres using
electrostatic spinning technique. Electrical stimulation of
PC-12 cells on conductive PPy/poly(lactic-co-glycolic acid)
nanofibre scaffolds was found to improve neurite growth
compared to unstimulated cells.

Electrodeposition is a versatile coating technique that can
be widely used for the preparation of coatings on metals,
polymers, and natural biomaterials. By adjusting the
electrochemical parameters of the deposition process, the
structure and morphology of the coatings can be controllably
altered during the deposition process. Mousavi et al.'®
investigated the relationship between the mechanical stability
of the electro-polymerisation of PEDOT:PSS on substrate
materials and the thickness of the coatings, the adhesive
surface properties, and the parameters of the electrodeposition
operation (applied voltage/current, duration, and number
of repetitions). The results show that the morphology of the
PEDOT:PSS coatings and their adhesion to the electrode
surfaces mainly depend on the properties of the electrode
surfaces themselves. PEDOT:PSS forms a cauliflower-like
shape on carbon microfilament electrodes, but is smoother
on flat half-in and Au microfilament electrodes. One of the
major problems faced by electrodeposited PEDOT coatings
is the mechanical stability between the coating and the
electrode, problems such as cracking and peeling of the
coating can greatly affect the service life of the electrode, in
order to enhance the stability of PEDOT coatings, there have
been a number of studies to improve on the electrodeposition
technology. Zhang et al.** combined a functional long-chain
polymer poly(styrenesulfonate-co-4-vinylpyridine) chemically
grafted onto a metal substrate, followed by electrochemical
deposition of PEDOT and chemical cross-linking to form
a PEDOT:poly(styrenesulfonate-co-4-vinylpyridine)
interpenetrating network. This integrated polymer chain
anchoring and chemical cross-linking method enabled the
conductive hydrogel coating and metal electrode substrate
to exhibit excellent interfacial robustness under long-term
charge/discharge cycling and strong mechanical ultrasonic
treatments. Yang et al.'*! prepared poly(5-nitroindole) thin
films by an electro-polymerisation and electro-grafting
method as an Au/poly(5-nitroindole)/PEDOT conductive
and adhesive interface layer for neural electrodes, which
significantly enhanced the adhesion between PEDOT and Au
electrode substrates (peel strength over 1.72 N/mm).

Structure Design of Coatings with Cellular
Modulation Capabilities

Micromorphology regulates neuronal activity
Extracellular matrix not only provides nutrients for cells
and regulates cell behaviours such as adhesion, growth, and
differentiation through soluble biochemical signals, but also
constitutes a growth environment for cells with complex
physical parameters. It has been shown that a large number
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of cells, including neural cells, are affected by the physical
parameters of the growth environment (e.g., microstructure,
surface morphology, and mechanical strength) during their
growth and development.'82-18¢

From a previous study, the influence of microforms on cell
growth comes from two main pathways:!* i) direct influence
on the cytoskeleton through mechanical signalling; ii) indirect
influence on the cell through extracellular chemical signalling.

Adhesion molecules are a functional cellular mechanism by
which cells recognise external physical environment, and
topographical cues. This has been widely demonstrated in cells
other than neuronal cells. Adhesion molecules are primarily
based on integrin formation.'® When integrins are activated by
external mechanical features, they induce the assembly of focal
adhension and cause integrins to attach to actin filaments of the
cytoskeleton, leading to a change in cell shape.'™ In neuronal
cells, integrins are also widely present, and the presence of
integrins in neurons primarily affects neuronal migration
and axonal growth. Another view is that surface morphology
indirectly influences cellular activity by adsorbing proteins in
the extracellular matrix.'® In the usual culture process, cells
often do not come into direct contact with the material, as the
material tends to be encapsulated in a monolayer of adsorbed
proteins in the supernatant first, and then comes into contact
with the cells later. Thus, the host cell is not actually directly
affected by the material, but by the surface proteins. Nanoscale
surface morphology has different effects on the morphology
and conformation of surface-bound proteins.

Micro-morphology design of nerve electrode coatings
There have been studies summarised the effects of
different morphological cues on neuronal cell growth and
development,'8> 181 such as groove structures with staggered
cell/subcell widths can enhance the directional growth of
neuronal cells along the direction of the grooves; discontinuous
dots, columns, and cones bumps of cell/subcell dimensions can
be oriented to neuronal and glial cells; and nanoscale random
topographies can also affect the specific behaviour of nerve
cells. The effects of microtopography on neuronal cells can be
categorised mainly into cell adhesion, orientation guidance,
and neurite growth.

Neurons, like other anchorage-dependent cells, require
proper adhesion to substrates for growth and development,
so enhancing the adhesion of neuronal cells on the surface of
nerve electrodes by microtopography can promote neuronal
cell growth. As shown in Figure 9A, an irregularly distributed
structured Au surface mimicking natural collagen fibres,'*? with
1% decrease in impedance amplitude and 35% increase in critical
free surface energy at frequencies lower than 50 kHz, improved
the adhesion and growth of mouse enteric neuronal cells on its
surface. Yang et al.*® designed an electrode surface consisting
of a conductive PEDOT:PSS network and a multifunctional
polyazo-polyether-poly((sulfonyl) betaine) network to form a
multifunctional hydrogel with semi-interpenetrating network.
Since the polyazo-polyether-poly((sulfonyl) betaine) network
can be covalently crosslinked by ultraviolet light triggering
and constructed by photolithography with a high-resolution
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pattern of 50 pm in both line and gap widths (Figure 9B), it
possesses bio adhesive and antifouling properties.

The intimate contact and communication between neurons
and electrodes determine the working efficiency of neural
electrodes, and neurons, as special cells, have unique neural
protrusion structures as carriers of electrical signals. The
development and growth direction of the neurites on the
electrode surface greatly affect the signal communication
ability between the neuron and the electrode. Grooves
or ridges of cellular/subcellular dimensions can guide the
directional growth of neuronal synapses, biomimetic porous
scaffold structures can guide neurons to form a network within
the scaffolds, and such patterning of the electrode coatings
can promote the tight connection between neurons and
electrodes. Tringides et al.'* prepared scaffolds that mimic the
environment of neural tissue by doping carbon nanomaterials
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E
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in alginate hydrogel matrix and freeze-drying them. The neural
progenitor cells in the scaffolds were able to form neuronal
networks that spanned the material in three dimensions and
differentiated into astrocytes and myelinated oligodendrocytes,
as shown in Figure 9C. Wang et al.' fabricated 3D conductive
scaffolds based on printed microfibrous structures using
near-field electrostatic printing and graphene oxide coating.
Various ultrafine fibre patterns were obtained from poly(L-
lactic-co-caprolactone) by near-field electrostatic printing, and
the coverage angle of poly(L-lactic-co-caprolactone) fibres and
fibre diameters were adjusted to construct spiderweb-like and
tubular fibrous spatial tissues with complex spatial structures
(Figure 9D, and E). This conductive scaffold showed excellent
electrical conductivity (~0.95 S/cm) and was able to induce
the formation of neuron-like networks in the scaffold under
exogenous electrical stimulation.

Figure 9. Neuroelectrode coatings for regulating cellular activity through microforms. (A) SEM images of (A1) collagen
fibres coated on silicon wafer and (A2) collagen-like Au nanostructures developed from the nanoimprint process;
Application of CLGNS nanostructuring process on (A3) microelectrode array surface and (A4) meander pattern, as proof
of concept.!? Scale bars: 10 pm (A1, A2), 20 um (A3, A4) (inset scale bar 1 um). (B) Photograph of photopatterned MH
(15 wt% SBMA) and AFM current image of PEDOT:PSS treated with SBMA (15 wt%). Reprinted with permission
from Yang et al.*® Copyright 2023 American Chemical Society. (C) SEM micrographs of the scaffolds with alginate
left gray, GF pseudo-colored red, and CNTs pseudo-colored blue. Scale bar: 1 pm. C was reprinted from Tringides et
al."”® Copyright 2023 Wiley-VCH GmbH. (D) Representative immunofluorescence images and (E) confocal microscopy
images of PC-12 cells cultured on microfibres with different cladding angles for 14 days under ES conditions. Cultures
were immunofluorescently stained with B-tubulin III (green), F-actin (red) and DAPI (blue). Inset: merged bright field
images. D was reprinted from Wang et al.' Copyright 2020 Wiley-VCH GmbH. Scale bars: 150 um. AFM: atomic force
microscope; CLGNS: collagen-like gold nanostructure; DAPI: 4,6-diamidino-2-phenylindole; ES: electrical stimulation;
MH: multifunctional hydrogel; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate); SBMA:
3-[dimethyl-[2-(2-methylprop-2-enoyloxy)ethyl] azaniumyl] propane-1-sulfonate; SEM: scanning electron microscope.

Conclusion and Prospect as the key part of physiological electrical signal acquisition

The function of BCI in the acquisition and identification of
neuroelectric signals and the application of reverse electrical
stimulation is of great significance for the diagnosis of clinical
diseases, the treatment of neurological related diseases, and
the recovery of body functions. And the neuroelectrode,

in BCI, is of great significance for the development of BCI
technology. This paper introduces the challenges faced
by neuroelectrodes in applications and the key issues that
need to be solved. Improvements in electrode substrate
materials for neuroelectrode interfaces are highlighted from a
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material design perspective, while recent advances in coating
preparation techniques and structured design are discussed.
Due to the huge difference between the fragile physiological
structure of brain tissue and the external mechanical structure,
the neuroelectrodes, as a “bridge” connecting the biological
tissue and the external mechanical structure, need to satisfy
the completely different functional requirements of the two
ends at the same time, which has made the fabrication of
neuroelectrodes always facing a great challenge.

Great progress has been made in the fabrication of
neuroelectrodes, but there are still unresolved challenges
that still require further attention. For implantable
neuroelectrodes, biocompatibility is still the main issue. In
addition to improvements in electrode structure, mechanical
properties, and material selection, more attention should be
paid to the role of the neuroimmune response during electrode
implantation. This is because neuronal growth and glial scar
formation not only affect the biosafety, but also directly affect
the signal reception ability of the neuroelectrode. Secondly
the long-term stability of the neuroelectrode needs to be
further evaluated, e.g., it is necessary to assess the use of the
electrode several years or more after implantation. In addition,
the signal-to-noise ratio of the recorded electrophysiological
signals needs to be further improved.

Although the ideal neuroelectrode is still a long way off, novel
electrode materials and processing technologies have been
introduced, such as nanometallic materials, semiconductor
materials, carbon nanomaterials, CPs, and bio-based materials,
which continue to open up the possibilities of neuroelectrode
materials. A single material is difficult to meet the multiple
needs of neuroelectrodes, and composite neuroelectrodes
with multiple materials, or coating modification of the base
electrode using a combination of different materials, can
provide more comprehensive advantages than single-material
electrodes, such as (i) higher electrical and optical properties,
such as low impedance, low signal-to-noise ratio, and
stimulation ability of exogenous signals; (ii) lower modulus
of elasticity, better adhesion properties, and brain tissue tight
fitting to avoid mechanical damage and slippage; (iii) better
physicochemical stability, biocompatibility, and bioactivity.
On this basis, the use of more advanced micromachining
molding technology to fabricate electrodes with lower volume
and more complex structure; higher resolution patterning or
structured design of coatings, and the modulation of nerve
cells through morphological cues provide another direction
for the functionalization of nerve electrodes. The combination
of multiple materials and the expansion of new synthetic
processing processes are all expected to realize truly ideal
neuroelectrodes that will achieve the goal of seamless BCIs and
make significant contributions to the fields of clinical medicine,
brain function analysis, and human-computer interaction.

This review provides a comprehensive overview of the
research in neuroelectrode substrate materials and coating
modification technologies in the last 5 years, but mainly focuses
on representative advances and does not provide overall
statistics and analyses. The field of neuroelectrodes involves a
large number of materials, a wide range of classifications, and
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a long history of development, so the content of this review is
limited and does not cover the long-term development trend.
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Introduction

The musculoskeletal system is the largest human
organ system, including the supporting bone,
cartilage and joint, skin, tendon and ligament,
cardiovascular tissue and nervous tissue, which
are the basis of human life activities." As one of
the systems most commonly affected by trauma,
the ability of the musculoskeletal system to
spontaneously repair itself after injury varies
greatly. In many cases, healing is incomplete.”*
Transplantation is the only possible option
for functional recovery, but problems such as
infections, complications and even immune
rejection occur in both autologous and allogeneic
transplantation.®® To solve these transplantation
problems, biodegradable biomaterials have been
developed. Polyhydroxyalkanoate (PHA) scaffolds

challenges in their production and application requires further research to
unleash their full potential in tackling the complexities of musculoskeletal

are characterised by good biodegradability,
biocompatibility
properties, providing a new idea for the repair and
regeneration of the musculoskeletal system.”!!

and variable mechanical

PHAs were discovered by Lemogine in 1926
and is kinds of bacteria-synthesised polymers,'?
which can replace non-biodegradable fossil
plastics, thereby reducing health hazards and
negative environmental impacts.”® Compared
with other biomaterials, PHAs have excellent
biodegradability and biocompatibility, which
has led to increasing research in the fields of
biomedicine, food, cosmetics, and healthcare.!*'”
From a chemical perspective, PHAs are aliphatic
polyesters. The nanofibres range in diameter
from 50 nm to 500 nm, and can perfectly
simulate the collagen fibres required for the

www.biomat-trans.com
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’

repair process of the musculoskeletal system.'® " The PHAs
family includes short-chain length PHA (scl-PHA; three to five
carbon atoms), medium-chain length PHA (mcl-PHA; six to
fourteen carbon atoms), and long-chain length PHA (fifteen or
more carbon atoms).” Scl-PHA consists of 3-hydroxybutyrate
(3HB), 4-hydroxybutyrate (4HB), or 3-hydroxyvalerate. Mcl-
PHA is the largest category in the PHA family, including
monomeric  units of  3-hydroxyhexanoate  (HHx),
3-hydroxyoctanoate, 3-hydroxydecanoate,
3-hydroxydodecanoate, 3-hydroxytetradecanoate, or even
longer-chain comonomer units.?' Scl-PHA and its copolymers
are semi-crystalline polymers with high melting temperature,
which are hard, brittle and highly crystalline in nature.?>
Mcl-PHA, on the other hand, is a crystalline polymer that
melts at a lower temperature than scl-PHA (in the range of 39-
65°C), is inherently elastomer, more flexible, and has a lower
crystallinity (25%), and is called true elastomer because of its

Biomaterials Translational

lower melting point, when the temperature reaches melting
temperature, they become viscous and amorphous. Can be
better used in health care.*** Currently, six main types of
PHA have been widely applied (Figure 1). PHAs have different
mechanical properties with different molecular weights, alkyl
side group lengths, and comonomer unit ratios, making them
suitable for tissue engineering with different hardness levels.?
Currently, multiple methods have been used to prepare PHA
scaffolds. The commonly used technologies include solvent
casting particle leaching, fibre spinning technology, melt
forming, special leaching injection moulding, freeze drying,
phase separation, electrospinning, and gas foaming. This article
reviews the properties of PHA scaffolds as biomaterials for
musculoskeletal repair and regeneration and also summarises
the applications of PHAs in bone, cartilage and joint, skin,
tendon and ligament, cardiovascular tissue and nervous tissue
(Figure 2).

Figure 1. The general structure of PHAs and six commercial PHAs. Created with ChemDraw 2022 and Microsoft
PowerPoint 2019. P34HB: poly(3-hydroxybutyrate-co-4-hydroxybutyrate); P4HB: poly(4-hydroxybutyric acid); PHA:
polyhydroxyalkanoate; PHB: poly(3-hydroxybutyric acid); PHBHHx: poly(3-hydroxybutyrate-co-3-hydroxyhexanoate);
PHBV: poly(3-hydroxybutyrate-co-3-hydroxyvalerate); PHBVHHx (PBVHx): poly(3-hydroxybutyric acid-co-3-

hydroxyvaleric acid-co-3-hydroxyhexanoic acid trimer).

Figure 2. Applications of PHA in the musculoskeletal system. Created with Microsoft PowerPoint 2019. PHA:

polyhydroxyalkanoate.
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The Advantages of Polyhydroxyalkanoate for
the Musculoskeletal System

Materials used for musculoskeletal tissue engineering must not
only have good biocompatibility, support cell growth, guide
and organise cells, enable tissue ingrowth, and ultimately
degrade into non-toxic products, but also have mechanical and
chemical properties of the scaffold.”” ** Recent studies have
found that some types of PHA have good biocompatibility and
can support cell growth and proliferation.*!** Furthermore, the
tunable mechanical properties of PHA enable it to be widely
used as a scaffold in bone tissue engineering.** For example,
by changing the percentage of HHX, the elastic properties of
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx)
can be adjusted and can be applied to engineered tissues with
different hardness requirements: bone, cartilage, nerves and
blood vessels.”!

Biocompatibility

The biocompatibility of the material reflects whether the
material will be toxic to the body after implantation; therefore,
good biocompatibility is a necessary prerequisite for the
successful transplantation of materials for the musculoskeletal
system into the human body or animals.* In recent years, the
biocompatibility of different types of PHA materials has been
tested through a variety of studies. Poly(3-hydroxybutyric
acid) (PHB), or polyhydroxybutyrate-co-valerate (PHBV) as a
commonly used PHA material, can be used to prepare in vitro
proliferation cell matrix. Chen et al.*® found that PHB and
PHBV promote cell adhesion from various sources, such as
fibroblasts, endothelial cells, and isolated hepatocytes. PHBV
films proved to have the same properties.” In addition, another
PHA called poly(3-hydroxybutyric acid-co-3-hydroxyvaleric
acid-co-3-hydroxyhexanoic acid trimer) (PHBVHHx) can
significantly promote the proliferation and adhesion of human
umbilical cord mesenchymal stem cells* and bone marrow
mesenchymal stem cells.*

However, different types of PHA have different
biocompatibilities. A study found that although both PHB and
PHBV can promote cell proliferation and adhesion, PHBV
has better biocompatibility.” Another study with inoculating
rabbit bone marrow cells on the PHBHHXx triad scaffold found
that its cell adhesion proliferation ability was significantly
better than that of PHB, proving that PHBHHx also has better
biocompatibility than PHB.* In addition, some studies have
shown that the biocompatibility of PHB and PHBV can be
improved by surface modification. Tesema et al.* used collagen
to physically and chemically fix the surface of PHBV membrane
and found that PHBV could better promote cell proliferation.
Chen etal.”? improved the cytocompatibility by ion implantation
into the posterior membrane. Wu et al.* modified the surface
of the PHB using gelatin and implanted adrenal cortical cells
into the modified PHB. The study has shown that the modified
PHB is prone to cell proliferation.* Yu et al.* used hyaluronic
acid (HA) to modify the surface properties of PHA films. They
found that HA coated on PHA membranes can improve the
metabolic activity of mesenchymal stem cells.** All of the above
studies indicate that PHA has good biocompatibility and can be
used in the musculoskeletal system.

Wei, D. X.;etal.

Biodegradability

PHAs are a type of biopolymer made of polyesters with
many different hydroxycarboxylic acid molecules,” which
can be degraded into monomers or oligomers. Whether the
degradation products are toxic is closely related to whether
PHA can be used in tissue engineering.*® Fortunately, among
the degradation products of PHA, 3HB and 4HB are natural
metabolites in the human body. 3HB is a component of the
blood, and 4HB is widely distributed in all major organs of the
body.* In addition, another study has found that PHA must be
degraded at an appropriate rate to prevent inflammation and
rejection of the implant material.* The biodegradability of five
different types of PHA was found the biodegradability of HA
is related to its chemical composition.* Qu et al.*” found the
degradation rate of PHB < PHBHHx < polylactic acid (PLA)
by studying the in vivo tissue reaction and biodegradation of
PHBHHx, PLA, PHB, PHBHHx (X), and poly(ethylene glycol)
(PEG) (E) blends.

Multiple mechanical properties

The biomaterials used for musculoskeletal system recovery
require a certain tensile strength, elongation at break and
toughness.” ¥ The reconstruction of bones, cartilage and
joints in the musculoskeletal system requires a certain degree
of hardness, while the recovery of muscles, tendons and
ligaments requires a certain degree of toughness. Since the
mechanical strength of PHA scaffolds is determined by the
monomer composition of PHA, the chain length, and the
distance between the ester bond and the R base, they can be
widely used in the musculoskeletal system.*”>! As an important
member of scl-PHA, PHB has superior thermoplastic
properties, but its mechanical properties are poor and can
be used to induce osteogenic processes.’”? On the contrary,
another type of scl-PHA, poly(4-hydroxybutyric acid), has
strong ductility, tensile strength, and elasticity. In summary,
scl-PHA is relatively hard and brittle, lacks toughness, and can
be used for bone tissue reconstruction.*® Mcl-PHA is different
from scl-PHA in that it has good flexibility and elasticity and
can be used as a semi-crystalline biomaterial. As the side chain
length further increases, they become stickier.>* Scl-PHA-mcl-
PHA copolymer like PHBHHx can combine the benefits of
both to better support the musculoskeletal system recovery.
In order to obtain copolymers with more suitable mechanical
properties of PHA, researchers have made many efforts to
make PHA can be applied to a greater extent.* **

Applications of Tissue-Engineered
Polyhydroxyalkanoate Scaffolds in the
Musculoskeletal System

As a biomaterial with good performance, various PHA types
and manufacturing technologies can be used for a variety
of biomedical applications, including the musculoskeletal
system.”® When applied to the musculoskeletal system,
PHA should not only have biocompatibility, biological
activity, and good mechanical properties but also have bone
conductivity and even bone sensitivity to promote the growth
of new tissue.”” Due to its biological characteristics, it helps to
maintain the mechanical integrity, strength, and toughness
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of the musculoskeletal system. In addition, it actively
participates in various important biological processes such as
cell adhesion, migration, proliferation, differentiation, and
neuroangiogenesis and plays an important role in regulating
inflammation, wound healing, and tissue repair, such as
promoting the differentiation and growth of osteoblasts and
chondrocytes and inhibiting the proliferation of bacteria such
as Escherichia coli®®%* The specific applications are listed in
Table 1'36, 45,63-97

Bone

Although significant progress has been made in the field
of regenerative medicine, bone tissue engineering repair
and regeneration still faces major challenges given the
peculiarities of bone tissue engineering.® Many studies have
shown that PHA, as a biomaterial with good properties, can
promote the adhesion, proliferation, and differentiation of
mesenchymal stem cells and bone cells, can inhibit bacteria
to some extent, and has excellent mechanical properties
compared with other biological materials. Its complexes are
often used in bone tissues. In addition, scaffolds for bone
tissue repair also have appropriate porous structures and
microenvironments that promote cell adhesion and growth,
mimicking the microstructure and function of natural bone.”®?
For example, the highly porous microspheres prepared by
Wei et al.'® using PHA not only improved differentiation
of human bone marrow mesenchymal stem cells, but also
support stronger osteoblast regeneration. Codreanu et al.*®
investigated the restorative ability of bacterial cellulose
(BC)-modified polyhydroxychain alkanoate (PHB/BC) stents
obtained using salt roomsion technology in skull fractures of
mice and showed that PHB/BC stents can promote osteoblast
differentiation in mice. Nishizuka et al.” developed a
technology for intramedullary fixation of long bone fractures
made of biodegradable materials. In animal experiments, there
was no fracture displacement in the intramedullary-fixation
with biodegradable materials group (poly(L-lactide) + calcium
phosphate cement + PHA), even when the rabbits were fully
loaded. It is shown that this type of biological scaffold can be
used to strengthen and stabilise fractures of long bones.” On
the other hand, PHA scaffolds can promote cell proliferation
and differentiation. Research shows that PHBHHXx scaffold has
adequate osteoblast attachment and proliferation roughness
compared with PHB and PLA, which is suitable for myelocyte
attachment, proliferation and differentiation.”> Pecorini et
al.** found that the PHBV-poly (D, L-lacrolyde-co-glycol
ester) hybrid scaffold prepared by the scaffold can promote
the colonisation and differentiation of rat osteoblasts into
osteoblastic phenotypes. Two studies also confirmed that
when PHA (polyhydroxyoctanoate and poly(3-hydrobutyric
acid)) is mixed with tricalcium phosphate, it can promote
cell proliferation, maintain high cell activity, and nourish
surrounding tissues.® 7! In addition, the materials implanted
during bone regeneration should also have certain antibacterial
properties. Marcello et al.* found that the composite sample
prepared from PHA and a new antibacterial HA containing
strontium selenide could inhibit the bacterial cell activity
of Staphylococcus aureus 6538P and Escherichia coli 8739 with

Biomater Transl. 2023, 4(4), 234-247
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good antibacterial performance through in vitro antibacterial
tests. Experiments show that P(3HO-co-3HD-co-3HDD)
composite membrane loaded with different contents of Se-
Sr-HA, the bactericidal effect on Staphylococcus aureus 6538P
is not the same: Composite membranes containing 10 wt% Se-
Sr-HA resulted in an average 90% reduction in cell numbers,
but bacterial cells were reduced by an average of 96% when
the Se-Sr-HA content was 30 wt%.** Chotchindakun et al.*
used the emission solvent extraction/evaporation method to
incorporate mesoporous bioactive glass nanoparticles into
PHBV, while cinnamonaldehyde was loaded in mesoporous
bioactive glass nanoparticles. The microspheres loaded with
cinnamonaldehyde showed that the activity of Staphylococcus
aureus and Escherichia coli could be significantly inhibited in
the first 3 hours, and cinnamonaldehyde release behaviour
lasted for 7 days. The research results suggest that the system
represents an alternative model for antibacterial biomaterials
and can be used for potential applications in bone tissue
engineering.”” In addition, Zhao et al.'” simulated the
preparation of an intracellular growth factor release system
based on PLA and PHA nanoparticles under microgravity
conditions, and the results proved that the mixed nanoparticles
can be used as a reliable and stable medium and long term
osteogenic differentiation in future space medicine.'”!

