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I recently viewed a documentary series exploring
While the
photography quality was impeccable, and the

Italian Renaissance Fresco art.

selection of Frescos exemplary, I found myself
the
presented by a renowned contemporary painter.

disheartened by narrow perspectives
This artist’s bias in favour of medieval Fresco
art and lesser-known Italian masters led to a
dismissive stance against the innovations of
Renaissance art. He missed a crucial point — the
greatness of Italian Renaissance art lies not in
rigid adherence to religious themes but in its
profound impact on humanity.

Theltalian Renaissancewasamovementdedicated
to the pursuit of harmony between humanity and
nature, nurturing dialogue among a spectrum of
disciplines, including philosophy, literature, and
the sciences. This intellectual blossoming was
further enriched by advancements in fields such
as anatomy, geometry, optics, and the chemistry
of paints. This interplay between diverse fields
and the freedom of intellectual exchanges
ignited serendipitous thinking, serving as the
cornerstone of Renaissance art achievement.

This phenomenon extends to the realm of science
and technology.

I'vividly recall an experience from 2008 when one
of our research projects faced a serious roadblock.
While

mesenchymal stem cells on the surface of mutant

culturing  bone  marrow-derived
viruses, my student, Gagandeep Kaur, made an
unexpected observation. Bone marrow-derived
mesenchymal stem cells exhibited upregulated
osteogenesis on the negative control - wild-
type plant virus-coated surfaces.! Our repeating
experiments consistently confirmed this curious
result. Despite an exhaustive literature search,
we could not find any existing theory to explain
our findings.

It was during a visit to my dentist for an
implantation surgery that serendipity struck.
The dentist mentioned the use of mechanically

Biomater Transl. 2023, 4(3), 129-130

sanded metal screws instead of traditional smooth
screws in modern dental implants. Although the
exact mechanism was unclear, these rougher
screws seemed to integrate more favourably with
the surrounding bone and marrow structures,
leading to fewer implantation failures.

This “eureka” moment led to a realisation - the
osteogenic effects observed on wild-type plant
virus-based substrates likely stemmed from
the specific topographical features provided by
symmetrically organized capsid proteins, rather
than specific functional units or binding epitopes
as we had previously hypothesised.? This
serendipitous event catalysed a new hypothesis:
nanotopographical cues can = significantly
influence stem cell fate. Subsequently, our
research group published numerous papers,
including two in this journal,>* to validate this

hypothesis.

Biomaterials Translational serves as a platform

for cross-disciplinary subjects, welcoming
comprehensive research and celebrating cutting-
edge serendipitous discoveries. In this issue,
three review papers,®”’ a research article,® and a
viewpoint essay’ exemplify our commitment to

these ideals.

My 3-year tenure as part of the editorial team of
this journal has been a rewarding journey,
especially as it coincided with the challenging
period of the coronavirus disease 2019
(COVID-19) pandemic. I am grateful for the
opportunity to collaborate with an exceptionally
talented, dedicated, and professional team -
Lijuan (Irene) Yang, Jie Yu, and Meng Zhao. As
Biomaterials Translational transitions to a new
editorial team, the journal remains constant
in delivering interdisciplinary research in the
expansive field of biomaterials science and
translational research to you, our esteemed
readers.

F§ LI Thank you for your readership!
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ABSTRACT

In recent years, perovskite has received increasing attention in the medical
field. However, there has been a lack of related bibliometric analysis in

this research field. This study aims to analyse the research status and hot
topics of perovskite in the medical field from a bibliometric perspective

and explore the research direction of perovskite. This study collected 1852
records of perouvskite research in the medical field from 1983 to 2022 in the
Web of Science (WOS) database. The country, institution, journal, cited
references, and keywords were analysed using CiteSpace, VOS viewer, and
Bibliometrix software. The number of articles related to perovskite research
in the medical field has been increasing every year. China and USA have
published the most papers and are the main forces in this research field. The
University of London Imperial College of Science, Technology, and Medicine
is the most active institution and has contributed the most publications. ACS
Applied Materials & Interfaces is the most prolific journal in this field.
“Medical electronic devices”, “X-rays’, and “piezoelectric materials” are the
most researched directions of perovskite in the medical field. “Performance”,
“perouskite”, and “solar cells” are the most frequently used keywords in this
field. Advanced Materials is the most relevant and academically influential
journal for perovskite research. Halide perovskites have been a hot topic

in this field in recent years and will be a future research trend. X-ray,
electronic medical equipment, and medical stents are the main research

directions.

Introduction

Perovskite is a class of ceramic oxides named after
their crystal structure, which is an octahedral cube
with the general formula ABX,. The A-site is
usually composed of organic or inorganic cations
(such as methylammonium, formamidinium,
or inorganic cations Cs* or Rb*); the B-site is
composed of inorganic cations (Pb?* or Sn?*); and
the X-site is composed of oxygen or halides (I,
Br, or Cl). The surface adsorption of oxygen and
lattice oxygen on perovskite affects its catalytic
activity. At lower temperatures, surface adsorbed
oxygen plays a major role in oxidation; at
higher temperatures, lattice oxygen plays a role.

Biomater Transl. 2023, 4(3), 131-141

Changing the metal elements at the A and B sites
can regulate the number and activity of lattice
oxygen. Substituting some of the +3-valent A
and B atoms with +2 or +4-valent atoms can
also generate lattice defects or lattice oxygen,
thereby improving catalytic activity. This makes
perovskites have excellent prospects in high-
temperature catalysis and photocatalysis.!

In recent years, perovskites have been widely
used in medical imaging. Medical X-ray imaging
requires a reduction in diagnostic medical
radiation to minimise its impact on patient
health.” * Studies have shown that organic-
metal perovskites prepared as thin films at low
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temperatures and used in digital X-