Cartilage and joint

At the heart of the musculoskeletal system, articular cartilage
playsarolein connecting bones, absorbing mechanicalloadsand
providing lubrication. Articular cartilage is usually understood
to be an elastic connective tissue without blood vessels, nerves,
or lymphatic vessels. Its damage can be caused by various causes,
and the internal repair capacity of the tissue is very limited.'**'®
When defects in articular cartilage cannot be repaired, it
often leads to degenerative joint diseases, such as arthritis.
Unfortunately, current clinical interventions have shown
little effectiveness in treating such diseases, while cartilage
tissue engineering offers new strategies and directions.'
Considering that PHAs have excellent properties in cartilage
tissue engineering, they can be widely used as biomaterials in
cartilage tissue engineering. Ching et al.” found that nanofibre
PHB/poly(3-hydroxycaprylic acid) scaffolds matched the
collagen fibres and stiffness of natural cartilage and could be
a good material for cartilage repair. Research has shown that
the addition of halloysite nanotubes to scaffolds (such as PHB-
chitosan and PHB-starch) can improve the performance of the
scaffold: the tensile strength is improved, the hydrophilicity of
the material is also improved, and the scaffold with halloysite
nanotubes supports cell growth and attachment, and cell
activity is also increased. It is expected to find application
in cartilage tissue engineering.”> '® Studies have shown that
polyhydroxyalkanoate granule-binding protein (PhaP) or
phasinisaheat-stableamphiphilic proteinlocated on the surface
of microbial stored polyhydroxyalkanoate particles, which
can be used as a natural environmentally friendly surfactant
for food, cosmetics and pharmaceuticals.'® By coating the
PHBHHx membrane onto the surface of Arg-Gly-Asp (RGD)
peptide-fused PhaP, Li et al.” found that PHAP-RGD coating
can promote the proliferation and cartilage differentiation of
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Table 1. Applications of PHAs in the musculoskeletal system

Fabrication
Application Material type method Function Reference
Bone PHB/BC Salt leaching Promote bone formation in critical size calvarial 63
technique defects in mice
PHAs/Se-Sr-HA Solvent casting A high reduction of the number of Staphylococcus 36
aureus 6538P and Escherichia coli 8739 bacterial
cells
PHBV/PLGA Computer-aided ~ Support murine preosteoblast cell colonisation 64
wet-spinning and differentiation towards an osteoblastic
phenotype
TCP/PHO Soaking and Enhance the wettability towards more cell- 65
drying friendly material, enhance the durability of the

composites (stress-strain characteristics)

P(3HO-co-3HHX)/HA Solvent casting- Allow migration and proliferation of osteoblasts 66

particulate and mesenchymal cells as well as vascularisation
leaching
IM- Electrospinning Reinforce and stabilise incomplete fractures 67
BM(PLLA+CPC+PHA) with both mechanical testing and an animal
experiment
BTCP/P(3HB) Polyurethane Provide cell-friendly environment, ensure high 68
sponge replica cell viability, and reduce surface hydrophobicity
method followed
by polymer
infiltration
PHBV/MBGN/CIN Emulsion solvent  High biological activity and antibacterial 69
extraction/ performance applied simultaneously in bone
evaporation tissue engineering
Cartilage and Poly(3-hydroxybutyrate)/ Electrospinning Allow to produce a cartilage repair kit for clinical 70
joint poly(3-hydroxyoctanoate) use to reduce the risk of developing secondary
osteoarthritis
PLCL/PHBV Emulsion solvent ~ Enhance the compressive modulus of PLCL 71
evaporation scaffolds, but could also serve as scaffolding
structures for cartilaginous tissue formation
PHB-CS/HNT Electrospinning Demonstrate a significant increase in cell 72
viability of chondrocytes
PHB-starch/HNTs Electrospinning Improve the tensile strength, support cell 73

growth and attachment without any toxicity for
biomedical applications

PhaP-RGD/PHBHHx Solvent The biomaterial films of PHBHHx modified 72
evaporation with PhaP-RGD fusion protein can promote its
biocompatibility with chondrocytes
Promote the proliferation and chondrogenic 74
differentiation of human umbilical-cord-derived
mesenchymal stem cells seeded on PHBHHx
films

Lead to more homogeneous cell spreading, better 75

cell adhesion, proliferation and chondrogenic
differentiation in the scaffolds

Skin PHB/PHB-HV Electrospinning Improve vascularisation of engineered bone 76
tissue
PHB/CA Electrospinning Improve cell proliferation 77
PHB/HEAA Grafting Promote the proliferation of human fibroblasts 78
P(3HB-co-4HB) Freeze-drying Promote the adhesion of mouse fibroblasts 79
PHB Electrospinning Support the growth of normal human dermal 80
fibroblasts and keratinocytes
Promote the healing of diabetic wounds 81,82
PHBA/CA Electrospinning Improve fibroblast adhesion and growth 83
Tendon and PHB/PHBV/PHUE/ Electrospinning Promote cell adhesion and proliferation 84
ligament PHOUE
PHBHHX Electrospinning Promote tendon repair in vivo, which is 45

conducive to restoring weight-bearing and
motor function
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Table 1. Continued
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Fabrication
Application Material type method Function Reference
Make thin films Promote adhesion and migration of 85
mesenchymal stem cells and tendon cells
PHA Mesh-augmented Improve the initial biomechanical repair strength 86
single-row of tears at risk of rupture
RCRs and
nonaugmented
RCRs
Cardiovascular PHA Electrospinning Promote the fusion of scaffolds with cells 87
PHB Electrospinning Promote the adhesion and growth of 88
cardiomyocytes and cardiac fibroblasts
PHBHHx/SF Make thin films Promote cell adhesion and proliferation 89
P(3HO) Cardiac patches Promote the adhesion and proliferation of 90
neonatal ventricular rat muscle cells
Nervous PHB Electrospinning Have high biocompatibility with human 91
mesenchymal stem cells
Promotes the adhesion and differentiation of 92
embryonic cells into nerve cells
Support the survival and regeneration of neurons 93
after spinal cord injury
PHB/PHBV Electrospinning Promote the interaction between Schwann cells 93
and scaffolds
Triggers the activity of Schwann cells 94
PCL-PHB Electrospinning Pluripotent stem cells were induced to 95
differentiate into neurons
PHBHHx Porous nerve Have good nerve regeneration ability, which 96
conduit can promote the rapid functional recovery of
damaged nerves
Electrospinning Promote the differentiation of neural stem cells 97

into neurons

Note: CA: cellulose; CIN: cinnamaldehyde; CPC: calcium phosphate cement; HA: hyaluronic acid; HEAA: N-hydroxyethyl acrylamide;
HNTs: halloysite nanotubes; HV: 3-hydroxyvalerate; IM-BM: intramedullary-fixation with biodegradable materials; MBGN: mesoporous
bioactive glass nanoparticles; P(3HB): poly(3-hydrobutyric acid); P(3HB-co-4HB): poly(3-hydrobutyric acid co-4-hydrobutyric acid);
P(3HO): poly(3-hydroxyoctanoate); P(3HO-co-3HHX): poly(3-hydroxyoctanoate-co-3-hydroxyhexanoate); PCL: poly(e-caprolactone);
PhaP: polyhydroxyalkanoate granule-binding protein; PHA: polyhydroxyalkanoate; PHB: polyhydroxybutyrate; PHB/BC:
polyhydroxychain alkanoate; PHB-CS: PHB-chitosan; PHBHHx: poly (D, L-lacrolyde co glycol ester); PHBV: polyhydroxy-butyrate-
co-valerate; PHO: polyhydroxyoctanoate; PHOUE: poly([R]-3-hydroxy-omega-undecenoate-co-3-hydroxy-omega-nonenoate-co-3-

hydroxyoctanoate-co-3-hydroxy-omega-heptenoate-co-3-hydroxyhexanoate); PLCL: poly L-lactide co-e-caprolactone; PLGA: poly
(3-hydroxybutyric acid); PLLA: poly(L-lactide); RGD: Arg-Gly-Asp; SF: silk fibroin; TCP: tricalcium phosphate.

human umbilical cord blood-derived mesenchymal stem cells
inoculated on the PHBHHx membrane. Despite their similar
surface topography, it is worth noting that the coated film
can reduce the water contact Angle from 98.69° to 10.63°.7*
In addition, You et al.”® found that PHBHHX scaffolds coated
with PhaP-RGD can promote the proliferation and cartilage
differentiation of human bone marrow mesenchymal stem
cells. Additionally, RGD also had a positive influence on the
extracellular matrix: increased expression of chondrocyte-
specific genes and increased content of cartilage-specific
extracellular substances.”” Meanwhile, PHBHHx biomaterial
membrane modified with PhaP-RGD fusion protein can also
promote its biocompatibility with chondrocytes.”> Not only
are porous scaffolds widely used as biodegradable biomaterials,
but microspheres can also serve as potential candidates for
cartilage tissue engineering. Li et al.”' found that mixing PHBV
microspheres with poly L-lactide co-s-caprolactone porous
scaffolds can not only improve the compression modulus of

Biomater Transl. 2023, 44), 234-247

poly L-lactide-co-caprolactone scaffolds but also serve as

scaffolds formed by cartilage tissue.

Skin

Because skin wound healing is an extremely complex process,
high standards apply to biomaterials used for skin tissue
engineering.'” 1% PHAs not only have good biocompatibility,
but can also support cell growth and are often used in
skin tissue engineering. PHB is the most common one in
PHAs. Zonari et al’® found that electrospun PHB/PHB-3-
hydroxyvalerate fibre sheets can be used in combination with
endothelial differentiated cells to promote vascularisation of
bone tissue. Zhijiang et al.”” found that PHB/cellulose hybrid
nanofibre scaffolds have biological activity, can promote cell
proliferation, and can be used as wound dressings or tissue
engineering scaffolds. Ochoa-Segundo et al.”® found that the
prepared N-hydroxyethyl acrylamide monomer and PHB graft
copolymer had adequate degradation and porosity, improved

239



Review

mechanical properties, and could promote human fibroblast
culture, which could be widely used in skin tissue engineering.
The biocomposite scaffold prepared by Kanimozhi et al.”” with
poly (3-hydrobutyric acid co-4-hydrobutyric acid) and BC as
raw materials can promote the adhesion of mouse fibroblasts
and can be used for wound repair or tissue engineering
scaffolds. The PHB-core-coated coaxial electrospun fibre
prepared by Nagiah et al.** has good stretch properties in skin
regeneration and can support the growth of normal human
dermal fibroblasts and keratinocytes, indicating its potential
as a scaffold for skin regeneration. In addition, studies have
shown that PHB can promote the healing of diabetic wounds,
so PHAs may play a role in the regeneration of diabetic wound
tissue.?"#2 PHBV is another polymer of PHA, and studies have
shown that PHBV/chitosan (4:1) scaffolds have an excellent
ability to improve the adhesion and growth of fibroblasts and
can better adapt to the wound healing process in vivo.* %

Tendon and ligament

In tendon and ligament tissue engineering, it is required
that the biomaterials used not only have good mechanical
properties but also that the degradation rate of polymers
cannot be too fast, and the members of PHA just meet the
above conditions. Rathbone et al.* used L929 mouse fibroblasts
to study the biocompatibility of PHAs. They found that the
membranes prepared by PHB and PHBV not only had good
biocompatibility but could effectively promote cell adhesion
and proliferation and could also degrade slowly due to surface
erosion. Therefore, PHA can be widely used in tendon and
ligament tissue engineering.*

Since tendon injury is not easy to repair and all repair methods
may have potential problems (such as foreign body reactions)
and fracture again, it is required that materials used for tendon
tissue engineering can simulate the structure and mechanical
properties of natural tendon tissue.* '1%''¢ \Webb et al.** found
that the PHBHHX stent can promote the repair of the Achilles
tendon in rats, which is conducive to the recovery of weight-
bearing and motor function. Lomas et al.* found that PHBHHx
may be a suitable polymer for cell/polymer replacement
strategies in future tendon repair. Tashjian et al.* suggested
that PHA could be used to improve the initial biomechanical
repair strength of tears at risk of rupture.

Cardiovascular tissue

Because the musculoskeletal system is rich in blood vessels,
these blood vessels can effectively maintain the homeostasis
of the musculoskeletal system and effectively promote bone
formation to a certain extent.!'” Therefore, the vascular
repair is particularly important of the musculoskeletal system.
Considering that PHA has good angiogenesis, biocompatibility
and biodegradability and can prevent adverse remodelling of
defective tissues, PHA has been successfully used in vascular
tissue engineering.®® ' The regenerative filament protein silk
fibroin and PHBHHx porous scaffold prepared by Sun et al.*
can promote cell adhesion and proliferation. Therefore, the
silk fibroin-modified PHBHHx material could be a potential
material for vascular tissue engineering.® Bagdadi et al.” used
a novel functional material, poly (3-hydroxyoctane ester),
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a mcl-PHA, to create engineered structures with improved
mechanical properties, and they found that the polymer
enhances the adhesion and proliferation of neonatal ventricular
rat myocytes. The mechanical properties of the final patch
were similar to those of the myocardium.” The above studies
show that PHA can be widely used in musculoskeletal vascular
repair.

Nervous tissue

Nerve damage can block the connection between the
neuroregulatory brain and muscles, ultimately affecting
motor function and even leading to permanent disability.”> '
Therefore, the fabrication of effective biomaterial scaffolds
is a more successful treatment to promote nerve tissue
regeneration in nerve injuries.'”® Some studies have shown
that PHA can promote nerve repair and is widely used in
nerve tissue engineering. Kése et al.”’ combined random or
arranged electrospun nanofibre PHB membranes with human
mesenchymal stem cells to form axon scaffolds for bone and
spinal cord, and they found that the PHB membrane has
high biocompatibility with human mesenchymal stem cells
and provides good biomaterials for bone or nerve tissue
engineering. Because Schwann cells physiologically promote
the growth of regenerated axons, the interaction between
Schwann cells and scaffolds is particularly important in
neural tissue engineering. The data presented by Masaeli et
al.** manufactured PHB/PHBV/collagen fibres can effectively
promote the proliferation of Schwann cells and facilitate the
regeneration of the myelin membrane. Therefore, PHB/PHBV
electrostatic spinning nanofibres can be used in nerve tissue
engineering.” ** The PHB scaffold prepared by Khorasani et
al.” can promote the attachment and differentiation of mouse
embryonic cells into nerve cells. The results show that PHB can
be used as a material for neural tissue engineering. Kuo et al.”
found that poly(e-caprolactone)-PHB scaffolds transplanted
with neuron growth factor can induce pluripotent stem cells
to differentiate into neurons, and this scaffold is promising in
neural tissue engineering. Novikova et al.'"” found that PHBs
support the survival and regeneration of neurons after spinal
cord injury.

In addition to PHB, other PHA materials can also effectively
promote the repair of nerve injuries. Bian et al.”® found that
the porous nerve conduit prepared by PHBHHx not only
has good mechanical properties but also can promote nerve
regeneration and rapid functional recovery of damaged nerves.
In addition, it has been found that PLA, PHB, the copolymer
of 3HB and 4HB, and PHBHHx can promote the growth and
differentiation of neural stem cells. PHBHHx has the strongest
potential to promote the differentiation of neural stem cells
into neurons. Therefore, these materials are conducive to the
repair of the central nervous system.” 2

Applications of Polyhydroxyalkanoate
Carriers in Drug Delivery in the
Musculoskeletal System

Drug delivery technology, as an important part of healthcare,
aims to deliver pharmacologically active drugs to specific sites of
action using appropriate drug carriers at the most appropriate
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drug delivery rate and dose, while minimising the impact on
the body and the occurrence of adverse reactions. Silicone, as an
organic compound, is widely used to encapsulate hydrophobic
drugs, but recent studies have shown that silicone has the
potential to cause cancer.'”" ' In recent decades, researchers
have shown great interest in developing biodegradable
polymeric materials from natural sources as drug delivery
materials and have achieved positive results. Due to their good
biocompatibility and biodegradability, PHAs have attracted
great attention in drug delivery systems.'” '** The reason why
PHAs can serve as good drug carriers is not only because of
their unique physicochemical properties but also because
they can be processed into films, scaffolds, microspheres, and
nanoparticles as needed, which facilitates drug encapsulation.
Some studies have shown that drug delivery systems such as
hydrogels, microspheres, microcapsules, polymer vesicles,
microns and nanoparticles are widely used to deliver a variety
of therapeutic drugs, such as proteins, narcotics, antibiotics,
anti-inflammatory drugs, anticancer drugs, hormones, etc.
PHA can be used as a drug delivery carrier to participate in
these processes.'**#

Considering the properties of tetracycline, Sendil et al.'*

prepared PHBV microspheres and microcapsules that can
be successfully used to load tetracycline, an antibiotic for
periodontitis. The author investigated their encapsulation
efficiency, loading, release kinetics, and morphological
properties. At the same time, it was found that the antibiotics
were fully released before degradation of PHBV was observed.'*
Kassabetal.’*! performed experiments using PHB microspheres,
with a drug loading of up to 407.6 mg of rifampicin/g PHB.
The release rate of the drug is very high. Xiong et al.'*
compared the controlled intracellular drug release behaviour
encapsulated in PHB, PHBHHx, and PLA nanoparticles. The
results showed that PHB and PHBHHx nanoparticles could
load over 75% of rhodamine B isothiocyanate, while PHB and
PHBHHXx nanoparticles continued to release drugs for at least
20 days, while PLA nanoparticles only for 15 days release. This
study is the first to demonstrate that PHB and PHBHHx can
effectively control intracellular drug release.'** Because the PHA
delivery system can deliver and maintain sufficient antibiotic
concentrations at the infection site, PHB can be widely used
for local administration to treat osteomyelitis. However, since
systemic administration may be ineffective due to damage to
the vascular system, in diseases such as osteomyelitis it is best
to ensure local administration through the implantation of
pharmaceutical preparations. A study found that PHBV robs
containing 7%, 14% and 22% (mol) 14-hydroxyvalvonic acid
exhibit late antibiotic release behaviour lasting approximately
2 months in physiological phosphate buffers under in vitro
conditions, whereas appropriate antibiotic treatment produces
a minimum effective concentration of at least 6 weeks.'* It was
found that, in addition to PHBV, PHB and P(3HB-4HB) can
also be processed into implantable rods for local administration
of antibiotics for the treatment of osteomyelitis.!**'*
Scheithauer et al.'** prepared PHBV microspheres loaded
with phytoestrogens; daidzein did not cause any shear or
temperature stress on the drugs. The encapsulated daidzein
was initially released at a low level (6.1% for 7 hours) and then
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continuously for 3 days. Therefore, PHBV microspheres with
daidzein delivery functions can also be used in the treatment
of osteoporosis and bone tissue engineering.** Peng et al.'¥’
explored a novel PHB nanoparticle loaded with hydrophilic
recombinant human bone morphogenetic protein 2 and
amphiphilic phosphatide (BPC-PHB NP). The osteogenic
differentiation gene markers of BPC-PHB NPs samples were
significantly upregulated, suggesting that BPC-PHB NPs could
serve as a fast-acting and long-acting bone morphogenetic
protein 2 delivery system for osteogenic differentiation.'”
Chen et al.”*® designed a novel long-acting bone morphogenetic
protein 7 release system based on poly(4-hydroxybutyric
acid) nanoparticles to achieve osteogenic differentiation of
human adipose mesenchymal stem cells. The results indicate
that bone morphogenetic protein 7-soybean lecithin-poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) nanoparticles can be
used as a fast and long-acting bone morphogenetic protein
7 delivery system for osteogenic differentiation.”® PHA
drug delivery systems have great potential due to their non-
immunogenic, sustained and controlled drug release, targeted
delivery, and high drug loading capabilities."*” Nevertheless,
certain properties of PHAs may hinder their use in drug
delivery systems. Some of these include high hydrophobicity,
low thermal stability, and slow degradation rates.'*

Application of Polyhydroxyalkanoate
Degradation Products and Derivatives in the
Musculoskeletal System

PHA is a biodegradable biopolymer, and as one of the
degradation products of PHA, 3HB is a component of the
blood and is widely used in the musculoskeletal system.*® 141-143
Zhao et al'"* found that 3HB can promote osteoblast
growth in vitro and anti-osteoporosis in vivo. Therefore,
3HB monomers containing PHA can be used as an effective
bone implant material.'** Skibiriski et al.®® found that novel
composite materials based on [-tricalcium phosphate and
poly (3-hydroxybutyric acid) bacteria-derived biopolymer
can promote the adhesion and proliferation of mesenchymal
stem cells and consider this material as a potential candidate
for bone tissue regeneration. Czechowska et al.'*® found
that the (-tricalcium phosphate-based polyporous scaffold
modified with silver and coated with the biopolymer poly
(3-hydroxybutyrate)-poly (3-hydroxybutyric acid) bacteria-
derived biopolymer can promote the regeneration of bone
tissue, and this scaffold is considered more promising bone
substitute. A study has found that 3HB can also significantly
inhibit the loss of muscle weight, muscle fibre size, and muscle
fibre diameter, so it can effectively treat muscle atrophy.'*

4HB and 3HHx are also degradation products of PHA, and
when they coexist with 3HB, they can also be used in the
musculoskeletal system. Wangetal.'*” found thattheelectrospun
poly (3-hydrobutyric acid co-4-hydrobutyric acid)/octacalcium
phosphate nanofibre membrane had good mechanical
properties and bone induction ability. Ang et al.'* found that the
mixture of P(3HB-co-3HHx) and fibroin protein could promote
the proliferation and osteogenic differentiation of human
umbilical cord mesenchymal stem cells. Studies have shown
that poly(3-hydroxybutyrate-co-4-hydroxybutyrate-co-3-
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hydroxyhexanoate) (P(3HB-4HB-3HHx)) can significantly
promote cell proliferation, so P(3HB-4HB-3HHx) can be used
in the musculoskeletal system.**

Conclusions and Future Perspectives

The musculoskeletal system, as the heart of human movement,
has certain peculiarities in its regeneration and recovery:
repairing bone tissue requires a certain level of hardness, while
tendons and ligaments pay more attention to toughness. Many
treatment methods have their advantages and disadvantages,
and biomaterials have provided new ideas for the treatment
of musculoskeletal disorders in recent years. The selection of
biomaterials has also attracted considerable attention from
researchers. In addition to its special mechanical properties, a
suitable biomaterial must also have good biocompatibility, a
suitable degradation time and certain antibacterial properties in
order to avoid local infections. As a biomaterial in regenerative
medicine, PHA has great potential for use in the musculoskeletal
system. With the addition of many manufacturing technologies
and other materials, the various properties of PHA have been
significantly improved. Furthermore, PHA scaffolds have
shown great potential for drug delivery.

The production process and material properties of PHA are
constantly improving, but there are still many challenges.'*
Unlike other biopolymers (such as marine-derived collagen,
which has a wide range of sources and simple extraction
methods), one of the most significant disadvantages of PHA
is its high production cost, and its high price is the result of
the need for large quantities of high-purity substrates as well
as labour-intensive production and downstream processing.'*
At the same time, there may be some cases during PHA
processing where organic solvents are not completely
removed, which may lead to PHA being cytotoxic and not
conducive to musculoskeletal tissue repair.’®" 2 We can
control the physical and chemical properties of PHA through
certain technical means, but it is undeniable that there are
reports that PHA can cause acute and chronic inflammation,
and at the same time, the particle size and distribution of PHA
are still very uncontrollable.®> ' According to the current
trend of PHA application, it has inestimable potential in the
musculoskeletal system, but the great challenges it faces are
also a fact that cannot be ignored. On the one hand, the large-
scale high-quality production of PHA requires researchers to
devote more energy to research, on the other hand, the specific
problems encountered in the specific application of PHA, for
example, How the hydrophobicity is applied in human tissues,
the degradation rate under specific conditions, whether there
is a suitable drug release rate, how to make the elasticity and
hardness meet the tissue requirements, and maintain the
integrity of the scaffold structure need further research and
exploration.
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While bone tissue is known for its inherent regenerative abilities, various
pathological conditions and trauma can disrupt its meticulously regulated
processes of bone formation and resorption. Bone tissue engineering aims to
replicate the extracellular matrix of bone tissue as well as the sophisticated
biochemical mechanisms crucial for effective regeneration. Traditionally, the
field has relied on external agents like growth factors and pharmaceuticals

to modulate these processes. Although efficacious in certain scenarios,

this strategy is compromised by limitations such as safety issues and the
transient nature of the compound release and half-life. Conversely, bioactive
elements such as zinc (Zn), magnesium (Mg) and silicon (Si), have garnered
increasing interest for their therapeutic benefits, superior stability, and
reduced biotic risks. Moreover, these elements are often incorporated into
biomaterials that function as multifaceted bioactive components, facilitating
bone regeneration via release on-demand. By elucidating the mechanistic
roles and therapeutic efficacy of the bioactive elements, this review aims

to establish bioactive elements as a robust and clinically viable strategy for

Bone is a complex and hierarchical organ, the
remodelling of which depends on specific macro-
and micro-environments. The primary function
of bone tissue is to provide mechanical stability to
the body and protect major organs. Additionally,
bone tissue exhibits high metabolic turnover,
aiding in maintaining ionic balance within the
body.!” Diseases or traumatic injuries can impair
bone function, making it crucial to restore lost
functionality swiftly and efficiently. Autografts
and allografts remain the benchmark in tissue
engineering, yet their clinical utility is curtailed
by supply constraints and the risk of disease
transmission.** In light of this, there is an urgent
need to develop alternative bone substitutes
through bone tissue engineering, which could
offer functionalities similar to natural grafts
while avoiding associated issues.

For successful bone regeneration, it is vital that
bone substitutes mimic the highly ordered steps
of bone regeneration to a maximum extent. Bone

repair is a dynamic biological process evolving
over time, mainly involving post-operative
bleeding, clot formation, inflammatory response,
angiogenesis, and new bone formation.” The
regulation at each stage impacts subsequent
biological events and ultimately determines
the pace and quality of bone regeneration. The
primary focus has been on integrating growth
factors into bone tissue scaffolds or implants.®
Growth factors like insulin-like growth factors
can activate cellular signalling cascades in stem
cells surrounding bone lesions, thereby inducing
proactive repair, including the angiogenesis
process crucial for tissue regeneration.'’ '
However, the use of these growth factors presents
significant drawbacks, including instability,
immunogenicity, and high costs.”*"* Recently,
many small molecules such as peptides have
attracted researchers’ attention. Yet, controlling
their proper release in the defect area and their
low half-life once implanted in the defect area are
major barriers to their clinical translation.'¢*8

www.biomat-trans.com



Biomaterials contain bioactive elements for bone repair

In contrast, employing bioactive elements is an appealing
option, given their known therapeutic effects, higher
stability, and lower risks compared to using biomolecules.
The therapeutic elements released from biomaterials can
regulate tissue regeneration steps in a manner akin to bioactive
molecules. In recent years, researchers have been exploring
the role of multiple bioactive elements in bone regeneration.
Evidence suggests that elements, such as calcium (Ca)," cobalt
(Co),* copper (Cu),* fluoride (F),? lithium (Li),® magnesium
(Mg),* silicon (Si),* silver (Ag),* strontium (Sr),” zinc (Zn),*
can induce osteoprogenitor cell differentiation through
growth factor signalling pathways or stimulate other processes
supporting bone tissue growth.

Biomaterials Translational

Overall, this review meticulously delineates the impact of
bioactive elements during various stages of bone regeneration,
elucidating their mechanisms in osteoimmunomodulation,
orchestrating neuroregulation, stimulating angiogenesis,
and promoting osteogenesis (Figure 1). The comprehensive
analysis of these bioactive ions not only furnishes a robust
theoretical scaffold for ensuing basic research but also unveils
novel therapeutic vistas and design principles for clinicians and
materials scientists. Especially in the milieu of confronting the
limitations inherent to natural grafts and growth factors, the
exploration of bioactive elements emerges as a cost-effective,

low-risk, and viable avenue for bone regeneration.

Figure 1. The role of bioactive elements in bone regeneration. Created with BioRender.com.

The Process of Bone Regeneration

Bone regeneration unfolds through a meticulously orchestrated
cascade of biological processes: osteoimmunomodulation,
neuroregulation, angiogenesis, and bone formation (Figure 2).
Initially, osteoimmunomodulation, mediated by macrophage
polarisation, establishes a favourable inflammatory landscape.?’
Concurrently, neuroregulation or skeletal interoception,
steers physiological responses essential for bone healing.?
Advancing, angiogenesis, directed by endothelial progenitor
and mature cells, forms new vasculature, delivering crucial
resources to the regenerative callus.® Lastly, osteogenesis,
led by cellular entities like osteoblasts and mesenchymal stem
cells (MSCs), governs the synthesis and remodelling of bone
tissue.”!

Osteoimmunomodulation

Osteoimmunomodulation represents a pivotal nexus where
the realms of immunology and bone biology converge, under
the auspices of bone biomaterials, to orchestrate a harmonious
response between bone formation and resorption, thereby
augmenting the bone repair capacity."” *>** The crucible
of this interplay lies in the role of immune cells, notably
macrophages, whose interactions with bone cells and
biomaterials significantly shape the trajectory and efficacy
of bone repair endeavors.**¥ Macrophages, serving as the
quintessential effector cells in immune responses to implants,
are indispensable for promoting osteogenic functionality.
The tapestry of immune-bone interplay is further enriched
by the polarisation dynamics of macrophages into M1
and M2 subtypes, mediating pro-inflammatory and anti-
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Figure 2. The process of bone regeneration. Created with BioRender.com. MSC: mesenchymal stem cell.

inflammatory responses respectively, which are integral for
bone repair across diverse stages.”® While M2 macrophages
are emblematic for promoting bone tissue regeneration,
the spotlight is gradually shifting towards unraveling the
critical role of M1 macrophages in osteoimmunomodulation,
particularly during the early inflammatory stages where they
enhance the recruitment and commitment of angiogenic
and osteogenic precursors.” Recent scholarly endeavors
have also unveiled the central role of exosomes, secreted by
macrophages, in mediating osteoimmunomodulation. These
exosomes, upon internalisation by pivotal cells engaged in de
novo bone formation such as endothelial cells and osteoblasts,
significantly intervene in osseointegration, thereby opening
new frontiers in understanding and leveraging macrophage-
mediated immune modulation for enhanced bone repair.*’ In
summation, osteoimmunomodulation, through the lens of
macrophage-mediated interactions, unveils a complex yet rich
array of mechanisms and interactions that not only deepen
the comprehension of bone repair processes but also propel
the development of novel therapeutic strategies and bone
biomaterials.

Neuroregulation

Neuroregulation, a crucial mechanism orchestrated by the
nervous system, governs the physiological and biochemical
responses across various systems, organs, and cells in the
body.** This regulation is facilitated through the release
of chemical substances, impacting an array of biological
processes. In the realm of bone repair, neuroregulation, either
known as skeletal interoception, emerges as a pivotal player in
fostering the regeneration of bone tissues. It holds a significant

sway in maintaining the equilibrium of bone mass. Moreover,
an assortment of neural factors, including neurotrophic
growth factors, neuropeptides, and prostaglandin E2 (PGE2),
are known to exercise a substantial influence over the
growth, regeneration, and repair processes of bone tissues.*
Neuroregulation manoeuvres the balance of bone remodelling
through diverse mechanisms, such as the activation of TrkA
signalling pathway in osteoblastic cells, modulation of Wnt
signalling pathway, and regulation of PGE2 production and
secretion, thereby propelling the process of bone rebuilding.
The promising horizon of skeletal interoception in bone repair
is further bolstered by the supplementary use of PGE2, which,
by modulating the proliferation and differentiation of stem
cells,and promoting bone regeneration, augments the processes
of bone repair and regeneration.*** Hence, the domain of
neuroregulation not only unveils a profound understanding
of the intricate interplay between neural and bone tissues but
also heralds a promising avenue for advancements in bone
repair methodologies, thereby contributing significantly to the
broader spectrum of regenerative medicine.

Angiogenesis

Angiogenesis, the formation of new blood vessels from pre-
existing vessels, is a cornerstone of bone repair, serving
as the conduit for essential resources to the regenerative
callus, a temporary tissue formed during bone healing. This
process is orchestrated by endothelial progenitor cells and
mature endothelial cells through recruitment, proliferation,
differentiation, and reconstruction, facilitating the sprouting
of microvessels from existing blood vessels.”” * The newly
formed vasculature is indispensable for delivering oxygen
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and nutrients to the metabolically active regenerating callus
and facilitating the migration of inflammatory cells, as well as
cartilage and bone precursor cells to the injury site, thereby
providing a conducive environment for bone regeneration.
The vitality of angiogenesis is underscored during fracture
healing where the creation of new blood vessels is pivotal for
supplying the requisite oxygen and nutrients to the evolving
bone tissue. A sluggish or partial vascularisation process could
hamper the supply of these essential resources to the bone
defect area, which may lead to cell death, thus, emphasizing
the need for prompt and robust angiogenesis during the
bone regeneration. Notably, the angiogenic process is driven
by various growth factors such as fibroblast growth factor,
platelet-derived growth factor, and transforming growth
factor-p (TGF-B), which invoke the proliferation, migration,
differentiation, and vascularisation of endothelial cells and/
or endothelial progenitor cells.**® The intricate biochemical
and physical interplay between angiogenesis and bone repair
processes elucidates a complex yet harmonious orchestration
of events that are crucial for effective bone regeneration.

Osteogenesis

Osteogenesis is the pivotal process of bone tissue formation
and remodelling, orchestrated chiefly by several cellular entities
including osteoblasts, bone marrow-derived mesenchymal
stem cells (BMSCs), osteoclasts, and osteocytes.”! Osteoblasts
are the primary architects of bone formation. They migrate to
the site of bone repair, especially at the implant-bone tissue
interface during implant osseointegration, and govern the
synthesis, secretion, and mineralisation of the extracellular
matrix (ECM). Their activity is markedly enhanced by the
expression of growth factors such as bone morphogenetic
protein-2 (BMP-2) and TGF-p, which facilitate the formation
and mineralisation of bone tissue.””** BMSCs, residing within
the bone structure, BMSCs hold the potential to differentiate
into osteoblasts, a transformation triggered by signals such
as the release of TGF-f1 from neighboring osteoclasts.
This differentiation is a critical step towards the formation
of new bone tissue, setting the stage for further maturation
and mineralisation processes.** ** Osteoclasts are principally
involved in bone resorption, a process vital for the subsequent
bone formation by osteoblasts. The resorption pits created by
osteoclasts serve as the sites for new bone formation, where
osteoblasts deposit the new bone material. Moreover, the
resorption process also releases factors that, in turn, activate
osteoblast proliferation, maturation, and differentiation,
establishing a coordinated homeostatic mechanism integral
for bone remodelling.*® Osteocytes, originating from
osteoblasts that become entrapped within the mineralized
matrix, osteocytes play a crucial role in bone maintenance
and remodelling. They are instrumental in attracting
osteoclasts to implant sites, thereby facilitating the process
of bone remodelling. In the process of bone regeneration,
the orchestrated interplay of these cellular entities is
indispensable.”” % Through a deeper understanding of the
cellular and molecular mechanisms underlying osteogenesis,
novel therapeutic strategies and biomaterials can be developed,
potentially advancing orthopedic and dental applications.

Biomater Transl. 2023, 4(4), 248-269
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The Role of Bioactive Elements in Bone
Regeneration

The role of bioactive elements in
osteoimmunomodulation

Ag

Chen et al.”” developed a titanium dioxide (TiO,) nanotube
loaded with Ag nanoparticles (Ag@TiO,-NTs) that releases
ultra-low amounts of Ag ions to improve immunoregulation
and enhance bone repair. The study demonstrated that Ag@
TiO,-NTs, releasing ultra-low-dose Ag ions, effectively
induced M2 macrophage polarisation and promoted a
favourable osteoimmune environment by modulating
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt),
glucose transporter 1, and autophagy in vitro. In vivo, Ag@
TiO,-NTs enhanced bone formation, reduced inflammation,
and promoted osteoimmune microenvironment compared to
TiO,-NTs and polished Ti surfaces.

Boron

Boron (B) has been demonstrated to amplify pro-inflammatory
conditions by facilitating lymphocyte proliferation and
enhancing nitric oxide and pro-inflammatory cytokine
secretion in lipopolysaccharide-activated macrophages from
B-exposed mice.®® The precise molecular pathways involved
are yet to be elucidated. Contrarily, B ions emanating from
a calcium silicate layer on titanium surfaces have been found
to downregulate pro-inflammatory cytokines and upregulate
anti-inflammatory ones, potentially via attenuating the
activation of the myeloid differentiation primary response
88-nuclear factor-xB (NF-xB) pathway.*!

Ca

Ca, an essential mineral, plays a pivotal role in various
physiological processes, including bone mineralisation,
muscle contraction, and signal transduction in human body.
Bioceramic degradation generated Ca ions, which triggered the
Wnt/p-catenin signalling pathway through calcium-sensing
receptor (CaSR).®> Blocking CaSR activity decreased the
inflow of macrophage-promoting Ca ions, hindered Wnt/p-
catenin signalling and the production of M2-like macrophages,
and attenuated the MSC mineralisation promoted by the
supernatants when they were treated with a CaSR antagonist.
It implies that the Ca ions in bioceramics are dependent on
CaSR-mediated Wnt/p-catenin activation for macrophage M2
polarisation and novo bone production. The Wnt/p-catenin
pathway has been shown to be an important mediator of M2
polarisation in macrophages. During phage M2 polarisation,
[-catenin is activated and transported to the nucleus, where
it binds to the transcription factor T-cell factor/lymphoid
enhancer factor family, triggering transcription of downstream
target genes. As a major inhibitor of the Wnt/B-catenin
signal axis, glycogen synthase kinase (GSK)3B can enhance
the ubiquitination and degradation of [(-catenin, diminish
its protein stability, and limit its nuclear entrance in this
pathway. By increasing the phosphorylation of downstream
GSK3, phosphorylated AKT suppresses its function. It's worth
mentioning that Ca can play a role in Wnt/p-catenin signalling
by boosting the phosphorylation of GSK3.! Extracellular Ca
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influx may positively control the Wnt/p-catenin signalling
pathway by increasing GSK3 phosphorylation, because
GSK3 is a negative regulator of Wnt/B-catenin. As a result,
increased intracellular Ca stimulated the PI3K/AKT signalling
pathway and caused AKT phosphorylation, which was
followed by decreased downstream activity GSK3 due to its
higher phosphorylation, resulting in increased [-catenin
translocation.®

Cu

Cu, a crucial micronutrient, functions as a cofactor in enzymes
related to respiration, oxygen transport, and antioxidant
defence. Cu ions can trigger oxidative damage, potentially
leading to DNA damage and low-density lipoprotein
peroxidation.®” ® For instance, some research demonstrates
the ability of Cu ions to catalyse the production of hydroxyl
radicals via the Haber-Weiss reaction.®® Therefore, Cu ion
levels in the intra and extracellular are tightly regulated to
minimise these effects. Wilson’s disease, characterised by Cu
accumulation, highlights the oxidative potential of Cu, which
can cause organ damage and chronic inflammation.®” Recent
studies have produced varied results regarding the influence
of Cu ions on macrophages. Some studies indicate that lower
Cu concentrations promote anti-inflammatory markers,
while higher concentrations induce pro-inflammatory
markers. Huang et al.68 showed that when macrophages
were cultured on titanium plates containing 0.2 and 2 mM Cu
ions, the pro-inflammatory markers of the cells increased in a
concentration-dependent manner, and the anti-inflammatory
factors (arginine, interleukin (IL)-4, IL-6) decreased in
a concentration-dependent manner. Additionally, the
incorporation of Cu into biomaterials has yielded conflicting
findings. Wang et al.” investigated the inflammatory response
of stainless-steel biomaterials containing nano-Cu. When
it was implanted in mice, the secretion of inflammatory
factors was significantly increased at the early stage, but was
significantly reduced after 2 weeks.”” Further research is
essential to understand the factors governing Cu’s impact on
macrophage polarisation.

F

F is an essential trace element, which can be an effective
osteoimmunomodulatory agent. Wu et al.’”° have shown
that macrophages can be greatly influenced by F-mediated
osteoimmunomodulation. F can stimulate macrophages
to produce a bone immune environment conducive to
osteogenesis and angiogenesis. In their research, 2.4 and 24 pM
sodium F can promote osteogenesis by increasing polyamine
production in macrophages.”””" And macrophages stimulated
by F showed an inhibited inflammatory response. Fluorine
can promote the expression of inhibitor of xB-a to inhibit the
expression of pro-inflammatory genes such as tumour necrosis
factor-a. and IL-6. In vivo, fluorine also can influence other
immune cells such as T cells and mast cells to create an immune
environment suitable for bone regeneration.”

Gadolinium

Gadolinium (Gd) is a rare earth element. Zhao et al.”* developed
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multifunctional scaffolds composed of gadolinium phosphate
(GdPO 4), chitosan, and ferroferric oxide (Fe30 4) with a
precise 100 nm pore size, and three-dimensional network
of macropores. These scaffolds, embellished with hydrated
GdPO, nanorods in a c-axis orientation on macropore walls,
were crafted for addressing breast cancer bone metastases.”
The structured architecture and macropores facilitated cell
adhesion and new bone tissue formation. Gd ions released
from the GdPO /chitosan/FeO, scaffolds initiated M2
macrophage polarisation, and led to a significant upsurge in
anti-inflammatory cytokines as indicated by CD206 expression.
Moreover, the GdPO /chitosan/Fe,O, and GdPO,/chitosan
scaffolds markedly stimulated new blood vessel development,
and supported osteogenesis through enhanced vascularisation.

Hafnium

Seweryn et al.”* investigated the immunomodulatory effects
of hafnium (Hf) oxide (HfO, by analysing macrophage
M1/M2  polarisation  utilizing reverse  transcription
quantitative polymerase chain reaction. Following 4
hours of lipopolysaccharide stimulation, an increase in
anti-inflammatory IL-10 expression was observed in
lipopolysaccharide-treated macrophages cultured on HfO,. The
data underline the potential immunomodulatory capacity of
HfO,, and herald promising application in bone regeneration.

Li

Bartnikowski et al.” investigated the effect on bone by mixing
Li carbonate with the biomaterial polymer polycaprolactone to
achieve sustained release of Li. Experimental results showed
that the released Li significantly polarised macrophages
towards an immunomodulatory M2 phenotype, reduced pro-
inflammatory M1 phase, and inhibited osteoclast activity,
demonstrating an effective targeted tissue engineering system
with the potential for further innovative ion release.

1‘75

Mg

Mg is crucial for cellular metabolism, activating over 300
enzymes involved in the metabolism of carbohydrates, nucleic
acids, and proteins.” It is also vital for the structural and
functional integrity of cellular organelles.” In immunology,
Mg modulates white blood cell functions, such as phagocytosis
and lymphocyte production, and exhibits anti-inflammatory
properties.”® Mg deficiency has been linked to heightened
inflammatory responses, including the activation of white
blood cells and macrophages, increased cytokine release, and
excess free radical production.”” Qiao et al.*’ found that Mg ions
induce a distinct cytokine profile, characterised by elevated
levels of C-C motif chemokine ligand-5, IL-8, and IL-1ra, and
a decrease in IL-1. This profile suggests that Mg ions facilitate
monocyte recruitment and maturation into macrophages,
while concurrently inhibiting pro-inflammatory cytokines like
IL-1 through the up-regulation of IL-1ra, thus contributing to
bone formation.

Si

Si ions, emanating from silica-based materials, have been
shown to suppress pro-inflammatory cytokines and M1
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markers through the Wnt5a/Ca** signalling pathway, thereby
promoting osteogenesis by enhancing mineralisation and
alkaline phosphatase (ALP) activity in BMSCs.*" %2 Similarly, Si
ions from titanium nanotube arrays also modulate the immune
response by decreasing M1 markers and elevating anti-
inflammatory markers like IL-10 and CD206.** Moreover, Si
ions derived from various titanium-based materials have
demonstrated an ability to inhibit pro-inflammatory cytokine
secretion, such as tumour necrosis factor-e, IL-18, and IL-6, in
vitro, likely via the attenuation of NF-«xB activation.? *

Sr

Sr exhibits a notable potential in modulating macrophage
polarisation, crucial forimmune response in bone regeneration.
Zhao et al.* demonstrated that a Sr-Zn-phosphorus (P) coating
on Ti substrates could preferentially steer macrophages
toward the M2 phenotype by activating hypoxia-inducible
factor-1 (HIF-1) signalling through the release of Sr ions and
Zn ions, thereby bolstering bone integration in rat femur with
titanium implants. Concurrently, Yu et al.¥” delineated that Sr
ions doped nanorods array expedited the phenotypic transition
of macrophages to M2, consequently amplifying osteogenic
cytokine and growth factors (TGF-B1 and BMP-2) expressions.
Furthermore, the study elucidated that STSr, (Sr-doped Ti
coated with sodium titanate, prepared via ion exchange at
100°C for 24 hours in 1000 mM 10 mL Sr(CH,COO), solution)
outperformed in vivo in terms of osseointegration, releasing a
higher concentration of Sr ions compared to STSr, (prepared
under similar conditions but with 10 mM 10 mL Sr(CH,COO),
solution). This enhanced Sr ions ion release from STSr,
demonstrated a more consistent and effective stimulation
of macrophage transition to M2, establishing a conducive
environment for bone regeneration.

Zn
Zn, a pivotal element in human physiology, partakes in diverse
cellular responses, profoundly influencing immune function,
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cell division, and skeletal morphogenesis. As an essential
trace element, it is indispensable for specific key enzymes
and transcription factors, which is integral to immune
responsiveness. Optimal Zn levels mitigate inflammatory
cytokine secretion by macrophages, enhance anti-inflammatory
cytokine expression, and maintain an anti-inflammatory milieu.
Zhao et al.®® demonstrated that Zn ions, derived from Zn-
coated materials, modulate macrophage polarisation, inducing
anti-inflammatory and osteoblastic cytokine secretion, thereby
augmenting osteogenic differentiation potential of BMSCs.
According to another study, Zn ions proficiently modulate
activated macrophage polarisation towards the M2 phenotype,
exerting an anti-inflammatory effect.®*” The release of Zn ions
from Zn-doped tricalcium phosphate (TCP) has been noted to
amplify tartrate-resistant acid phosphatase and ALP activity in
human BMSCs, and regulate the formation of multi-nucleated
giant cells and RAW264.7 macrophage activity.”

In summary, bioactive elements such as Zn, F, Mg, Ca, Gd,
Hf, and Sr play critical roles in osteoimmunomodulation,
contributing to bone regeneration (Figure 3). Zn ions aid
in anti-inflammatory cytokine expression and osteogenic
differentiation of bone marrow stem cells. F ions influence
macrophages to create an osteogenic and angiogenic
bone immune environment. Mg ions modulate monocyte
recruitment and activation, impacting cytokine profiles
favourable for bone healing. Ca ions, primarily through CaSR-
mediated Wnt/B-catenin signalling, promote macrophage
M2 polarisation and subsequent bone formation. Gd ions in
scaffolds initiate M2 macrophage polarisation and enhance
vascularisation. HfO, shows promise in immunomodulation,
particularly in increasing anti-inflammatory IL-10 expression.
Sr ions in coatings and nanorods induce M2 macrophage
polarisation, consequently amplifying osteogenic cytokines and
growth factors, fostering bone integration and regeneration.
These elements not only modulate immune responses but also
activate signalling pathways crucial for bone tissue engineering
and regeneration.

Figure 3. The role of bioactive elements in osteoimmunomodulation. Created with BioRender.com.
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The role of bioactive elements in neuroregulation

Cu

In the neuroregulation of bone regeneration, Cu can act as
an intracellular signalling molecule, binding with neurons to
promote new bone formation, and affecting the process of bone
repair. Cu can also regulate the excitability of neurons, having
a significant neural regulation role in bone regeneration.
Moreover, as one of the components of biodegradable metal
implant, Cu can promote bone regeneration. The specific
mechanisms and modes of action require further research to
elucidate.”®

A novel biohybrid biodegradable hydrogel (gelatin
methacrylate, GelMA) that incorporates copper ion-modified
germanium-phosphorus (GeP) nanosheets. These nanosheets
exhibit properties that promote neuro-vascular regeneration
and possess antibacterial activity. The modification of GeP
nanosheets with copper ions improves their stability and
enables sustained release of bioactive ions. The integrated
hydrogel demonstrates a significant enhancement in the
osteogenic differentiation of BMSCs, facilitates angiogenesis
in human umbilical vein endothelial cells (HUVECs), and
upregulates neural differentiation-related proteins in neural
stem cells. In vitro studies with injectable electroactive GelMA/
GeP@Cu biohybrid hydrogel scaffolds show enhanced nerve
differentiation and axon regeneration. These findings suggest
that GelMA/GeP@Cu has great potential as a valuable
biomaterial for neuro-vascularised bone regeneration and
infection prevention in the field of bone tissue engineering.”!

Mg

Mg ions can promote bone regeneration by stimulating
the release of PGE2 through the activation of bone marrow
macrophages. In the early stage of fracture healing (1% week),
Mg ions can significantly increase the concentration of PGE2
in bone and serum, simultaneously activating sensory nerves,
thereby stimulating PGE2 receptor-4 receptors. This induces
the phosphorylation of cAMP-response element binding
protein and upregulation of 5-hydroxytryptamine receptor 2C
in the hypothalamus, ultimately downregulating sympathetic
nerve activity related to bone repair. Under the influence of
the medullary macrophage-sympathetic neuron-osteoblast
neural circuit, this process promotes bone formation.*

A photosensitive conductive hydrogel by incorporating Mg-
modified black phosphorus (BP@Mg) into GelMA. The
combined effect of conductive nanosheets and bioactive ions
released from BP@Mg enhances the migration and secretion
of Schwann cells, which directly promote innerved bone
regeneration through the secretion of nerve growth factor and
brain-derived neurotrophic factor. In an infected skull defect
model, the GelMA-BP@Mg hydrogel demonstrates effective
antibacterial activity and enhances the regeneration of bone
and calcitonin gene-related polypeptide-a (CGRP) nerve
fibres. This phototherapy conductive hydrogel offers a novel
approach to repairing infected bone defects, utilizing skeletal-
associated innervation as a therapeutic strategy.”” Zhang et al.”®
implanted a pure Mg pin into the intact distal femur of rats.
This led to a notable increase in neuronal CGRP levels in the
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peripheral cortex of the femur and the ipsilateral dorsal root
ganglia. CGRP promotes the activation of adenosine 3,5-cyclic
monophosphate-responsive element binding protein 1 and
SP7 (osterix) through calcitonin receptor-like receptor and
receptor activity modifying protein 1. Consequently, this
enhances the osteogenic differentiation of stem cells.”®

Zn

Zn ions can promote the neural regulation of bone repair
through modulating anti-inflammatory pathways. Specifically,
under the influence of Zn, sensory nerve endings secrete PGE2,
which can activate the PGE2 receptor-4 signalling in CGRP*
sensory nerve endings, becoming an intraneural sensory signal,
and thereby activating sensory nerves. This activation, through
the mutual regulation with the central nervous system, realizes
the positive regulation function in bone repair. Additionally,
research has indicated that under the influence of Zn ions,
sensory nerve endings can also release CGRP, which can
promote the proliferation and differentiation of osteoblasts,
thereby better facilitating the process of bone repair.?

Briefly, bioactive elements such as Cu, Mg, and Zn play critical
roles in neuroregulation and contribute to bone regeneration
(Figure 4). Mg ions stimulate bone repair by increasing
PGE2 levels through bone marrow macrophage activation,
influencing the neural circuit encompassing medullary
macrophages, sympathetic neurons, and osteoblasts, thereby
enhancing bone formation. Zn ions enhance neuroregulation
via anti-inflammatory pathways, facilitating sensory nerve
activation and osteoblast function. Cu ions, an intracellular
signalling agent in bone neuroregulation, binds with neurons
to bolster new bone formation and modulate neuronal
excitability. Its role in biodegradable metal implants suggests
potential in bone regeneration, though detailed mechanisms
warrant further investigation.

The role of bioactive elements in angiogenesis

Ag

Ag has a long history for the use of antibiosis, which is a classic
implant material. In recent years, scientists have discovered
that Ag is a functional promoter of bone regeneration.
According to Jeanmonod et al’s study,” Ag acetate can
promote angiogenesis. They implanted Ag acetate-coated
Dacron vascular grafts into the dorsal skinfold chamber in
mice, and discovered that functional capillaries were more
dense than uncoated grafts. Meanwhile, Ag acetate coating
could stimulate the ingrowth of new microvessels into Dacron
vascular grafts. Most importantly, due to the dacron Ag graft
controlling the release of Ag ions, the concentration of Ag ions
wouldn’t be too high to damage the normal cells. Therefore,
Ag acetate-coated Dacron vascular grafts do not induce a
severe inflammatory response.””*> Ag nanoparticles (AgNPs)
also have the function of promoting angiogenesis. Kang et al.”
found that AgNPs induced tube formation on growth factor-
reduced matrix glue, produced reactive oxygen species and
released angiogenic factors vascular endothelial growth factor
and nitric oxide via SVEC4-10 endothelial cells. Therefore,
both Ag ions and nanoparticles can promote angiogenesis.’
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Figure 4. The role of bioactive elements in neuroregulation. Created with BioRender.com.

B

B, like the previously discussed ions, also exhibits a beneficial
effect on angiogenesis, although the specific mechanisms
remain less explored. B is often integrated into ceramic
biomaterials, such as B-doped bioactive glass scaffolds.
Different concentrations of B in these scaffolds have been
tested, with lower doses (up to 925 pM) demonstrating
enhanced angiogenic effects compared to higher doses
(around 3700 uM).” A similar study showed that lower B
concentrations enhanced endothelial cell proliferation and
tubule formation.”® A in vivo study with B-containing bioactive
glass demonstrated increased angiogenic gene expression
patterns and vascular density.” B has also been incorporated
into composites of polymers and ceramics, Xia et al.” studied
the effects of polycaprolactone containing B-bioactive glass
at different levels (0, 10, 20, 30 and 40 wt%) on angiogenesis,
showing that optimal angiogenic effects were achieved at
specific concentrations (30 wt%), while higher concentrations
(40 wt%) proved cytotoxic to cells. Additionally, when
combined with other ions, B has shown synergistic effects
on vascular endothelial growth factor (VEGF) secretion.
Chen et al.'” studied the effects of B-based glass and Cu-Zn
doped B-based glass on human fibroblast cell lines. The results
showed that VEGF secretion was increased in both cells, but
the latter was more obvious.'®

Cu

Cu is one of the most important elements in humans, which is
the third most prevalent mineral present in the body. Copper
is mainly found in the body as Cu®* and Cu’, and they are
involved in a number of important biological reactions. Cu
has an effect of promoting angiogenesis. Kong et al.*' found
that Cu** can positively affect the expression of angiogenic
growth factors in HUVECs and human dermal fibroblasts.
VEGTF is one of the most important mediators of angiogenesis
during the proliferation phase. Angiogenin (ANG) is a
ribonuclease which is a strong stimulator of angiogenesis and
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interacts with endothelial cells. Cu®* can not only promote
the expression of VEGF, but also regulate the transcription
of angiopoietin and influence the localization of ANG to
enhance its function. Meanwhile, copper has a big effect on
matrix metalloproteinases (MMPs), which can regulate the
activity of VEGF and other growth factors and promote
cell proliferation in angiogenesis.'! Researches have shown
that low concentrations of Cu can stimulate the activity of
MMPs, while high concentrations of copper can increase the
expression of MMPs in fibroblasts. Therefore, Cu ions are
important to angiogenesis in bone formation.'*

Cerium

Xiang et al.'” modified a tissue engineering bone scaffold with
cerium (Ce) oxide nanoparticles and evaluated the impact of
Ce oxide nanoparticles on the growth and paracrine activity of
MSC:s on the scaffold surface. Ce oxide nanoparticles have the
potential to increase MSC proliferation while also inhibiting
apoptosis. Finally, large levels of the angiogenic factor VEGF
were found. As a result of the improved paracrine of VEGF,
endothelial progenitor cell proliferation, differentiation, and
tube forming ability may be enhanced.

Co

Because of its ability to stabilise HIF-1 and hence activate VEGF,
Co ions have been utilised to accelerate vascularisation.'® The
addition of Co ions to silk fibroin/F/calcium phosphide (CaP)
may aid adipose-derived stem cells in the formation of tube-
like structures.'” However, because collagen type 1 matrix
deposition was reduced, cell proliferation and endothelial
network formation were inhibited. Chai et al.*® found that
preconditioning human periosteum-derived mesenchymal
stem cell-seeded tissue engineered constructs with a fine-
tuned solution containing Co increased VEGF secretion and
improved human periosteum-derived mesenchymal stem cell
development and endothelial network formation.
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F

F has been shown to augment angiogenesis in a dose-dependent
manner, demonstrating synergetic regulation of osteogenesis
and angiogenesis by modulating the expression of key factors
such as BMP-2, oncostatin M (OSM), spermine/spermidine
synthase, insulin-like growth factor-1, and VEGF. Wu et al.?2
observed that active angiogenesis was consistently present
in F-treated groups, and attributed this to VEGF expression
under varying F treatments. Further, F was found to stimulate
insulin-like growth factor-1 production, a critical factor in
endothelial cell migration and tubular formation.' Given the
dose-dependent variations in its impact, F exerts multifaceted
effects on osteogenesis, osteoclastogenesis, and angiogenesis.”"

Iron

Shi et al.'” studied the effect of Fe’* release on the angiogenic
response of bone grafts. As a controlled ferric agent, iron (Fe)-
doped octacalcium phosphate was produced. The affinity,
survival, proliferation, and angiogenic differentiation of
HUVECs were all greatly improved by Fe-doped octacalcium
phosphate. The scaffold promoted endothelial cell adhesion
and spreading, as well as angiogenesis, as evidenced by
the development of additional blood vessels and increased
expression of particular markers. Fe** can boost HIF-1o and
VEGEF levels, as well as nitric oxide secretion and endothelial
nitric oxide synthase synthesis, all of which influence
endothelial cell activity and angiogenesis.

Li

Li-incorporated bioactive glass ceramic has been shown to
enhance the pro-angiogenic capabilities of HUVECs both in
vitro and in vivo.” This enhancement is mediated through the
induction of miR-130a in BMSC-derived exosomes, leading
to phosphatase and tensin homolog deleted on chromosome
ten (PTEN) downregulation and AKT pathway activation.
The resultant cellular activities include increased endothelial
cell proliferation, migration, tube formation, and increased
expression of pro-angiogenic genes.

Mg

Mg ions improved the proliferation, migration, and osteogenic
differentiation of BMSCs, as well as having evident impacts on
angiogenesis, by selectively activating the mitogen-activated
protein kinase/extracellular signal-regulated kinase pathway.
Directly promoting the migration of ECs and up-regulating
the production of VEGF in BMSCs increase angiogenesis.'®
The sensory nerve-endothelial cell interaction mediated by
Mg through the CGRP-focal adhesion kinase-VEGF signalling
pathway enhanced the repair of critical size bone defects.'”” Lai
et al.*® have developed a new bioactive porous scaffold using
low temperature rapid prototyping technology, comprising
of poly (lactide-co-glycolide), TCP, and Mg. By incorporating
Mg into the scaffold, they observed that it not only provided a
favourable template for vessel infiltration but also stimulated
neo-angiogenesis. This ultimately led to new bone formation
and remodelling in challenging bone defects, specifically those
associated with steroid-induced osteonecrosis.*
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Sr

Sr can play a great effect on bone regeneration, including
immune response, angiogenesis and new bone formation.
Previous studies have shown that Sr-containing materials
have the ability to promote angiogenesis. Yan et al.”’ have
found that appropriate doses of Sr ions (0.2-1 mM) can
enhance the secretion of VEGFA and ANG-1 in HUVECs
and BMSCs co-culture systems, which has the potential to
create an angiogenic microenvironment at an early stage. Sr
not only promotes angiogenesis by stimulating osteoblasts to
secrete angiogenic cytokines,'!” but also significantly promotes
early angiogenesis by regulating macrophage phenotype. Zhao
et al.''" have found that the monodispersed Sr-containing
bioactive glasses microspheres could stimulate macrophages
to exhibit a tendency towards the M2 phenotype and express
high levels of platelet-derived growth factor-BB in vitro. What
is the most important is that this access can play a big role in
the early vascularisation, which is different from the way of
osteoblasts.'!

Si

Si is one of the essential trace elements in human body,
which is necessary in the development and growth of bone
and connective tissue.'? Studies have shown that Si ions
can stimulate angiogenesis. Li and Chang'”® found that the
0.7-1.8 pg/mL Si ions provided by 1/64 and 1/256 diluted Ca
silicate extracts stimulated the proliferation of HUVECs and
upregulate the expression of pro-angiogenic factors (VEGF
and basic fibroblast growth factor). Their receptors activate
the expression of endothelial nitric oxide synthase and increase
the expression of nitric oxide in HUVECs.!"® Zhai et al.'"* have
shown that akermanite ceramics, which is a suitable source
of Si ions, can promote angiogenesis. It can release and keep
the suitable Si ions to induce angiogenesis by increasing
gene expression of pro-angiogenic cytokine receptors and
upregulating downstream signalling, such as nitric oxide
synthase and nitric oxide.'"* Their experiment successfully
demonstrated that akermanite ceramics were the first silicone-
containing ceramics capable of inducing angiogenesis during
bone regeneration. Mao et al.'"® have found that Sr and Si ions
had synergistic effects on osteogenesis, osteoclast formation
and angiogenesis. They use the SMS bioceramics, which
has Sr and Si ionic compositions, to study the influence of
angiogenesis. And they had made the conclusion that SMS
bioceramics can enhance osteogenic differentiation and
expression of preferred angiogenic factors in BMSC from
ovariectomized rats, rebalance the osteoprotegerin/receptor
activator of nuclear factor-xB ligand (RANKL) ratio in BMSC
from ovariectomized rats at early stage, and inhibit RANKL-
induced osteoclast formation at late stage. The effect of Si
ions on promoting osteogenesis and Sr ions on enhancing
angiogenesis and inhibiting osteoclast formation can be well
combined by SMC.'®

Ytterbium

Tang et al.''® used lyophilization and mineralisation techniques
to successfully create magnetic Y-doped hydroxyapatite/
chitosan nanohybrid scaffolds with ytterbium (Yb) dopants as
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well as magnetic SrFe O, nanoplates. Yb ions from magnetic
Y-doped hydroxyapatite/chitosan nanohybrid scaffolds only
reached a maximum concentration of 0.30 uM, according to
in vitro tests. The osteogenic and angiogenic properties of
the magnetic Y-doped hydroxyapatite/chitosan nanohybrid
scaffolds were remarkably improved by the Yb dopants and
magnetic SrFe O, nanoplates. For one thing, the bioactive
components promoted the migration of endothelial cells, the
up-regulation of angiogenic protein VEGFA expression, and
macrophage polarisation toward M2 phenotype, leading to the
rapid development of blood vessels in bone defects. In vivo bone
mineralisation was made possible by the sufficient nutrients
and oxygen that the newly created blood vessels provided.
For another, by activating the BMP-2/Smad pathway in
the scaffolds, both the Yb dopants and magnetic SrFe O g
nanoplates enhanced osteogenic differentiation of rat BMSCs
and in vivo bone tissue regeneration, suggesting a beneficial
influence in the entire osteogenic process. The majority of
bone abnormalities were filled with newly created bone tissues
12 weeks after surgery. In order to speed up the repair of bone
defects, Yb dopants and magnetic SrFe ,O , nanoplates would
be expected.

Zn

The influence of Zn on angiogenesis is primarily regulated
via the Zn-sensing receptor/G protein-coupled receptor 39.!
Within a concentration range of 20-60 pM, Zn enhances
human coronary artery endothelial cell viability, proliferation,
and angiogenic marker expression.'”® Biomaterials such as
5% Zn-Bioglass®-incorporated calcium phosphate cement
have been shown to upregulate VEGF and induce tubule
formation in endothelial cells.'” Likewise, polycaprolactone
matrices with zinc oxide (ZnO) nanoparticles promote cell
proliferation and elevate VEGF and fibroblast growth factor
expression, with the nanoparticles also catalysing reactive
oxygen species generation via hydrogen peroxide (H,0,), a
ZnO byproduct.'® Elevated ZnO concentrations, however,
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inhibit angiogenesis due to excessive reactive oxygen species
production. The angiogenic potential of Zn varies with the
biomaterial’s morphological properties, such as nanoparticle
configuration.'”’ Anti-angiogenic aspects of Zn are also
being explored for cancer therapeutics by inhibiting tumour
vasculature.'””? When combined with Si, Zn can activate
the p38 pathway, contributing to bone regeneration and
angiogenesis via cytokine expression.'” Further investigations
are warranted to comprehensively understand angiogenic
roles and underlying mechanisms of Zn.

In summary, various bioactive elements such as Mg, Sr,
Si, and Ag play pivotal roles in promoting angiogenesis,
which is instrumental for bone regeneration (Figure 5). Ag,
historically recognised for its antibiosis, now stands out as a
bone regeneration stimulant, with Ag acetate-coated grafts
showing enhanced microvessel ingrowth without inducing
inflammation. B, integrated into ceramic biomaterials,
demonstrates angiogenic effects at specific concentrations.
Cu, vital for angiogenesis, influences angiogenic growth factor
expression in key cellular components. Co ions, by stabilising
HIF-1, expedite new vessel formation. Ce oxide nanoparticles
on scaffolds enhance MSC proliferation, subsequently
promoting VEGF secretion. Fe** boosts angiogenesis by
modulating endothelial cell activity. F, in a dose-dependent
manner, orchestrates angiogenesis through osteogenesis
and angiogenic factor regulation. Li-incorporated bioactive
glass ceramic shows enhanced angiogenic potential both in
vivo and in vitro. Mg ions, channelling through the mitogen-
activated protein kinase/extracellular signal-regulated kinase
pathway, have a positive impact on angiogenesis. Sr, through
VEGF and ANG-1 modulation, plays a significant role in early
vascularisation. Si ions stimulate angiogenesis via BMP-2/
Smad pathway activation. Yb dopants in scaffolds combined
with magnetic particles promote angiogenesis and bone
tissue regeneration. Lastly, Zn mediates its angiogenic effects
through specific cellular interactions, with its potential varying
based on the morphology of the biomaterial.

Figure 5. The role of bioactive elements in angiogenesis. Created with BioRender.com.
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Ag

Ag could not only promote angiogenesis, but also promote
new bone formation. It has been reported that AgNPs can
promote osteogenic lineage induction and actin aggregation in
new bone formation. These promotions can only be found in
AgNPs, not silver nitrate (AgNO,). These promotions about
AgNPs are achieved by stimulating the physiological activity of
new bone-forming cells. AgNPs have been shown to promote
mineralisation in MC3T3-E1 osteoblasts through microRNA-
mediated upregulation of bone morphogenetic genes. Two
studies revealed that, aside from the elevated expression of
osteogenesis-critical bone morphogenetic proteins, the most
significant transcriptional change was a decrease in osteoclast
markers.'*" 1 AgNPs also foster keratinocyte proliferation,
fibroblast differentiation, and MSC osteogenic differentiation
in vitro."” While the underlying mechanisms remain
unidentified, these activities collectively contribute to new
bone cell proliferation and differentiation, thereby facilitating
new bone formation.

B

B, an essential trace element, plays a pivotal role in various
biological processes, notably bone growth and maintenance.'”
Its supplementation has been linked to enhanced bone
strength and microstructure.'”® Mechanistically, B fosters
osteogenesis via the activation of the Wnt/f-catenin pathway,
particularly through the up-regulation of the transcription
factor transcription factor 7-like 2.'% This suggests its potential
in bone regeneration therapies. Experimentally, B ions, when
released from B nitride nanotubes, have been observed to induce
osteogenesis, evidenced by enhanced protein adsorption,
MSC attachment, and upregulation of osteogenic markers.'*
Furthermore, B-doped bioactive-glass scaffolds, have displayed
promising osteogenic outcomes,”! amplifying cell adhesion,
differentiation markers, and mineralisation. Specifically,
B-enriched bioactive glass scaffolds activated the Wnt/p-
catenin pathway, influencing osteoblastic differentiation.'*
However, while the role of Setd7 in B-mediated osteoblast
differentiation has been identified, additional studies are
required to uncover other potential contributing factors.

Ca

Doping Ca ions can notably accelerate adhesion, proliferation,
and mineralisation of osteoblasts.!** Ca, one of the ions that
form the bone matrix, affect cells and living systems in several
ways. The calcium phosphates in bone tissues cause bone
formation and maturation through calcification.”** Ca ions also
influence bone repair via cellular communication. Ca causes
bone tissue regeneration by accelerating mature bone cells and
inducing bone growth precursor cells through the creation of
nitric oxide."* *¢ Ca ions also activate the extracellular signal-
regulated kinasel/2 pathway,'”” which stimulates osteoblastic
bone production, and the PI3K/Akt pathways,'® which
prolongs the lifespan of osteoblasts. Ca ions also control the
production and resorption activities of osteoclasts. Integrin 31
and vinculin proteins are important factors of focal adhesion
complexes that prove effective on the adhesion, proliferation,
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and differentiation of BMSCs. Ca ions show helpful to the high
expression of integrin 31 and vinculin proteins. Hence Ca ions
increase the protein expression and support cell adherence.
The incorporation of Ca accelerates the proliferation of
stem cells and the early differentiation of osteoblasts in the
cell. The expression of the related proteins like osteopontin
(OPN),'” Runx2 and ALP would verify the conclusion. As
a secretory phosphorylated glycoprotein, OPN adheres to
HA via its distinct binding domain during osteogenesis and
holds the formation of osteoid nodules in vivo, which directly
influence the construction of the three-dimensional structure
of newly formed bone.*® The introduction of Ca ions suggests
the abundant expression of OPN protein and supports the
osteogenic differentiation of BMSCs.

Ce

Ce-doped mesoporous bioactive glass nanoparticles used as
vectors for local administration of Ce have shown to stimulate
the expression of pro-osteogenic genes in Saos-2 cells, as well as
the development and calcification of a primitive osseous ECM.
Westhauser et al.'*! studied the impact of the ionic dissolution
products of mesoporous bioactive glass nanoparticle on
cellular osteogenic differentiation and their ability to form and
mature a primitive osseous ECM. In the presence of Ce-doped
mesoporous bioactive glass nanoparticles, the development
and calcification of a primitive osseous ECM was greatly
enhanced in a positive concentration-dependent manner, as
evidenced by an increased presence of collagen and increased
ECM calcification.

Co

Co-TCP increased the vitality of BMSCs.!™ In vitro, 2% Co-
TCP increased ALP activity, matrix mineralisation, and
osteogenic gene expression in BMSCs. Excessive Co doping,
on the other hand, reduced TCP-induced osteogenesis.
Additionally, Co** can inhibit the osteogenic differentiation
of MSCs by mimicking hypoxia. Hsu et al.'*? have shown that
hypoxia caused by Co** activation of HIF impairing osteogenic
differentiation, as evidenced by reduced ALP activity and
expression of osteogenic markers core-binding factor alpha(1)
(Cbfa1) and osteopontin. There are also some studies have
shown that hypoxia caused by releasement of Co** can
enhance the osteogenic potential of MSC after having a certain
pretreatment.'** The specific influence mechanism of Co needs
to be studied in the future.

Cu

Cu can play a big role in bone metabolism, and severe Cu
deficiency can lead to bone abnormalities, such as decreased
bone strength. Cu can enhance the osteogenic differentiation
of MSCs. The early studies on the effect of Cu on MSCs
in postmenopausal women showed that Cu ions reduced
osteoblast proliferation, increased differentiation by 2 folds,
and, particularly, increased calcium deposition. Cu ions
can enhance cell activity and proliferation and enhance the
expression of bone specific protein.”® Burghardt et al.'*
produced a composite material that deposited copper on a
titanium alloy. The proliferation of MSC was stimulated by 0.1
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mM Cu ions, ALP activity was increased, and mineralisation
was increased 144. And other studies found an increase in the
osteogenic gene expression of collagen type 1, ALP, OPN and
Runx2 from rat BMSCs cultured with Cu-containing calcium
phosphate cement.!** 146

F

F-containing biomaterials have been shown to have osteogenic
properties, which are usually used as implant coating.
F-containing biomaterials also can stimulate the proliferation
and differentiation of osteoblasts in vitro and even promote
bone formation of osteoblasts in vivo.'” Chen et al.'*® have
shown that the coating consisting of F can improve the activity
of adhesion, proliferation and differentiation of osteoblasts,
and has a good biocompatibility. Meanwhile, F can enhance
bone-associated glycoprotein synthesis in BMSCs, leading
to increased mineral deposition. But excessive F intake over
a long period of time can eventually lead to damage to bone
structure. Optimal osteogenic differentiation is achieved
with F ion concentrations of 50 and 500 uM" and osteoblast
mineralisation to be between 0.01 to 10 uM.'" Thus, the
physiological impact of F on skeletal tissue is dose-dependent
in the local environment.

Fe

The addition of Fe ions (Fe**/Fe?*) to calcium phosphate cement
can speed up osteoblast proliferation. Doping Fe into bone
cement boosted MC3T3-E1 cell proliferation and migration
while also increasing their ALP activity and expression of
osteogenic-related genes. The expression of HIF-o increased
after cells were grown with Fe-dicalcium phosphate dihydrate
scaffold extract, enhancing cell chemokine receptor activation
and promoting cell migration.'*

Gallium

Gallium (Ga) is used in medicine mainly in antibacterial and
cancer treatments. Ga nitrate is a drug that speeds up bone
absorption. Short-term Ga therapy can effectively reduce bone
turnover in vivo and increase bone calcium in patients with
bone calcification to treat cancer-related hypercalcaemia.”
According to Strazic Geljic et al."”!, bone cement containing
Ga can significantly inhibit the expression of osteoclast-
and osteoblast-associated genes. And they found that
TCP/phosphate-based scaffolds with single Ga promoted
cell proliferation and significantly inhibited osteogenic
differentiation and osteoclast activity in vitro. For the current
literature, Ga has a range of promising qualities for future
applications in tissue engineering.

Gd

The Gd dopantsin the scaffolds triggered the signalling pathway
(Wnt/p-catenin,'” Smad/Runx2,'> Akt/GSK3p'**), enabling
BMSC:s to proliferate and differentiate into osteoblasts.

Hf

HfO, was found to encourage pre-osteoblasts while
impairing the viability of pre-osteoclasts.”* HfO, stimulates
the expression of OPN, Runx2, and TGF- in osteoblasts
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on the mRNA and protein levels. Meanwhile, the major
regulators of osteoclast differentiation: c-Fos, MMP-9, PU.1,
receptor activator of nuclear factor-xB, and tartrate-resistant
acid phosphatase, are expressed less when HfO, is present.
HfO, stimulates pre-osteoclast death while simultaneously
protecting pre-osteoblast from apoptosis by increasing the
expression of the Bcl-2 transcript. Thus, a technique to stop
the overactivity of osteoclasts during bone repair was raised.
Moreover, HfO, protects pre-osteoblasts from apoptosis not
only by activating specific genes relevant to osteogenesis but
also by inducing the production of miR-17-5p and miR-7a-
5p, two essential regulators of osteoblast proliferative activity
and apoptosis. While miR-16 inhibits MSC production of
important osteogenic markers and calcium mineral deposition
during osteogenic differentiation, miR-21-5p is a well-
known osteogenesis activator. Hopefully, HfO, may be used
as a bioactive agent to modify and activate osteogenesis when
administered to implantable metallic materials.

Lanthanum

Lanthanum (La)-substituted MgAl layered double hydroxide
scaffolds activate the Wnt/B-catenin pathway, thereby
promoting BMSC proliferation and osteogenic differentiation
due to the releasement of La ions. This activation leads to the
upregulation of ALP, Runx2, collagen type 1, and OCN gene
expressions. Additionally, the scaffolds act to obstruct the
NF-«B signalling pathway, significantly diminishing RANKL-
induced osteoclastogenesis.'*®

Li

Li increases bone regeneration via blocking GSK3 and thereby
activating the (-catenin signalling pathway."*® The release of
Li ions stimulated the adhesion and proliferation of BMSCs
more effectively. Furthermore, Li doped mesoporous silica
nanospheres may improve BMSC ALP activity as well as the
expression of osteogenesis-related genes (OPN, ALP, Runx2,
and OCN)."” Mo et al.'® investigated how low concentration
Li stimulation caused BMSCs to proliferate and differentiate
into osteoblasts. They also discovered that adding 500 uM of
Li to the canonical Wnt signalling pathway and osteogenesis
differentiation in BMSCs reversed the inhibitory effect of
10 uM of XAV-939." Huang et al.'® found the RANKL/
osteoprotegerin signalling axis was also involved in these
effects.

Mg

Mg ions, via the PI3K/Akt signalling pathway, can influence
the expression of bone-related genes such as Runx2, ALP,
OCN, and OPN.'!" [n vitro, an appropriate concentration of
Mg ions can greatly enhance pre-osteoblast proliferation and
differentiation, as well as the up-regulation of osteogenic
genes, and in vivo, significant new bone formation.*

Manganese

Manganese ion (Mn?**) has been shown to enhance the
expression of osteogenic genes described in osteoblasts by
increasing ALP activity, collagen type 1, OCN, BMP, and soluble
intercellular adhesion molecule-1. Mn-doped implants have
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been shown to stimulate cell proliferation, cell differentiation
and biological activity, they are promising materials for
bone tissue regeneration.'? Additionally, the release of Mn**
from bioactive glass caused hMSCs differentiation through a
bone route and subsequent mineralisation, according to the
findings.'®* Mn** had a concentration-dependent effect on cell
activities, and a lower Mn?* concentration could encourage
BMSC:s to differentiate into osteoblasts. Wu et al.'** discovered
that Mn?** concentrations below 7.17 g/L stimulated the
proliferation of BMSCs and increased the expression of
osteogenesis-related genes.

Rubidium

Rb, recognised as a crucial trace element in the human body,
is known for its low toxicity.'® Research indicates that
biomaterials infused with rubidium significantly advance
osteoblastic  differentiation, particularly in the middle
and late stages, and also enhance osteogenic capacities. A
pivotal attribute of rubidium is its remarkable antibacterial
properties, establishing it as an effective agent for enhancing
biomaterials.'*® " Tan et al.'"® have developed glass-ceramics
infused with varying levels of Rb. Within the glass matrix,
hydroxyapatite crystals are formed. The incorporation
of rubidium enhances the formation and growth of these
crystals. These rubidium-enriched glass-ceramics demonstrate
superior bending strength compared to their rubidium-free
counterparts. Crucially, the presence of rubidium fosters the
proliferation and adhesion of human hBMSCs and increases
ALP activity. Exhibiting robust mechanical properties,
exceptional bioactivity, and biocompatibility, these rubidium-
modified glass-ceramics hold promise for applications in bone
regeneration.'*®

Scandium (Sc)

ScCl, promotes osteogenesis and inhibits adipogenesis in
the Wnt/B-catenin signalling pathway when used at the
optimal concentration.'”” Moreover, ScCl, can enhance bone
remodelling by improving osteogenic differentiation in lineage
commitment of rBMSCs.

Si

Si is an essential element for the development and growth of
bone and connective tissue. In vivo, water-soluble forms of Si,
chiefly as orthosilicic acid [OSA, Si(OH),]. It can accelerate
bone mineralisation by affecting collagen and inhibits bone
resorption in postmenopausal women."”® And it can also play
an important effect on stimulation of osteoblasts and bone
formation and inhibition of osteoclast formation and bone
resorption. A study has shown that OSA stimulated osteoblast
differentiation at a physiological concentration of 20 uM.'"
Dongetal."?have found that OSA could promote the osteogenic
differentiation of rat BMSCs through the BMP-2/Smad1/5/
Runx2 signalling pathway to participate in the induction of
collagen type 1 and osteocalcin synthesis. Zhou et al.'”* have
found that OSA could accelerate bone formation in human
osteoblast-like cells through the PI3K-Akt-mammalian target
of rapamycin pathway. Zhou et al.'””* have shown that OSA
and Si(OH), could stimulate osteoblast differentiation in
vitro through upregulating miR-146a to antagonize NF-xB
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activation. OSA can also play an effect on osteoclast. A study has
shown that OSA inhibits RANKL-induced osteoclastogenesis
by promoting the expression of miR-130b, which can
counteract the negative effect of oophorectomy on miR-130b
expression in rats.””> miR-130b plays a role in cell proliferation,
differentiation, apoptosis, tumour progression and metastasis,
and serves as a biomarker for recurrence and prognosis. You
et al.'”® have shown that the expression of miR-130b increased
with the application of OSA. In vitro, the overexpression or
inhibition of miR-130b significantly promoted or inhibited the
osteogenic differentiation of osteoblasts under the application
of OSA."7¢ And as the scaffold material, dicalcium silicate is
a good choice used as containing bioactive coating materials
for prosthetic bone implant. It can induce the deposition of
carbonised hydroxyapatite at the material-tissue interface,
form a strong binding with bone tissue, inhibit the formation
of osteoclast, promote the proliferation and differentiation of
human osteoblasts and the expression of bone-related genes.!”

Sr

The addition of Sr in biomaterials reduced the capacity
to generate apatite, but it also encouraged cell division,
proliferation,  differentiation into  osteoblasts, and
mineralisation of the ECM.'® Li et al.'” verified the influence
of Sr** on MSC osteogenic differentiation. Sr** stimulated
noncanonical Wnt signalling to regulate the production
and distribution of the PAR complex, hence regulating
cell division, and the increased cell population contributed
to enhanced osteogenic differentiation. Meanwhile, Sr**
release increased the expression of genes involved in hMSC
osteogenic development; early indicators (Runx2, collagen
type 1) were proportionate to the amount of Sr** released, and
late markers (ALP, OCN) were higher."®* To some extent, Sr**
could prevent osteoclastogenesis on its own. Sr** decreased
osteoclast activity more than recombinant human BMP-2.'!
By inhibiting the RANKL-activated p38 signalling and NF-xB
signalling pathways, Sr-substituted sub-micron bioactive glass
with the combined action of substituted sub-micron bioactive
glass extract and Sr** demonstrated the most inhibitory effect
on osteoclast differentiation.'®

Vanadium

Vanadium (V), a ubiquitous trace element in both plants and
animals, has intriguing biological effects.'® Found in a variety
of oxidation states, from -1 to +5, certain forms like V III, IV,
and V are noted for their insulin and growth factor mimicking
properties at therapeutic levels. Notably, V compounds
influence bone metabolism due to their primary storage in
bone tissue.'® Recent studies have unveiled that a complex of V
(IV) with ascorbic acid can promote osteoblast differentiation
and mineralisation in a lab setting, underscoring its potential
in bone formation.'® The amount of collagen type 1 produced
in osteoblasts was found to be directly correlated with the dose
of the V compound.

Zn

Zn is integral to bone development and is found in calcification
sites such as osteons and calcified cartilage. Its levels in bone
tissue rise with increasing mineralisation. Zn promotes
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osteoblast proliferation and elevates ALP activity within a
narrow dose range (1-50 uM).!*> Beyond this range, osteogenic
activity diminishes. Kwun et al.'"® reported that Zn-deficient
media reduced ALP activity, matrix-related gene expression,
and mineralised matrix deposition in MC3T3-E1 cells. Zn
also safeguards osteoblasts from apoptosis and enhances their
spreading, attachment, and chemotaxis. Furthermore, Zn is
crucial for osteoclastogenesis. Reduced numbers of osteoclasts
were observed in the distal femur growth plates of Zn-deficient
rats.'® ¥ Zn exhibits a dose-response effect on osteoclast
formation and activity, and at certain concentrations, can
induce osteoclast apoptosis.'® ¥ A study by O’Connor et al.'®
showed that Zn deficiency in Turkey poults and Sprague-
Dawley rats led to reduced growth, bone shortening, and
diminished ALP activity. The rats developed osteopenia,
characterised by significant reductions in cancellous bone,
osteoblast surface area, and osteoclast numbers.'”® Thus, the
multifaceted roles of Zn in bone metabolism warrant further
investigation.

Tantalum

Due to its exceptional osteogenic activity, corrosion
resistance, and antibacterial adhesion, biomedical tantalum
(Ta) has attracted considerable attention as a promising
implantable material for bone repair. Hu et al."”! developed Ta/
polyetheretherketone composites by blending Ta nanoparticles
with polyetheretherketone for load-bearing bone repair
applications. The incorporation of Ta nanoparticles in Ta/
polyetheretherketone composites resulted in favourable
surface roughness, hydrophilicity, and surface energy, thereby
enhancing the osteoconductivity of fibrous electrospun
polylactic acid (PLA) membranes used in guided bone
regeneration.”” A Ta coating was applied to electrospun PLA
membranes through the deposition of sputtered Ta ions around
the PLA fibres. This Ta-PLA coating greatly enhanced the
attachment, proliferation, and differentiation of preosteoblasts
on the membranes. In vivo studies demonstrated that within
6 weeks, a majority of calvarial defects treated with Ta-PLA
membranes were completely covered with newly formed bone,
while the defects treated with bare PLA membranes showed

Biomaterials Translational

minimal bone coverage.'” In recent years, porous Ta has been
extensively investigated for its regulatory effects on BMSCs. It
plays a crucial role in regulating the proliferation, migration,
and differentiation of BMSCs, making it a widely used material
for bone defect repair.'”*-'**

P

P is a vital element in the human body, comprising
approximately 1% of total body weight as a constituent of
bones."® Culturing human tonsil-derived MSCs in osteogenic
medium containing incremental concentrations of P (a
mixture of Na,HPO, and NaH,PO,) for 14 days increased
their ability to undergo osteogenic differentiation."” Black
phosphorus exhibits the capability to regulate oxidation and
degradation, resulting in the non-toxic byproduct PO,*.
This PO, acts as a mineralisation resource, promoting in
the formation of calcium phosphate (CaP) deposits that
facilitate bone repair.””® '? Introduction of graphene oxide
nanosheets enhances initial cell attachment and wraps around
black phosphorus, enabling continuous release of PO *. This
stimulation of cell osteogenesis promotes the formation of
new bone.” Numerous studies have demonstrated that P-rich
materials can stimulate mineralisation and promote bone
regeneration.”!

Bioactive elements, ranging from trace metals to rare earths,
play a foundational role in bone metabolism and regeneration
(Figure 6). Elements like Ag, Cu, and Zn actively influence
osteogenesis, angiogenesis, and osteoblast proliferation.
Ga and Si, traditionally known for antibacterial and bone
mineralisation effects respectively, showcase potential in bone
turnover and osteoclast modulation. Mn, F, and Co, though
dose-dependent, exhibit promising osteogenic differentiation
impacts. Li, Mg, and Ca ions enhance bone cell proliferation,
differentiation, and overall bone tissue regeneration. Rarer
elements like Rb, Sr, Sc, La, Ce, Gd, and Hf, when doped in
biomaterials, activate specific pathways fostering bone cell
proliferation, differentiation, and osteogenic gene expression.
These elements, in synergy, offer avenues for innovative bone
regeneration therapies.

Figure 6. The role of bioactive elements in osteogenesis. Created with BioRender.com.
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Challenges and Perspectives

This review comprehensively explores the
mechanisms of bioactive elements such as Zn, Mg, and Si in
bone regeneration. Initially, the review underlines the complex
biological attributes and regeneration process of bone tissue,
involving multiple stages like osteoimmunomodulation,
neuroregulation, angiogenesis, and osteogenesis. Traditional
bone regeneration strategies, although effective, are fraught
with limitations such as stability, immunogenicity, and
cost-effectiveness, often relying on growth factors and
pharmaceuticals. Bioactive elements not only offer therapeutic
efficacy but also superior stability and reduced biotic risks.
These elements are frequently integrated into biomaterials,
serving as multifaceted bioactive components that facilitate
bone regeneration through controllable release mechanisms. In
summary, this review establishes bioactive elements as a robust
and clinically viable strategy for advanced bone regeneration,
contributing to the advancement of bone tissue engineering.

role and

The exploration of diverse elements in bone regeneration
reveals promising prospects, showcasing a preference for
employing a mixture of multiple elements in contemporary
research endeavors. The myriad combinations, encompassing
considerations of concentration and proportion among other
parameters, necessitate rigorous experimental validations
and iterative optimisations, thereby representing a time and
resource-intensive endeavor. The integration of machine
learning (ML) emerges as a potential solution to mitigate this
impasse. ML, representing a facet of artificial intelligence,
flourishes owing to its ability to evolve through data
comprehension over time. It holds the promise to significantly
expedite the screening and optimisation of elemental
combinations for therapeutic efficacy, adeptly understanding
the high-dimensional parameter space, and pinpointing potent
combinations with minimal empirical trials.

Transitioning to the emerging realm of organoids, it unveils
a fertile domain for clinical translational research, albeit the
field of bone organoids remains nascent, with its construction
strategies yet to The architectural
complexities of bone organoids frequently necessitate the

reach maturation.

incorporation of a spectrum of growth factors to stimulate
stem cell differentiation, yet the prohibitive cost of these factors
presents a substantial impediment. The prospective benefits
of bioactive elements in bone organoid construction herald a
paradigm shift. The venture into multi-element incorporation
could outline an economical and efficacious avenue, harboring
the potential to revolutionize the bone organoid research
paradigm. The envisaged synergistic interactions among
these bioactive elements could not merely mimic the complex
biochemical cues indispensable for bone development but
also potentially unveil novel mechanisms underpinning
bone regeneration, thereby augmenting the therapeutic and
scientific horizons in bone tissue engineering and regenerative
medicine.
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stem cell therapy

Bone marrow-derived mesenchymal stem cells (BM-MSCs) play a crucial
role in stem cell therapy and are extensively used in regenerative medicine
research. However, current methods for harvesting BM-MSCs present
challenges, including a low yield of primary cells, long time of in vitro
expansion, and diminished differentiation capability after passaging.
Meanwhile mesenchymal stem cells (MSCs) recovered from cell banks also
face issues like toxic effects of cryopreservation media. In this study, we
provide a detailed protocol for the isolation and evaluation of MSCs derived
from in vivo osteo-organoids, presenting an alternative to autologous MSCs.
We used recombinant human bone morphogenetic protein 2-loaded gelatin
sponge scaffolds to construct in vivo osteo-organoids, which were stable
sources of MSCs with large quantity, high purity, and strong stemness.
Compared with protocols using bone marrow, our protocol can obtain large
numbers of high-purity MSCs in a shorter time (6 days vs. 12 days for
obtaining passage 1 MSCs) while maintaining higher stemness. Notably, we
found that the in vivo osteo-organoid-derived MSCs exhibited stronger anti-
replicative senescence capacity during passage and amplification, compared
to BM-MSCs. The use of osteo-organoid-derived MSCs addresses the conflict
between the limitations of autologous cells and the risks associated with
allogeneic sources in stem cell transplantation. Consequently, our protocol
emerges as a superior alternative for both stem cell research and tissue
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Mesenchymal stem cells (MSCs) are kinds of
stem cells that widely exist in various tissues
and organs of the adult body.'"* They have the
potential for multi-lineage differentiation,
such as osteogenic, adipogenic, myogenetic,
chondrogenic, and neurogenic differentiation.**
This makes MSCs a popular choice for research
on cancer, ageing-related topics,” 7 and stem
cell engineering.® ° Because the MSCs still
display strong proliferation and differentiation
performance in vitro," '° coupled with cytokine
secretion and immune function,'"'* they are often
used in tissue engineering. This includes, but
not limited to, research on coronavirus disease
2019 (COVID-19),' spinal cord injury,'® femoral

head necrosis,"” systemic lupus erythematosus,'®
and colitis.” Research models related to MSCs

primarily use bone marrow,” compact bone,"

24,25 and

peripheral blood,*” adipose tissue,” urine
joint synovium.* MSCs from various sources
exhibit different characteristics because they tend
to be different subtypes of stem cells. For adult
humans, compared with other methods, isolation
from bone marrow is a more established method
for autologous stem cell extraction. ¥ Bone
marrow-derived MSCs (BM-MSCs) possess
superior three-lineage differentiation capability
compared with other adult tissue-derived MSCs.
However, their lower yield, lower purity, and
longer expansion cycle than allogeneic MSCs

limit the clinical applications.
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Rapid obtaining strategy of massive MSCs

Recently, the concept of in vivo tissue engineering® '* »*

constructed by cells and materials?®* has emerged as a feasible
solution for obtaining autologous stem cells. In previous work,
we found that the gelatin sponge loaded with recombinant
human bone morphogenetic protein 2 (rhBMP-2) formed
periosteum-like tissues®® rich in functional stem cells after
being implanted in mice for several days. The periosteum-like
tissue gradually developed into mature osteo-organoids with
a bone marrow-like structure.’ In previous experiments, we
isolated stem cells from these osteo-organoids,* thus defining
these cells as osteo-organoid-derived MSCs (0odMSCs).
Interestingly, based on the implantation site** and the cell
phenotype,* it was speculated that these cells are related to
myoideum, making osteo-organoids a stable source of this new
subtype of BM-MSCs.

Co-

In this study, to better emphasise the advantages of odMSCs, we
constructed osteo-organoids in the mouse hindlimb muscles,
using the femur and tibia as controls. After isolation and
culture, the MSCs were further evaluated, including the colony
forming unit-fibroblast (CFU-F) experiment conducted before
the primary cells were washed. The purified MSCs at passage
2 (P2) were used for flow cytometry, tri-lineage differentiation
and proliferation assays. The odMSCs could be obtained in
sufficient quantities in half the time compared with BM-MSCs.
Besides, odMSCs showed better stemness and activity, even
after multiple passages. Given the aforementioned advantages,
we can conclude that this protocol for obtaining MSCs holds
significant research value and broad application prospects.

Methods

Animals

We selected the C57BL/6] mouse strain (8 weeks, male, with
an average weight of approximately 25 g) for our protocol. All
mice were purchased from and housed in Shanghai Shengchang
Biotechnology Co., Ltd. (Shanghai, China; license No. SCXK
(Hu) 2021-0002) and housed at 22-23°C on a 12-hour light/
dark cycle with free access to water and food, as indicated. All
experimental procedures were approved by the Animal Care
and Use Committee of the East China University of Science
and Technology (approval No. ECUST-2022-053) on March
9,2022. All efforts were made to minimise animal suffering.

Preparation and implantation of rhBMP-2 loaded
gelatin scaffolds

For implant preparation, 10 pL of rhBMP-2 (1 mg/mL
in phosphate-buffered saline; Rebone Biomaterials Co.,
Shanghai, China) was absorbed by a gelatin scaffold (5 mm x
5 mm x 5 mm; Xiang'en Medical Technology Development
Co., Nanchang, Jiangxi, China). The procedure was conducted
under sterile conditions, then the scaffold was frozen at —20°C
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for 4 hours and lyophilised for 8 hours. The rhBMP-2-loaded
gelatin scaffolds were stored at —20°C.

To mitigate the potential interference of location differences in
vivo, the source of MSCs was selected in hindlimbs. For osteo-
organoid generation, mice were anaesthetised (ZS-MV-1V;
Hetian Scientific Instruments Co., Shanghai, China; isoflurane,
0.5% of the maximal flow, inhalation). Subsequently, two
scaffolds were implanted in the muscle of both hindlimbs,
respectively. Once revived on a warming station, the mice
were allowed to eat and drink ad libitum as usual.

Isolation of MSCs from osteo-organoids

A bulffer for cell suspension was prepared using 2% fetal bovine
serum (Gibco, Grand Island, NY, USA) in Hank’s balanced salt
solution (with Ca*/Mg*; Gibco). After 5 days of feeding, the
mice were anesthetised with isoflurane inhalation, and then
terminated by cervical dislocation. They were placed in a beaker
where the whole body was immersed in 75% (v/v) ethanol
for 3 minutes, and then the body was transferred to biosafety
cabinet. To prevent contamination of the countertop, sterile
gauze was placed in advance (Figure 1A). Skin and muscle
between hindlimbs and trunk were removed by ophthalmic
scissors with little or no bleeding. Subsequently, the feet and
the entire skin on the hindlimbs were removed. After that,
the trochanter major was cut off (Figure 1B) allowing for the
entire leg. Typically, the osteo-organoids could be found in
the hamstrings (Figure 1C). Once isolated from the muscle,
the osteo-organoids were immersed in a 60-mm cell culture
dish (Corning Incorporated, Corning, NY, USA) containing 3
mL of the cell suspension buffer (Figure 1D). Osteo-organoids
were first cut and then shredded in different shear directions
by curved blade ophthalmic scissors (Figure 1E and F). Finally,
all osteo-organoid fragments, including the buffer, were
transferred to a sterile 15-mL Falcon tube. In addition, native
bone marrows from femora and tibia were flushed out by
syringe as a traditional method.”

The tubes containing bone marrow or osteo-organoid
fragments were centrifuged at 300 x g for 10 minutes to
remove the supernatant. Meanwhile the digestive enzyme
mixture was prepared. Each 1 mL of this mixture contained:
stock of collagenase type I (Worthington, Lakewood, NJ,
USA) 100 pL, neutral protease (Roche, Basel, Switzerland)
100 pL and DNAse (Mkbio, Shanghai, China) 20 uL in 800
pL Hanks balanced salt solution (containing Ca?*/Mg?**).*
This mixture was then added to the tubes containing the
tissue pellets from bone marrow or osteo-organoid fragments.
Then the tissue pellets were kept static for digestion at 37°C
for 15 minutes. The tissue pellets were then left undisturbed
for digestion at 37°C for 15 minutes. The tissue pellets were
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Figure 1. [llustrations of osteo-organoid cell separation procedures. (A) The mouse body soaked in 75% (v/v) ethanol
was placed in biosafety cabinet. (B) After removing skin and muscle, a hindlimb was completely cut off, so that the femur
and tibia could be used for extraction of bone marrow-derived mesenchymal stem cells (BM-MSCs). (C) The osteo-
organoid was hidden in the swollen part of the muscle (red circle) between femur and calf. (D) Osteo-organoids covered
with periosteum-like tissue were separated in a 60-mm cell culture dish. (E) The surface of the blade was convex (red
curve) to cut the osteo-organoids. (F) The surface of the blade was concave (red curve) to shred the osteo-organoids.

resuspended using a vortex mixer and subsequently deposited
on ice for 1 minute. The cell suspension extracted by digestion
was then added to 10 mL of digestive enzyme neutraliser (0.4%
ethylenediaminetetraacetic acid (0.5 M; Gibco) and 2% fetal
bovine serum in Hanks’ balanced salt solution (containing Ca?*/
Mg?")), followed by centrifugation at 300 x g for 10 minutes
to remove the supernatant. To yield more cells, the digested
tissue pellets could undergo another round of digestion and the
subsequent operations were repeated.

Culture and purification of MSCs from osteo-organoids
The collected cells were resuspended in 1 mL of the cell

Table 1. Details of cell culture in different experiments

suspension buffer using trimmed pipette tips to minimise
cell damage. The cell suspension was then filtered through a
70-mm filter mesh to remove any fragments or cell clumps.
When the complete medium (minimal essential medium o
(nucleosides; Gibco) supplemented with 20% fetal bovine
serum, 1% penicillin-streptomycin (10,000 U/mL; Gibco), 1%
sodium pyruvate (100 mM; Gibco) and 0.1% Rho-associated
kinase inhibitor (Y-27632 dihydrochloride; 1 mL in dimethyl
sulfoxide (10 mM); MedChemExpress, Monmouth Junction,
NJ, USA)) had been warmed up in cell incubator, the cell
suspension was seeded in 6-well plates or 100-mm cell culture
dish (Table 1) containing the medium.

Experiment Culture vessel

Volume of medium Seeding density

Other suggestions

Colony forming  6-well plate 2 mL per well

unit-fibroblast

Purification 100-mm dish 15 mL per dish
Differentiation  6-well plate 2 mL per well
Proliferation 60-mm dish 5 mL per dish

5 x 10° cells per well
1 x 107 cells per dish

2 x 10° cells per well

2 x 10° cells per well

Replace a-MEM with DMEM to prepare
the complete medium

Culture under the condition of 5% O,
atmosphere

Use a-MEM containing 10% fetal bovine
serum and 1% penicillin-streptomycin as
the medium before differentiation assays
Incubate the MSC for 2 hours in a
medium containing 50 uM EdU

Note: DMEM: Dulbecco’s modified Eagle medium; EdU: 5-ethynyl-2'-deoxyuridine; MSC: mesenchymal stem cell; e-MEM: minimal

essential medium o.

Once evenly dispersed, the cells were cultured in a cell
incubator at 37°C under normal oxygen conditions. The culture
medium was refreshed the following morning and every 3
days thereafter. Adherent cells were washed with Dulbecco’s
phosphate-buffered saline before adding fresh medium, thus
purifying the MSCs. The primary cells were referred to passage
0 (PO) cells.

When MSCs reached 70-90% confluence, they could be
passaged. That is, cells were washed twice with Dulbecco’s

phosphate-buffered saline and then digested using 600 pL (per
100-mm dish) of 0.25% trypsin (with phenol red; Gibco) at
37°C, for no longer than 2 minutes. This medium was used to
wash the cells until the MSCs were completely detached from
the bottom of the dish. The medium was used to wash cells
until the MSCs were completely detached from the bottom of
the dish. For passaging at a split ratio of 1:3, 2 mL of the cell
suspension per dish was transferred to a new dish with the
complete medium. The above procedures were based on the
characteristics of MSCs (Table 2).

www.biomat-trans.com
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Table 2. Purification operations are based on the characteristics of MSCs

Characteristics

Operations

Adhesion of MSCs are earlier than other cells from
marrow

MSCs are easy to be digested and suspended

Low oxygen pressure increases the proliferation and
reduces spontaneous differentiation of MSCs

Wash cells using Dulbecco’s phosphate-buffered saline after seeding
overnight

Time of digestion during the cell passage is not recommended to exceed
2 minutes

Expand cells under the hypoxic condition (5% O,)

Note: MSCs: mesenchymal stem cells.

In vitro multilineage differentiation and cell
proliferation assays

MSCs were cultured in 6-well plates (or in a 15-mL Falcon
tube for chondrogenic differentiation) in preparation for
differentiation and proliferation experiments (Table 1). The
operations of osteogenic, adipogenic, and chondrogenic
differentiation were respectively performed according to the
manual of OriCell™ Mesenchymal Stem Cell Osteogenic/
Adipogenic/Chondrogenic Differentiation Medium (Cyagen
Biosciences, Santa Clara, CA, USA). Cell proliferation was
measured by 5-ethynyl-2'-deoxyuridine (EdU) assay, and
the operations were performed according to the manual of
BeyoClick™ EdU Cell Proliferation Kit (Beyotime, Shanghai,
China).

CFU-F assay and flow cytometry

For CFU-F assay, MSCs extracted from osteo-organoids were
directly cultured in 6-well plates for 5 days (Table 1). After
washed using Dulbecco’s phosphate-buffered saline, the
MSCs were fixed using 4% (w/v) paraformaldehyde for 30
minutes and then stained using toluidine blue (0.1%; Yuanye
Biotechnology Co., Shanghai, China). After being washed
using ddH, O, the colony formation could be observed under an
optical microscope (DMi8; Leica, Hessian, Wetzlar, Germany).

For flow cytometry, purified MSCs were cultured until they
reached 80-90% confluence. After washed using Dulbecco’s
phosphate-bufferedsalineand digested, MSCs they were stained
using fluorescent antibodies in flow tubes and then analysed by
flow cytometry. The cell aliquots were incubated: fluorescein
isothiocyanate-conjugated CD45 or phycoerythrin-conjugated
CD44, CD29 and CD31 or Alexa Fluor 700-conjugated stem
cell antigen-1 and CD11b or Allophycocyanin-conjugated
CD105 and CD140a (BD Biosciences, San Jose, CA, USA).
The incubation was carried out at 4°C for 30 minutes in the
dark. The cells were resuspended in 300 pL cell staining buffer
(BD Biosciences) after washing. The flow cytometric analysis,
including the test of EAU assay cell proliferation, was operated
on CytoFLEX LX flow cytometer (Beckman Coulter, Bria, CA,
USA). The data were analysed using Flow]Jo X (Three Star, San
Carlos, CA, USA).

p-Galactosidase assay

MSCs were cultured in 6-well plates before cells reached
100% confluence, with other culture conditions referring to
the operations for purification (Table 1). The procedure was
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carried out in accordance with the manual of the senescence
p-galactosidase staining kit (Beyotime). This kit allows for
the assessment of the degree of cell ageing, as it measures
the up-regulated activity level of senescence-associated
p-galactosidase, a known marker of cellular senescence.*

Statistical analysis

At least three sets of independent experiments were per-
formed for each assay. All quantitative data were analysed
by using GraphPad Prism (version 8.0.2 for Windows,
GraphPad Software, Boston, MA, USA, www.graphpad.com).
Significance of difference between groups was calculated by
Student’s #test or two-way analysis of variance followed by
Bonferroni’s multiple comparison test.

Results

Morphology of osteo-organoid-derived mesenchymal
stem cells

Cells isolated from osteo-organoids were cultured under
hypoxic conditions (5% 0, and 5% COZ), and were purified
either by medium refreshment or cell passage (Figure 2A).
Specifically, spindle-shaped cells were observed among non-
adherent cells before the first medium refresh. Adherent
spindle-shaped cells were retained, while most non-adherent
cells were washed away. These adherent, spindle-shaped cells
were identified as MSCs.” 2 When cell confluence reached
70-90%, the cells were observed to be predominantly spindle-
shaped, because MSCs proliferate more rapidly than other
cells.

Proliferation of osteo-organoid-derived mesenchymal
stem cells

The CFU-F assay was utilised to investigate the proportion of
MSCs in cells isolated from osteo-organoids, and compared
with that from native bone marrow.” After a 5-day culture
period under normal conditions (21% O, and 5% CO,), cells
stained with toluidine blue were observed under an optical
microscope. The control groups, i.e., cells isolated from native
bone (Figure 2B), showed a few colonies with a spindle
shape, small size and low cell density. In contrast, cells isolated
from osteo-organoids formed a significantly larger number
of colonies (Figure 2B), which exhibited a slander spindle
shape, large scale and high cell density. This phenomenon also
suggested that odMSCs had rapid proliferation rates or high
abundance at PO.
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Figure 2. Morphology of MSCs and CFU-F assay. (A) Primary cells before (PO-before) and after (PO-after) the first
refreshing of the medium, and MSCs at 80% confluence at PO and P1. Red and blue circles indicate spindle-shaped and
round cells. (B) Left: Primary cells from osteo-organoids (constructed with recombinant human bone morphogenetic
protein 2-loaded gelatin sponge scaffolds) formed larger colonies than that from bone marrow (native BM). Scale bars:
200 um. Right: The number of colonies in each well of a standard 6-well plate. Data are expressed as mean + SD (n =
3). ¥**P < 0.001 (Student’s ttest). CFU-F: colony forming unit-fibroblast; MSCs: mesenchymal stem cells; P: passage.
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Cell surface phenotype and multilineage differentiation
of osteo-organoid-derived mesenchymal stem cells
When 80% confluence at P2, the MSCs cultured in plates were
digested and then analysed by flow cytometry. Results showed
that the cells from both BM-MSC and odMSC were largely
negative for haematopoietic marker CD45, endothelial cell
marker CD31, and myeloid cell marker CD11b (Figure 3A). In
contrast, the MSC markers (stem cell antigen-1, CD29, CD105,
CD44 and CD140a) were strongly positive, and especially the
positive rates of stem cell antigen-1 and CD140a of odMSCs
were more obvious than those from native BM (Figure 3A).
The above result displayed that the cells isolated from osteo-
organoids were determinately identified as MSCs, suggesting
the successful acquisition of a new stem cell subtype.

To assess the multipotency of the MSCs at P2 (Figure 3B), cells
that had reached the appropriate confluence were cultured in
various types of differentiation induction media. Alizarin
red staining (Figure 3B) and oil red O staining (Figure
3B) demonstrated the primary cells from osteo-organoids
(constructed with recombinant human bone morphogenetic
protein 2-loaded gelatin sponge scaffolds) showed distinctly
more calcified nodules and mature adipocytes than cells
from bone marrow did, suggesting that odMSCs had greater
osteogenic and adipogenic differentiation capabilities than
BM-MSCs did. Concurrently, alcian blue staining of the
cartilage revealed that MSCs from both sources had similar
chondrogenic differentiation capabilities.
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Figure 3. Cell surface phenotype and multilineage differentiation of MSCs at P2. (A) Flow cytometry of odMSCs
(constructed with recombinant human bone morphogenetic protein 2-loaded gelatin sponge scaffolds; BMP) and
bone marrow (native). (B) Alizarin red, oil red O or Alcian blue staining after differentiation under the osteogenic,
adipogenic or chondrogenic induction. The osteogenic and adipogenic differentiation of odMSCs were more obvious
than that of BM-MSCs. Black triangles indicate calcified nodules and mature adipocytes. Scale bars: 200 um. BM-MSCs:
bone marrow-derived mesenchymal stem cells; MSCs: mesenchymal stem cells; odMSCs: osteo-organoid-derived
mesenchymal stem cells; P2: passage 2; Sca-1: stem cell antigen-1.
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Ageing process of osteo-organoid-derived mesenchymal
stem cells

In order to assess the ageing process of odMSCs during in vitro
passage, a senescence-associated 3-galactosidase assay was used
to evaluate the senescence level of cells from PO to P2 (Figure
4). From the staining images, it was obvious that native
BM-MSCs (native group) had few senescence-associated
(-galactosidase positive cells at PO. However, as the passage
times increased, the cells gradually aged, and thus showed

Biomaterials Translational

noticeable senescence-associated (-galactosidase expression.
In contrast, for the odMSCs, light-colored products of
[-galactosidase were observed at the PO. Despite this, the ratio
of cells expressing (-galactosidase and the depth of blue in
0dMSCs did not change significantly throughout the passages.
From these observations, it can be concluded that unlike BM-
MSCs, odMSCs did not exhibit significant ageing during the
passage from PO to P2.
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Figure 4. Upper: Ageing process for MSCs from PO to P2. Black triangles indicate SA-B-Gal positive cells. Scale bars: 200
um. Lower: The proportions of SA-3-Gal positive cells. The proportion of cell senescence in the native BM-MSCs group
(native) increased with passage, while it remained basically unchanged in the odMSCs (constructed with recombinant
human bone morphogenetic protein 2-loaded gelatin sponge scaffolds; BMP). Data are expressed as mean + SD (n = 3).
#%P < 0.001, ****P < 0.0001 (two-way analysis of variance followed by Bonferroni’s multiple comparison test). BM-
MSCs: bone marrow-derived mesenchymal stem cells; odMSCs: osteo-organoid-derived mesenchymal stem cells; P:

passage; SA-P-Gal: senescence-associated 3-galactosidase.

Cell growth of osteo-organoid-derived mesenchymal
stem cells

The 0odMSCs reached 80% confluence in a shorter time than
the BM-MSCs when cultured under hypoxic conditions
(Table 3). However, the difference at PO was greater than
at P1. In order to define whether the cell proliferation of
0odMSCs was still faster than that of BM-MSC after passage,
MSCs from both sources at P2 were seeded in 60-mm dish in
equal numbers. The MSCs were used for an EdU assay when
cell confluence reached 80%, but no more than 100%. The flow

cytometric scatter plots for both groups exhibited a similar
horseshoe shape (Figure 5A). Statistical analysis indicated
the no significant difference between the proportions of EdU*
cells in both groups (Figure 5B). The proportion of EAU* cells
for the BMP group was higher than that of the native group.
This was further confirmed by fluorescence images (Figure
5C and D).That is, the total number of cells in odMSCs was
higher than that in BM-MSCs, but the proportion of EdU*
cells in the former was not significantly higher than that in
the latter.

Table 3. Time of mesenchymal stem cell passage from the osteo-organoid vs. native bone marrow

Source PO P1 Total
Osteo-organoid 3 days 3 days 6 days
Native bone marrow 8 days 4 days 12 days

Note: PO: mesenchymal stem cells isolated from an osteo-organoid, or a tibia and a femur; P1: mesenchymal stem cells passaged at a

split ratio of 1:3 from PO.
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Figure 5. Cell proliferation of MSCs at P2. (A, B) Scatter diagrams (A) and content of EAU* cells (B) by flow cytometric
analysis. (C, D) Fluorescence confocal image (blue: DAPI; red: EdU; C) and statistical analysis (D). Scale bars: 200 pm.
Data are expressed as mean = SD (n = 3), and were analyzed by Student’s t-test. BM: native bone marrow-derived
mesenchymal stem cells; BMP: osteo-organoid-derived mesenchymal stem cells (constructed with recombinant human
bone morphogenetic protein 2-loaded gelatin sponge scaffolds); DAPI: 4',6-diamidino-2-phenylindole; EdU: 5-ethynyl-
2'-deoxyuridine; MSCs: mesenchymal stem cells; ns: not significant; P2: passage 2.

The above results illustrated that the primary cells played a
more important role in proliferation than the cells passaged
for generations did. In other words, as the native BM group
becomes purified, the macroscopic proliferation duration
of these MSCs tends to align with that of odMSCs. Last but
not least, based on the above results, we could infer that the
growth rate of BM-MSCs at PO was not lower than that of
0odMSCs, because the former aged faster®® (Figure 4), while
both cell types proliferated at the same rate at P2 (Figure 5).
Furthermore, it could be considered that the abundance of
0dMSCs at PO was significantly higher than that of BM-MSCs
(Figure 2B).

Discussion

The above results indicate that the MSCs obtained using
this method exhibit superior differentiation (Figure 3B) and
sufficient proliferation (Figure 5) levels compared with those
obtained using traditional methods. Moreover, the osteo-
organoid assay yields a higher quantity of MSCs compared with
BM-MSCs, since the proportion of primary MSCs to total cells
greatly surpasses that of native bone marrow isolated in the
same manner (Figure 2B). The number of cells isolated from
a tibia and a femur is generally three to four times higher than
the cells from osteo-organoids, whereas the latter achieves
the same number of MSCs in only half the total time of the
former (Table 3). At P2, the proliferation of MSCs from both
sources is essentially the same. It was likely because the purity
of MSCs with high proliferative activity increases following
passage, leading to consistent cell growth rates. BM-MSCs
often experience replicative senescence during expansion,”’
which results in a decline in stemness (mainly including
capabilities of differentiation, regeneration, proliferation and
migration).*® In contrast, the method described in this paper
can reduce the time of in vitro expansion to delay the ageing
process (Figure 4).The low level of senescence is one reason
for the strong differentiation capability of odMSCs at P2. Based
on our previous researches, we found that osteo-organoids,
after about 1 week of development, exhibit a youthful state and
tissue repair activity.’*>> BM-MSCs are located in the more
developed native bone marrow, hence the younger odMSCs

have a high abundance and the ability of anti-replicative
senescence.

Compared with the traditional medium, the complete medium
used in this protocol was added with Rho-associated kinase
inhibitor, as a differentiation inhibitor, and sodium pyruvate
and a higher proportion (20%) of fetal bovine serum were
used to promote cell growth. The aim is to prevent the loss
of stemness due to premature differentiation when MSCs are
cultured in vitro. Besides, The method eventually purifies stem
cells isolated from osteo-organoids, which exhibit a phenotype
akin to BM-MSCs (Figure 3A), leading us to classify them as
MSCs. However, MSCs from these two sources exhibit some
differences in morphology, and the expression levels of cell
markers®"*? are not entirely consistent. Notably, CD140a, also
known as platelet-derived growth factor alpha, is an important
marker of myofibroblasts'® 3% 4 and is highly expressed in
0dMSCs. The thinner and longer cell morphology of these cells
is similar to the classic shape of C2C12 myoblasts cells cultured
in vitro, which can also respond to bone morphogenetic
protein-2 in osteogenesis-related biochemical processes.**
Therefore, we infer that odMSCs are essentially myogenic
MSCs, and they differ from BM-MSCs in terms of cytokine
secretion, immunological performance'”“ and tissue repair
activity.”” *! Moreover, the form, structure, composition, and
properties of the selected materials are highly customizable,
and the implantation time*” can be selected. In theory, stem
cells from different sources or ageing systems can be obtained.
For example, we used a gelatin sponge added with chondroitin
sulfate and then loaded with rhBMP-2 as a material, and
implanted it on the back to create a periosteum-like tissue,*
enhanced the regenerative capacity of the MSCs. Another
example is that we used sulfonated gelatin hydrogel* instead
of the gelatin sponge to build growth factor-enriched niche,
which accelerated bone regeneration. Hence osteo-organoids
can be considered an efficient and highly flexible model for
studying stem cells such as MSCs.

In the current clinical autologous transplantation methods,?*

the quantity of extracted bone marrow is limited, but patients
who need to use MSCs for treatment often have stem cells
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with insufficient activity. Due to these limitations, MSCs
from autologous bone marrow are usually not recommended
for stem cell therapy. Even so, compared with allogeneic
tissue, autologous tissue is more acceptable to patients due
to factors such as higher safety, a simpler application process,
better autonomy, and less psychological burden. Although
transplantation matching is not required for MSCs usage,
non-cryopreserved allogeneic stem cells used for treatments
carry some risk from donors.* Fresh cells have a limited usage
window, thus the transportation efficiency directly impacts
the success rate of the operation; the viability and activity of
MSCs decrease under cryopreservation conditions,* and cell
cryopreservation reagents can cause some adverse reactions in
vivo.* Additionally, umbilical cord or adipose-tissue derived
MSCs, which are commonly used in stem cell banks, do not
exhibit high anti-inflammatory properties as well as BM-
MSCs, especially in hypoxic environments.* Contrarily, the
stem cells obtained through this novel protocol consider the
benefits of autologous sources and provide high stem cell
quantity and quality, which can be a competitive method for
stem cell therapy.

There were still limitations in our study. The odMSCs may
come from mixed sources. It is not completely clear the
subtype composition and specific of odMSCs. In theory, BM-
MSCs should be the main type of odMSCs given that osteo-
organoids ultimately form complete bone structures.” But
in fact, our research has found that odMSCs are likely to be
myogenic MSCs. Despite this, the proportion of various MSCs
has not been well distinguished. For application, it takes 5 days
for osteo-organoids to develop, and not everyone is willing to
undergo two surgeries in such a short period of time. Therefore,
relevant minimally invasive surgical techniques urgently need
to be developed in order to broaden the acceptance of clinical
applications.

In conclusion, we constructed osteo-organoids that can
generate MSCs in large quantities, high purity, and high quality
by means of in vivo tissue engineering. The odMSCs can be used
in the in vitro study of stem cells through simple purification,
and odMSCs maintain youthful states during short-term in vitro
expansion, which will contribute to research and applications
on reversing senescence. On this basis, more researches,
such as the myoideum source characterisation, bone marrow
ablation models, and scaffold materials modification, are
underway. Furthermore, for clinical application, this method
is a fast way to harvest high density of stem cells. Therefore,
this study provides an alternative protocol for obtaining large
quantities of and high quality MSCs and is expected to be a
novel solution for stem cell therapy.
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anaerobic conditions and further combined with the emulsion method,

biodegradable PLLA microspheres (PM) with sizes ranging from 60-100 um
and with good sphericity were prepared. In addition, to further improve the
surface morphology of PLLA microspheres and enhance their bioactivity,
functionalised porous PLLA microspheres loaded with magnesium oxide
(MgO)/ magnesium carbonate (MgCO,) (PMg) were also prepared by the
emulsion method. The results showed that the loading of MgO/MgCO,
resulted in the formation of a porous structure on the surface of the

microspheres (PMg) and the dissolved Mg** could be released slowly during
the degradation of microspheres. In vitro cellular experiments demonstrated
the good biocompatibility of PM and PMg, while the released Mg* further

enhanced the anti-inflammatory effect and osteogenic activity of PMg.
Functionalised PMg not only show promise for controlled preparation of
drug carriers, but also have translational potential for bone regeneration.

Introduction

Biodegradable polymer microspheres
many advantages, such as good biocompatibility,
low dosage and few side effects, and therefore
have a wide range of applications in medical
fields such as medical aesthetic fillers,'?
drug delivery* * and tissue engineering,® ’
whereas the preparation of microsphere with
controlled morphological diversity remains a
significant challenge.'® Polylactic acid (PLA)
is a biodegradable polymer approved by the
U.S. Food and Drug Administration with good
biocompatibility and can be absorbed by the
human body after implantation,'”'* and is now
widely used in biomedical applications as drug
delivery microspheres, resorbable membranes
for bone defect repair, and surgical treatment

have

sutures.”'” However, the poor biological activity
of PLA and the acidic degradation environment
can easily cause tissue inflammation, which has
significantly hindered the further application of
PLA. 18-21

Mg** is an important trace element in the
human body and an important component of
bones and teeth. It can regulate cell behaviour,
such as improving cell adhesion and stimulating
cell differentiation, and stimulate local
bone formation and healing by promoting
thereby bone
regeneration. Studies found that the controlled
of Mg*

thereby synergistically promoting in situ bone

angiogenesis, promoting

release promoted angiogenesis,

regeneration by developing a new magnesium
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doped double crosslinked hydrogel.?>* Magnesium oxide
(MgO) and magnesium carbonate (MgCOa) are bioactive
materials with good biocompatibility,”* and have different
rates of Mg** dissolution.*”*' MgO and MgCO, are alkaline and
can neutralise the acidic environment caused by the degradation
of PLA, thus maintaining a stable pH environment,” *» 3
and the loading of MgO and MgCO, changes the surface
morphology of the microspheres.* However, when different
mass ratios of MgO and MgCO, were added, the release rate of
Mg?* and the surface morphology of the microspheres changed
accordingly,* therefore, an appropriate MgO/MgCO, mass
ratio can effectively enhance the bioactivity of microspheres,
which has a crucial impact on osteogenic transition.*

As shown in Figure 1A, poly(L-lactic acid) (PLLA) was
successfully synthesised by ring-opening polymerisation,

PLLA MgO/MgCO
A s

Biomaterials Translational

and the microspheres (PMg) loaded with MgO/MgCO,
with uniform particle size and controlled morphology were
prepared by the emulsion method. The loading of MgO/
MgCO, led to the appearance of porous structure on the surface
of the microspheres, which facilitated the interactions with
the cells compared with the conventional solid PLLA.% 3% 37
The MgO and MgCO, could further neutralise the acidic
environment generated during the degradation process of the
PMg. In addition, the Mg?* rich microenvironment and porous
structure of PMg facilitate the migration, proliferation and
differentiation of tendon-derived stem cells (TDSCs)* (Figure
1B). Therefore, this study provides an advanced strategy to
synthesise microspheres with controlled morphology and
bioactive properties for bone healing.

400 r/min
Drop-by-drop
Stirring 3 h emulsificatior
1h 12 h evaporation
CH,CI, PVA soluion
B
Migration
Proliferation
Osteocyte
TDSCs Osteogenesis
PMg Mg?
Osteogenesis Bone

Figure 1. Schematic preparation of poly(L-lactic acid) microsphere loaded with magnesium oxide (MgO)/magnesium
carbonate (MgCOj) microspheres (PMg) and influence of PMg on tendon-derived stem cells (TDSCs). (A) PMg
microspheres were obtained in the form of oil in water, dichloromethane (CH,Cl) is the oil phase, and polyvinyl alcohol

(PVA) is the water phase, the oil phase and the water phase are incompatible, so an oil-in-water system is formed, and
during stirring, CH,Cl, gradually evaporates, and poly(L-lactic acid) microsphere (PM) and PMg are formed. (B) PMg
microspheres can maintain the continuing release of Mg?* to promote the TDSC migration, proliferation, osteogenesis.

Created with BioRender.com.

Methods

Synthesis of PLLA

In our previous work, we have successfully synthesised PLLA.*
PLLA was synthesised by anhydrous and anaerobic ring-

opening polymerisation, briefly, a certain amount of L-lactide
(Jinan Daigang Biomaterials Co., Ltd., Jinan, China) was mixed
with 0.1% Sn(Oct), (Titan Technology Co., Ltd., Shanghai,
China) in the dry flask, the temperature was raised into 140°C,

1 Engineering Research Centre for Biomedical Materials of Ministry of Education, Key Laboratory for Ultrafine Materials of Ministry of Education, School
of Materials Science and Engineering, East China University of Science and Technology, Shanghai, China; 2 Department of Sports Medicine, Shanghai
Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China; 3 School of Chemistry and Chemical Engineering,
Nanchang University, Nanchang, Jiangxi Province, China; 4 School of Mechanical, Medical and Process Engineering, Center of Biomedical Technology,
Queensland University of Technology, Brisbane, Australia; 5 Wenzhou Institute of Shanghai University, Wenzhou, Zhejiang Province, China

*Corresponding authors:

Yulin Li, yulinli@ecust.edu.cn; Changsheng Liu, liucs@ecust.edu.cn; Jinzhong Zhao, jzzhao@sjtu.edu.cn.

#Author equally.

Biomater Transl. 2023, 4(4), 280-290

281



Research Article

and the reaction was maintained in an inert atmosphere,
7 hours later, the crude products were dissolved with
dichloromethane (Anhuai Chemical Technology Co., Ltd.,
Nantong, China), followed by precipitation in ethanol (Anhuai
Chemical Technology Co., Ltd.), and then lyophilisated.

Micro-structural analysis of PLLA

The microstructure of PLLA was detected by Fourier
transformed infrared spectrophotometer (Thermo Scientific,
Franklin, MA, USA) in the wavelength range of 500-4000 cm™.
The chemical structure of PLLA was examined by nuclear
magnetic resonance spectroscopy (Bruker, Karlsruhe, UK).

Preparation of microspheres

PLLA microspheres were prepared using a previously
reported method.” To obtain microspheres, 200 mg of PLLA
was dissolved in dichloromethane and mixed with MgO/
MgCO, (Shanghai Nai Cheng Biotechnology Co., Ltd.,
Shanghai, China), 1 hour later, the mixture was dropped into
the 1% polyvinyl alcohol (Shanghai Macklin Biochemical
Co., Ltd., Shanghai, China), emulsified for 3 hours, and kept
stirred for overnight at room temperature to remove the
dichloromethane. Finally, the collected microspheres were
then washed by centrifugation three times and freeze-dried,
designated as PMg. The above steps were repeated without the
addition of MgO/MgCO,; to obtain microspheres and named
as PM.

Characterisation of microspheres

The surface morphology of microspheres was observed with
a scanning electron microscope (S-3400N, Hitachi, Tokyo,
Japan), and the particle size and pore size were calculated by
Image]J software (1.52t, National Institutes of Health, Bethesda,
MD, USA).* The water contact angle of microsphere samples
PM and PMg was measured using a contact angle meter
(Shanghai Zhongchen Digital Technology Equipment Co.,
Ltd., Shanghai, China) by spreading a 1 cm x 1 cm piece of
double-sided adhesive flat on a slide, then weighing the same
mass of microsphere samples and spreading the microspheres
uniformly and densely on the surface of the double-sided
adhesive.® Three parallel samples were tested in each group
and three different points on each parallel sample were taken
for measurement.

In vitro degradability of microspheres

The mass and pH value changes of the microspheres were
measured to assess the degradation of microspheres in
phosphate buffer saline (PBS) (Shanghai Sehan Co., Ltd.,
Shanghai, China). Briefly, 10 mg PM and 10 mg PMg were
dispersed in 10 mL of PBS solution, stored in an incubator at
37°Cand rotated at 80 r/min. The microspheres were separated
from PBS at different time points (1, 3, 5, 7, 15, and 30 days),
followed by determining the pH of the degradation solution of
microspheres by using a pH meter (MTD, Zurich, Switzerland)
and the number average molecular weight of microspheres by
gel permeation chromatography. While polystyrene was used
as the standard sample, and tetrahydrofuran (chromatographic
grade) was used as the solvent and eluent at a flow rate of 1.0
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mL/min. Finally, scanning electron microscopy was used to
observe the morphological changes of the microspheres during
the degradation process.

In vitro Mg* release from microspheres

10 mg of PMg was immersed in 10 mL of PBS and incubated
at 37 + 1°C for 30 days. On days 1, 3, 5, 7, 15, and 30, 1 mL
of sample liquid was removed and diluted to 10 mL with PBS
(three parallel samples were tested at each time point), and
then analysed by high-performance liquid chromatography-
inductively coupled plasma mass spectrometer (NexION 2000
- (A - 10), PerkinElmer, Waltham, MA, USA).

In vitro cytocompatibility

Preparation of leachate

Firstly, 10 mg of each microsphere was accurately weighed
and immersed in 75% ethanol for overnight sterilisation,
followed by washing the microsphere three times with PBS
and twice with serum-free Dulbecco’s modified Eagle medium
(Gibco Life Technologies, Grand Island, NY, USA) medium,
respectively. The microspheres were immersed in serum-free
Dulbecco’s modified Eagle medium (10 mg of microspheres:1
mL of Dulbecco’s modified Eagle medium), and then placed in
a thermostatic shocker (Taicang Hualida Co., Ltd., Taicang,
China) at 37°C and 30 r/min for 24 hours. The leachate was
collected and filtered with a 0.22-pm biofilter filtration, then
10% fetal bovine serum, 1% penicillin/streptomycin were
added to prepare culture medium containing material extracts
for cells.

Evaluation of cytotoxicity

All animal experiments were approved by the Ethics
Committee of Shanghai Sixth People’s Hospital affiliated with
Shanghai Jiaotong University School of Medicine (approval
No. DWSY2023-0115) on August 22, 2023. Tendon-derived
stem cells (TDSCs) were isolated from the achilles tendon of
3-4-week-old male Sprague-Dawley rats (Shanghai Bikewing
Biotechnology Co., Ltd., Shanghai, China) according to a
previous protocol,*> and the isolated cells were inoculated
in Dulbecco’s modified Eagle medium containing 10% fetal
bovine serum, 1% triple antibiotic, and cultured at 37°C, 5%
CO, environment. The medium was replaced every 2 days. The
cells were passaged when they reached 80-90% confluence, and
the experiments were conducted using passages 3-5 cells in this
study. After 2 x 10° TDSCs/mL were seeded in 96-well plates,
the cells were treated with the corresponding leachate for 24,
48, or 72 hours. The cells were incubated with 10 uL of CCK-
8 (Beyotime, Shanghai, China) for 2 hours. The absorbance
peak at 450 nm in each well was measured by a microplate
reader (Molecular Device, Sunnyvale, CA, USA) to obtain the
optical density (OD), and the cell viability was calculated as
follows: Cell viability (%) =100 x ”'J,,,.T , where ODexparimemal,
and OD___ are the optical densities for the experimental and
control groups, respectively.

Live-dead staining
The cytocompatibility was evaluated by live-dead cell staining
assay (Beyotime). Briefly, 5 x 10° TDSCs/mL were seeded in
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24-well plates and placed in a 37°C, 5% CO, incubator for 8
hours. After the cells were adhered to the wall, the leachate
of the corresponding material groups was used to treat cells
for 24, 48, or 72 hours. After washing with PBS, cells were
stained with calcein yellow chlorophyll and propidium iodide
for 30 minutes at 37°C at 24, 48, and 72 hours. The result was
observed by using confocal laser scanning microscope (Air,
Tokyo, Japan).

In vitro osteogenic capacity evaluation

Alkaline phosphatase staining assay

TDSCs were seeded in 24-well plates and material-extract
medium was then mixed with osteogenic medium (Beyotime)
at a ratio of 1:10. After 7 days of incubation, the cells were
fixed with 4% paraformaldehyde for 15 minutes, stained
with alkaline phosphatase (ALP; Beyotime), stained at 37°C
for 1 hour, washed twice with PBS, and photographed for
observation using confocal laser scanning microscope.

Polymerase chain reaction assay

Quantitative polymerase chain reaction was tested to
study the gene expression of Arg-1 (anti-inflammatory),

Table 1. The primer sequence for polymerase chain reaction

Biomaterials Translational

Runx2  (osteogenic differentiation gene) and Ocn
(osteogenic differentiation gene) in TDSCs. TDSCs were
seeded in 6-well plates and treated with the osteogenic
medium containing material leachate (1:10) for 14 days.
RAW?264.7 cells (Cell Bank, Chinese Academy of Science,
CSTR:19375.09.3101MOUTCM13) were pretreated with 10
ng/mL lipopolysaccharides (Beyotime) for 24 hours to mimic
inflammation and then incubated with extracts from each
group of microspheres for 48 hours. Total RNA was isolated
using the EZ pressRNA Purification kit (EZBioscience,
Roseville, MN, USA) and reverse transcribed into
complementary DNA using the ColorReverseTranscription
kit (EZBioscience). A 10 pL reaction system was prepared
using 2x SYBRGreengPCRMasterMix (EZBioscience) and
complementary DNA from each group, and quantitative
polymerase chain reaction was performed on the ABI7500
polymerase chain reaction instrument (Thermo Fisher
Scientific) (95°C for 30 seconds, 1 cycle; 95°C for 5 seconds;
60°C for 30 seconds, 40 cycles). The primer sequences were
shown in Table 1. Expression levels’ normalization was based
on glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
expression. The gene expression level was analysed and
calculated by the 224t method.®

Gene Primer sequence (5'-3)

Arg-1 Forward: ATC AAC ACT CCG CTG ACA ACC
Reverse: ATC TCG CAA GCC GAT GTA CAC

Runx-2 Forward: CGA ACA GAG CAA CAT CTCC
Reverse: GTC AGT GCC TTC CTT GG

OCN Forward: ACA AGT CCC ACA CAG CAA C
Reverse: CCA GGT CAG AGA GGC AGA

GAPDH Forward: CAA GAA GGT GGT GAA GCA G

Reverse: CAA AGG TGG AAG AAT GGG

Note: Arg-1: arginase-1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; OCN: osteocalcin.

Statistical analysis

Student’s unpaired t-test and one-way analysis of variance
followed by Dunnett's multiple comparisons test were
performed using GraphPad Prism (version 8.0.2 for Windows,
GraphPad Software, San Diego, CA, USA, www.graphpad.
com). Differences with P values of less than 0.05 indicated
significance.

Results

Characterisation of PLLA structure

Nuclear magnetic resonance spectroscopy and Fourier
transform infrared spectroscopy were used to analyse the
chemical composition of PLLA. The nuclear magnetic
resonance spectroscopy spectrum is depicted in Figure 2A,
PLLA has two typical chemical shifts at 1.57 ppm and 5.17
ppm,* corresponding to the typical (-CH,) and (-CH) of PLA.
A typical Fourier transformed infrared spectrophotometer
spectrum of PLLA is shown in Figure 2B, where the absorption
peak at 2996 cm™ corresponds to the stretching vibration of
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-CH in PLLA, and the absorption peaks at 1456 and 1361 cm™
correspond to the bending vibration of -CH, the absorption
peak at 2881 cm™ corresponds to the stretching vibration of
-CH, in PLLA; the absorption peaks at 1760 and 1187 cm™
correspond to the stretching vibration of -C=0 and C-O-C.*#
All these results indicate that PLLA has been successfully
synthesised.

Characterisation of microspheres

Figure 3A and B depict the morphology and particle size
distribution of PM and PMg under the influence of mechanical
stirring, and it can be observed from scanning electron
microscope images that the PM was well sphericalised, whereas
the sphericalisation of PMg was slightly decreased after the
addition of MgO/MgCO,. Both PM and PMg showed a uniform
particle size distribution (Figure 3C and D). The results suggest
that there is a tendency for the particle size of the microspheres
to decrease after the addition of MgO/MgCO.,. The particle size
distribution of microspheres is shown in Figure 3E, and was
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in the range of 60-100 pm: the particle size of PM was 82.2 not change considerably when compared to the raw material
+ 15.3 pm, and the particle size of PMg was 80.4 + 14.6 um. during the creation of microspheres (Figure 3F). The addition
Infrared analysis may also be used to examine the structure of of MgO/MgCO, did not destroy the crystal structure of PLLA
PM and PMg, and the results showed that the structure did but further increased its crystallinity (Additional Figure 1).
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Figure 2. Chemical structure and microstructure analysis of poly(L-lactic acid) (PLLA). (A) Nuclear magnetic resonance
spectroscopy, PLLA is a typical structure of polylactide, and the chemical structure of the polymer can be clearly analysed
by measuring the chemical shift value of hydrogen. (B) Fourier transformed infrared spectrophotometer, the infrared
visible light spectrum can clearly reflect the characteristic functional group structure in the polymer, and the polymer
can be detected by the characteristic absorption peak. a.u.: arbitrary unit.
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Figure 3. Characterisation of poly(L-lactic acid) microsphere (PM) and poly(L-lactic acid) microsphere loaded with
magnesium oxide (MgO)/magnesium carbonate (MgCO,) (PMg). (A, B) Scanning electron micrograph image of PM
(A) and PMg (B). (C, D) Particle size distribution of PM (C) and PMg (D). (E) Particle size of PM and PMg. Data are
expressed as mean * SD. (F) Fourier transformed infrared spectrophotometer spectra of PM and PMg. a.u.: arbitrary
unit.

Figure 4A-D display enlarged electron micrographs of numerous holes on the surface of PMg, which may have been
PM and PMg, and the details of PM and PMg, respectively. brought on by the CO, production from MgCO, during the
Although the surface of PM was comparatively smooth, manufacturing of the microspheres. As shown statistically in
the addition of MgO/MgCO, resulted in the formation of Figure4E, the surface of PMg produced many pore structures
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with pore diameters in the range of 1-10 um. The contact
angle was measured according to previously reported work."
The contact angles of PM and PMg were 112.7° and 113.3°
at first second, respectively. After 10 seconds of stationary,
the contact angles changed to 110.2° and 103.8°, respectively.
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The corresponding contact angles decreased by 2.5° and 9.5°,
respectively, and the decrease in the contact angle of PMg
(which has a porous structure) was more obvious. This
decrease may be caused by that the porous microspheres
absorbed more water (Figure 4F).
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Figure 4. Enlarged microscopic images of poly(L-lactic acid) microsphere (PM) and poly(L-lactic acid) microsphere
loaded with magnesium oxide (MgO)/magnesium carbonate (MgCO,) (PMg). (A-D) PM surface is smooth and without
porous structure, and pores appeared on the surface of PMg, which was attributed to the generation of CO, from
MgCO.,. Scale bars: 50 pm (A, C), 10 pm (B, D). (E) The distribution of pore size on the surface of PMg. (F) The contact
angle test of PM and PMg. PMg is more hydrophilic and absorbent compared to PM. Data are expressed as mean + SD.

As indicated in Figure 5A, the number average molecular
weight of PM and PMg decreased during the 30-day
degradation cycle by 27.8 and 66.3 kDa, respectively, while
the number average molecular weight degradation rates were
33.7% and 60.1%, respectively. These results imply that the
addition of MgO and MgCO, significantly accelerates the
molecular weight degradation of microspheres. As shown in
Figure 5B, the pH of the degradation solution of PM and PMg
changed from the initial 7.30 to 7.17 and 7.33, respectively,
compared to PM, the pH of PMg was stabilised in the range
of 7.20-7.40 during degradation, which would not interfere
with the body’s typical acidic and alkaline environments. As
shown in Figure 5C, during the 30-day degradation cycle,
the release of Mg?* was slightly faster during the first 7 days,
and the release of Mg?* continued to be slow from days 7-30,
and there was no burst release throughout the degradation.
Figure 5D and G are scanning electron microscope images
of microspheres before degradation, when degradation
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continued for 30 days, numbers of the “crater” structure on
the PM surface increased obviously (Figure 5E and F), and
the small pores on the surface of PMg gradually grew larger
(Figure 5H and I).

In vitro cytocompatibility

The in vitro biocompatibility evaluation of the microspheres
was further performed using CCK-8. As indicated in Figure
6, the cell survival rate was over 80% after co-cultivating the
materials with TDSCs for 24, 48, and 72 hours (Figure 6A).
The number of cells gradually increased with the increasing
culture time. At 72 hours, the PMg group had the highest
number of cells, indicating that the synthesised materials had
no obvious inhibitory effects on cell proliferation. The live-
dead staining examination revealed that the number of live
cells (green) grew steadily while the number of dead cells (red)
was zero, demonstrating the biocompatibility of PM and PMg
(Figure 6B).
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Figure 5. In vitro degradation behaviours of poly(L-lactic acid) microsphere (PM) and poly(L-lactic acid) microsphere
loaded with magnesium oxide (MgO)/magnesium carbonate (MgCO,) (PMg). (A) Accelerated degradation of PMg
compared to PM, shows that MgO and MgCO, accelerate the rate of molecular weight degradation of microspheres. (B)
The degradation environment pH of PMg is stable in the neutral range and does not interfere with the body’s typical
acidic and alkaline environment. (C) No sudden release of Mg?* occurred during the 30-day degradation cycle. Data are
expressed as mean + SD, and were analysed by Student’s unpaired t-test. (D) The scanning electron micrograph images of
PM before degradation. (E) On the 30™ day of degradation, scanning electron micrograph image showed that there was
a significant increase in the number of “craters” on the surface of PM. (F) Enlarged scanning electron micrograph images
at 30 days of PM degradation (G) The scanning electron micrograph images of PMg before degradation. (H) At 30 days
of degradation, the electron micrographs showed that the pores on the surface of PMg were significantly enlarged due
to corrosion. (I) Enlarged scanning electron micrograph images at 30 days of PMg degradation. Scale bars: 50 pm (D, E,
G, H), 10 um (F, I).
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Figure 6. Cytocompatibility evaluation and live-dead staining of poly(L-lactic acid) microsphere (PM) and poly(L-lactic
acid) microsphere loaded with magnesium oxide (MgO)/magnesium carbonate (MgCO3) (PMg). (A) More than 80% of
cell viability of tendon-derived stem cells (TDSCs) on PM and PMg, which were normalised by control group. Data are
expressed as the mean + SD (n = 3). *P < 0.05, ***P < 0.001 (one-way analysis of variance followed by Dunnett’s multiple
comparisons test). (B) Cytocompatibility of TDSCs on PM and PMg. The live/dead staining assay demonstrated that
PM and PMg exhibits no cytotoxicity to cells. TDSCs cultured with osteogenic medium were used as control. Scale bars:
200 pm.

Osteogenic capacity of PM and PMg integration of the material with the host bone tissue. ALP
Osteoconductive capacity is the ability of a material to support is an important biomarker of osteoblast activity. Currently,
the growth of bone cells on its surface. It is an important ALP activity has been used to study bone mineralisation
property for bone grafts and implants, as it facilitates the mechanisms and bone-active biomaterials, among others.?
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To demonstrate the osteoconductive ability of the materials,
we performed a co-culture of TDSCs with the material-
extract medium and evaluated ALP activity and osteogenic
gene expression levels. As shown in Figure 7A, PM showed
a stronger osteogenic capacity as indicated by the significantly
higher ALP activities compared with the control, and the
PMg with added MgO/MgCO, had the strongest osteogenic
capacity. The above results suggest that the PLLA material
had a certain osteogenic capacity,”® and Mg** as well as the
porous structure of microspheres play a more significant role
in promoting the osteogenic differentiation and proliferation
of TDSCs.” To examine the potential effect of microsphere
degradation on local immune response, the expression of anti-
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inflammatory gene (Arg-1) was examined in RAW264.7 cells
treated with PM and PMg, and the results showed that PMg
increased the expression of Arg-1 compared with PM (Figure
7B), which indicated that Mg?* released from microspheres
could effectively inhibit inflammation. The effects of PM and
PMg on osteogenic differentiation of rat TDSCs continued
to be detected by polymerase chain reaction, after 14 days of
co-cultivation with the material, there was an increase in the
expression of Runx2 and Ocn in PM and PMg compared to
the control group, whereas the gene expression in the PMg
group was the highest (Figure 7C and D), which indicated that
the Mg®* produced by PMg group significantly enhanced the
osteogenic differentiation of TDSCs.
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Figure 7. Osteogenic capacity evaluation of poly(L-lactic acid) microsphere (PM) and poly(L-lactic acid) (PLLA)
microsphere loaded with magnesium oxide (MgO)/magnesium carbonate (MgCO,) (PMg). (A) The level of alkaline

phosphatase (ALP) was more obvious in PMg compared to PM. PMg has more osteogenic properties compared to PM,

while PLLA material has some osteogenic properties compared to the control. (B) The expression of anti-inflammatory

gene (arginase-1, Arg-1) was more obvious in PMg compared to PM. (C, D) The expression of osteogenic differentiation
gene (osteocalcin, Ocn) and (Runx2) was more obvious in PMg compared to PM, while PLLA material can promote
osteogenic differentiation of tendon-derived stem cells (TDSCs) compared to the control. RAW264.7 cells were induced
with lipopolysaccharides as controls in B and TDSCs cultured with osteogenic medium were as controls in C and D. Data

(normalised by control group) are expressed as the mean + SD (n = 3). *P < 0.05, **P < 0.01 (one-way analysis of variance
followed by Dunnett’s multiple comparisons test). GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

Discussion

PLLA was a promising U.S. Food and Drug Administration-
approved biomaterial with excellent biocompatibility and
degradability properties.®® Therefore, the synthesis and
application of PLLA become important, but it was a challenge
to use a simple and efficient method to synthesise the PLLA and
apply it to biomedical applications.** In addition, PLLA can
be prepared into different shapes and structure, and employed
for biomedical applications, such as, antibacterial,®® bone
regeneration,’ anti-inflammatory,” anti-tumor.”* Among
them, bioabsorbable microspheres have been widely used for
drug delivery*® and translational bone regeneration.*

Herein, we prepared biodegradable PLLA with good
biocompatibility by a simple and green synthesis method,
and porous PLLA microspheres (PMg) loaded with MgO/
MgCO, have a controllable range of particle sizes using the

Biomater Transl. 2023, 4(4), 280-290

double-emulsion method. Compared with conventional
smooth microspheres, PMg has a rougher surface morphology,
which facilitates cell adhesion and proliferation and increases
material-cell interactions. In addition, the freeing of hydroxide
ions (OH-) by PMg degradation not only neutralised the acidity
of the PLLA, but also the controlled release of Mg** promoted
the osteogenic differentiation of TDSCs.

Through the results of a large number of literature studies, it
was found that when the microspheres were loaded with the
same mass of MgO and MgCO,, the optimal Mg** release rate
of the microspheres was achieved,* therefore, this study only
explored the effect of the same mass of MgO/MgCO, on the
surface topography of the microspheres and the release of Mg?*
and did not further investigate the effect of the different mass
ratios of MgO/MgCO, on the topography of the microspheres
and the Mg?* release rate.
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In this study, we successfully prepared porous magnesium-

containing microspheres

with uniform particle size,

combination oflarge and small pores, and good biocompatibility
using solvent evaporation method. The average particle size
of the microspheres was 60-100 pm, and the average pore
size was 1-10 um. The generation of pore structure made the
surface morphology of the microspheres more controllable,
which was more favorable for cell adhesion and proliferation.
In addition, the slow release of Mg** during the microsphere
degradation maintains a suitable concentration of Mg?** at the
treatment site, which inhibits inflammation and promotes the
proliferation and osteogenic differentiation of osteoblasts.
Therefore, this study provided an advanced strategy to prepare
functionalised microspheres for bone regeneration.
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Self-assembly is a process capitalized by nature for
converting chemically simple building blocks into
hierarchically ordered structures and materials to
function in living systems cooperatively.! Among
all the building blocks, proteins are the most
commonly utilized and form diverse structures
ranging from oligomers and nanospheres to
tubes and hierarchical architectures.> These
structures with unique physical properties play
crucial roles in vast biological functions, for
instance, structural support, cargo transport,
and microbial defence.’ The formation of these
structures is predominantly driven and governed
by non-covalent interactions, conferring the
dynamism and flexibility of these structures. By
studying the fundamental principles that control
the self-assembly processes of native proteins,
functional materials can be replicated in a
bottom-up approach, whereby synthetic building
blocks are designed for assembling into desired
architectures with specific properties.* In this
context, biomimetic peptides with comparatively
shorter sequences than proteins emerge as
ideal building blocks.® They provide a versatile
approach for mimicking complex structures and
materials with structural and functional diversity
in a more tractable but less expensive approach.

The self-assembly behaviours of peptides depend
strongly on their amino acid sequences.® To
date, the design of self-assembling peptides still
relies on the examination of natural amino acid
sequences, professional expertise in the peptide
field, or laboratory discoveries by serendipity.
However, these
to meet the growing demands for functional
peptide materials since the design range of self-
assembling peptides can be extremely broad. The
amount of possible amino acid combinations
for a peptide can reach up to 20", where 20 is
the number of commonly available amino acids
and n is the amino acid number in the peptide.”
For instance, tripeptides (n = 3) containing 8000
combinations are intractable for any rigorous
experimental study. Even though a brute-

inefficient approaches fail

Biomater Transl. 2023, 4(4), 291-293

force computational search based on coarse-
gained molecular dynamic (MD) simulations
has been proposed by Ulijn’s team to overcome
the search bias and has successfully identified
several self-assembling tripeptides.! Due to
the high computational costs, it is impossible
to extend it to longer sequence lengths (n > 3).
Accurate prediction of the assembling processes
and discovery of the assembling peptides remain
challenging.

Artificial intelligence (Al) is an emerging inter-
discipline that integrates computer science,
mathematics, and psychology among others
to emulate human cognitive functions for
tasks requiring intelligence, such as language
understanding and decision making.’ It holds
great potential to navigate through the wvast
search space among amino acid combinations
and present a subset displaying the most
promising possibilities. Recently, writing in
Nature Chemistry, Sankaranarayanan’s team
introduced an “Al expert” that combined the
Monte Carlo tree search (MCTS) algorithm with
coarse-gained MD simulations for identifying
self-assembling peptides that exhibit high
aggregation propensities in aqueous solution.'

Performing in an autonomous way, the Al
expert first utilized MCTS to generate peptide
sequences before utilising MD
to estimate the aggregation propensity of the
generated sequences and provide feedback to
improve the quality of MCTS and guide future
searches (Figure 1). Notably, an innovative
concept of uniqueness function within the
MCTS objective function, together with a
random forest based surrogate model were
included to boost the performance of the MCST
algorithm. Compared to MCTS without the
random forest model, random search, and brute-
force search, the Al expert enabled by MCTS and
random forest scheme was demonstrated to be
the most efficient in identifying tripeptide with
the highest-scoring.

simulations
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Figure 1. Comparison of the workflow using the input of self-assembling pentapeptides from Al expert and human
expert. The search range for peptides increases dramatically due to the multiple combinations of 20 amino acids, and
3.2 million pentapeptides are unmanageable to be calculated with the brute-force method. Human expert adopted
rationally design methods such as hydrophobic scales, molecular patterns (npnpn), and personal experience. Six of
the eleven pentapeptides proposed by six human experts were synthesised and observed to be clustered together. In
contrast, Al expert developed a combination of MCTS. Six of the nine pentapeptides proposed by the Al expert were
synthesised and found to be clustered. Al expert has also proposed novel sequences involving multiple amino acids to
recover some intuitive sequences, reflecting its advantages in overcoming human bias. Atomic force microscope images
of some promising pentapeptides from both groups are shown. Created with MedPeer (www.medpeer.cn). Al: artificial
intelligence; AP: aggregation propensity; CG: coarse-gained; LC-MS: liquid chromatography-mass spectrometry;
MCTS: Monte Carlo tree searches; MD: molecular dynamic; n: non-polar; p: polarity; RP-HPLC: reverse phase high

performance liquid chromatography; SPPS: solid phase peptide synthesis.

Having validated the efficiency of Al experts, Sankaranarayanan
and colleagues went on using it to discover self-assembling
pentapeptides. Among the 3.2 million (20°) pentapeptide
permutations, the Al expert first evaluated approximately
6600 cases based on MD simulations and then selected the
top 100 candidates for further MD simulations using more
rigorous parameters and longer timescales to improve the
estimates of aggregation propensity. Nine candidates with
top scores were filtered out and six of them were observed to
aggregate according to experimental dynamic light scattering
and atomic force microscope measurements. Comparatively,
six out of eleven pentapeptides proposed by human experts
were found to aggregate. By analysing the sequence similarity
of identified peptides, the Al expert was found could not only
recover known sequences similar to the human experts but
also discover unknown sequences that deviate notably from
the existing ones, indicating its potential to overcome the bias
from humans and accelerate the discovery of peptides.

Integrated with coarse-grained MD, machine learning, and
experiments, the Al expert was demonstrated to be an efficient
“human-in-the-loop” framework for the discovery of self-
assembling peptides. Future efforts were anticipated to be made
to connect the developed Al expert to a robotic platform that

can synthesise and characterise innovative peptides. As such
experimental feedback could be digested by Al expert directly,
supporting the search to progress in an iterative manner.
Additional information obtained from the simulations, for
instance, the aspect ratio and number of the peptides, their
morphologies, and their moments of inertia were expected to
be included to improve the MCTS scoring function. Similar
Al strategies could also be developed for screening and
discovering more functional peptides and peptide assemblies,
providing great potential for further innovations in peptide-
based novel therapeutics and functional materials.
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The bioactive ion, magnesium ion (Mg?*), serving
as a vital factor in promoting osteogenesis,
has received a decade-long of attention and
research.”” 2 Over the past decades, numerous
works have revealed the positive effects of
Mg** on osteogenesis, and the underlying
mechanisms were also investigated in detail.
For instance, numerous researchers attribute
the positive effects of Mg* on osteogenesis
to its immunomodulatory property, which
hastens the transition of pro-inflammatory
M1 phenotype to the anti-inflammatory M2
phenotype of macrophages, consequently
enhancing osteogeneis.” * Additionally, Zheng et
al.’> discovered alternative mechanisms through
which Mg** promotes osteogeneis. They
elucidated that Mg** elevates neuronal calcitonin
gene-related polypeptide-a levels in the femoral
peripheral cortex and the ipsilateral dorsal
root ganglia, which, in turn, leads to calcitonin
receptor-like receptor- and receptor activity-
modifying protein 1-dependent activation of
cyclic adenosine monophosphate-responsive
element binding protein 1 and osterix, ultimately
enhancing the osteo-differentiation of isolated
rat stem cells. This work offers valuable insights
into the effect of Mg?* in accelerating calcitonin
gene-related  polypeptide-a-mediated
differentiation, shedding light on the therapeutic
potential of Mg?* in bone injury, especially in
addressing special pathologic conditions like
osteoporosis. Nevertheless, detrimental effects on
osteogenesis of Mg”* released upon degradation
of Mg-based implants also have been detected.®”

osteo-

These contradictory outcomes may stem from an
imprecise understanding of the multifaceted roles
of Mg?* in the intricate biological process of bone
healing, suggesting the possibility that different
types of cells engaged in various phases of bone
formation may respond to Mg?* in distinct ways.

Reporting in Nature Communications, Qiao et al.®
provide a detailed investigation into the effects
and the underlying biological mechanism of

Mg** on immunomodulatory osteogenesis, with
a special focus on its dose- and time-dependent
behaviour. Transient exposure to Mg** during
the first week at an artificial defect in the
distal end of rat femora results in significant
increases in trabecular bone fraction, trabecular
number, bone mineral density and trabecular
thickness without compromising the mechanical
properties of the new bone when compared to
both the control group without Mg** exposure
and the sham group. Meanwhile, in the Mg*
exposure group, a decrease in the number of
osteoclasts was observed on day 56. Conversely,
the enhanced role of Mg?* in osteogenesis is
attenuated when exposure is delayed to the
2" week, even at the same dose. Furthermore,
continuous Mg** delivery over the initial 2
weeks post-injury shows no differences in bone
formation between Mg** treatment group and
the group without Mg?** exposure. Based on these
findings, it appears that Mg”* boosts osteogenesis
when administered during the beginning stage of
bone formation, while extended treatment seems
to have detrimental effects on bone formation.

The authors attribute the time-dependent
modulatory effects of Mg?* on osteogenesis to
its modulation of macrophages. Concretely,
extracellular Mg** significantly promotes the
activities of monocytes and their maturation into
macrophages, and the enhanced effects positively
correlate to the concentration of extracellular
Mg?*. More importantly, extracellular Mg**
facilitates the upregulation of genes encoding
cytokines in monocytes-derived macrophages
that favour osteogenesis, including C-C motif
chemokine ligand 5, interleukin (IL)-1 receptor
antagonist, IL-8, transforming growth factor-f1,
bone morphogenetic protein 2, vascular
endothelial growth factor A, IL-10, and the
downregulation of genes encoding cytokines
that favour osteoclastogenesis, such as oncostatin
M, IL-6, IL-1B, tumour necrosis factor a. It is
because that extracellular Mg?* contributes to
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the elevated expression of the transient receptor potential
cation channel member 7, and triggers a transient receptor
potential cation channel member 7-dependent Mg?* influx in
macrophages. This process results in the cleavage and nuclear
accumulation of transient receptor potential cation channel
member 7-cleaved kinase fragments, which leads to the
phosphorylation of Histone H3, giving rise to the transition
of macrophage into a pro-osteogenic phenotype. Sequentially,
IL-8 secreted by macrophages predominantly enhances the
osteogenic effect when it appears within the first week of
culture, while impairing the mineralisation process when
present in the later stages of osteo-differentiation. Noticeably,
the enhanced role of Mg? exposure in the osteogenic
behaviours of mesenchymal stem cells is more pronounced
when mediated by macrophages, compared to its direct effect
on mesenchymal stem cells. In addition, prolonged exposure
to Mg? (3 days or more) leads to elevated expression of
inhibitory-xBkinase-a and - in macrophages to phosphorylate
inhibitor of xB and translocate p65 into nuclear, thereby
over-activing the nuclear factor kappa B signalling pathway.
This upregulation promotes osteoclastic differentiation of

A
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macrophages, increasing the amount of tartrate resistant acid
phosphatase positive cells, and hinders extracellular matrix
calcification, ultimately compromising bone formation
(Figure 1A). This work conducts an in-depth investigation
into the effects of Mg?* on immunomodulatory osteogenesis,
unveiling an effective window for administrating Mg** to
facilitate bone healing: emphasizing the greater significance of
the initial inflammation stage over the subsequent active bone
repair stage.

Progressively, in a follow-up study, the authors further
discovered that divalent metal cations like Mg?*, Zn?*, and Cu?**
stimulate macrophages to secrete prostaglandin E2, which
interacts with prostaglandin E2 receptor 4 in sensory nerves,
promoting their sprouting and arborisation.” This behaviour,
regulated through cyclic adenosine monophosphate-response
element binding protein signalling, leads to a downregulation
of sympathetic tone, giving rise to promoted osteogenesis and
downregulated osteoclastogenesis in the injured bone (Figure
1B). This work elucidates how Mg?** mediates osteogenic
effects through the interplay between immunomodulation and
neuroregulation.

B

Figurel.(A) Schematic illustration showing the mechanism by which Mg?* regulates both macrophages and mesenchymal
stem cells in the bone remodeling process. Reprinted from Qiao et al.® (B) schematic illustration showing the interplay
between Mg?* induced immunomodulation and central neuroregulation. Reprinted from Qiao et al.’

More generally, Mg plays an enhanced role in osteogenesis;
however, optimising the ideal administration window is crucial
for maximising its effectiveness and achieve greater efficiency.
Simultaneously, the enhanced osteogenetic mechanism of Mg?*
likely initiates through early immunomodulation, followed by a
complex series of physiological processes, involving osteogenic
differentiation of mesenchymal stem cells, osteoclastic
differentiation of macrophages, central neuroregulation and
more. These works provide great enlightening and guiding
insights, reminding researchers to bear in mind the balance
between the osteo-enhancing and -impairing effects of Mg**
exposure when utilizing Mg-based orthopaedic implants.
Crucially, delving into the cross-talk between inflammation
responses triggered by divalent metal cations and the
subsequent physiological processes can potentially spark

Biomater Transl. 2023, 4(4), 294-296

innovation in orthopaedic biomaterials infused with bioactive
metal cations for advanced bone tissue engineering.

It is also needed to point out that recent works on the
immunomodulatory osteogenic effects of Mg?* have primarily
concentrated on its regulation of innate immune responses, such
as macrophage polarisation.” * ®? Nevertheless, the adaptive
immune system, particularly T cells, also holds significant sway
in maintaining bone homeostasis.'” !' However, until now,
the regulatory effects and underlying mechanism of Mg®* on
the adaptive immune system, as well as its subsequent cross-
talk with osteogenesis-related cells have not been explored.
Hence, it is expected that the upcoming studies will unveil
these associated effects and mechanisms, further maximising
the osteogenic effects of orthopaedic implants through the
controlled release of bioactive ions.
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This study sought to be inspired by the
spreading shape of cucumber vines to design and
prepare a disc nucleus pulposus scaffold with
regenerative capabilities to address the serious
problems associated with disc degeneration.'
Intervertebral disc degeneration is a common
health problem that usually leads to back pain
and nerve compression, significantly affecting
patients’ quality of life.? For the treatment of
disc degeneration, traditional methods include
surgical interventions and medications, but there
are limitations and risks. As a result, researchers
have begun to explore more innovative treatment
modalities for more effective intervertebral disc
repair and regeneration.’

In this study, the researchers used poly(glycerol-
dodecanoate) (PGD) to prepare an implantable
disc nucleus pulposus scaffold that can be
implanted in vivo, and the regenerative function
of the scaffold was achieved by specifically linking
the chemokine stromal cell-derived factor-1a
(SDF-1e) to PGD. These scaffolds possessed key
properties such as shape memory, mechanical
support and degradation rate, which could be
optimised by adjusting the synthesis parameters
of PGD to ensure compatibility with the native
disc nucleus pulposus (Figure 1).

The first concerns the use of the chemokine SDF-
1a. The researchers chose SDF-1a as an induction
factor for the disc nucleus pulposus scaffold
because SDF-1a has strong biological activity
in inducing cell migration and chemoattraction.
By linking SDF-1a to PGD, the researchers
realised that the scaffold releases SDF-1a in vivo,
which attracts autologous stem cells to migrate
to the region of the disc nucleus pulposus and
promotes the regeneration of the degenerated
nucleus pulposus. This approach can be used as
an innovative biological therapy that provides
new ideas for treating disc degeneration.* The
second is about the shape memory property of
the scaffold. This property refers to the ability
of a scaffold to remember its original shape
and to regain that shape under some stimulus

Biomater Transl. 2023, 4(4), 297-298

conditions. In this study, the PGD scaffold was
able to spontaneously undergo shape changes
to adapt to the cavity of the nucleus pulposus
of the intervertebral disc, which means that the
scaffold is better able to adapt to different disc
morphologies, improving the success rate of the
surgery and patient outcomes. In addition, the
scaffold degraded at a moderate rate compared to
conventional implants, without being too fast or
too slow, which allowed for the slow release of
SDF-1a and the provision of needed regulatory
factors for stem cells, which could reduce the
deleterious effects on patients.> ¢

In the experiment, the researchers first delivered
PGD rods with smaller diameters into the disc
nucleus pulposus cavity of New Zealand white
rabbits through hollow needles and observed
that stimulated by body temperature, the PGD
scaffolds would spontaneously undergo shape
changes to fit into the disc nucleus pulposus
cavity and to avoid extruding out of the puncture
holes in the annulus fibrosus when compressed.

Encouragingly, the experimental results showed
that the PGD intervertebral disc nucleus
pulposus scaffold not only maintains the height
of the intervertebral disc, but also has the ability
to stimulate autologous stem cells to migrate and
regenerate the degenerated nucleus pulposus
in a relatively short period of time through the
released SDF-1a. This novel minimally invasive
nucleus pulposus regeneration treatment has
great potential for clinical application.

Overall, this study designed and prepared for the
first time a regenerative disc nucleus pulposus
scaffold with regenerative function inspired
by the morphology of a plant vine, which
successfully realised the properties of form the
memory, physiological assistance, and the rate of
degradation, and was able to suit with autologous
nucleus pulposus, and achieved satisfactory
results in the experiments. This innovative
treatment provides new ideas for the treatment
of intervertebral disc degeneration and brings
new hope to patients.
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Figure 1. The surgical procedure for nucleus pulposus scaffold implantation in the L5-L6 intervertebral disc of rabbits
involves the use of a C-arm machine. A hollow needle with a diameter of 1.2 mm is inserted into the nucleus pulposus of
the L5-L6 intervertebral disc. During the operation, a platinum ring is fixed onto the nucleus pulposus scaffold, and the
position of the scaffold is observed using X-ray imaging. The nucleus pulposus scaffold group is divided into the implant
PGD group and the PGD + SDF-1a scaffold group. Created with BioRender.com. PGD: poly(glycerol-dodecanoate);

SDF-1a: stromal cell-derived factor-1o.

However, I still have some concerns. Firstly, this research is
still in the laboratory stage and has not been widely validated
in clinical practice. Although the experimental results
have shown promising effectiveness, further clinical trials
are necessary to assess the efficacy, safety, and long-term
tolerance of the scaffold. Only after sufficient validation
can its feasibility and effectiveness in clinical applications
be determined. Additionally, the study needs to further
consider the long-term effects and stability of the scaffold.
Intervertebral disc degeneration is a chronic process, and the
treatment approach requires long-lasting effects. Issues such
as the degradation rate of the scaffold, the persistence of cell
migration, and the long-term stability of regenerating nucleus
pulposus need to be further researched and evaluated. Finally,
treating intervertebral disc degeneration is just one application
direction in the field of medicine. The potential application of
the scaffold in other diseases still needs further research and
exploration. Different diseases may have different treatment
needs and mechanisms, hence further research is needed to
determine the feasibility and effectiveness of the scaffold in
other diseases.
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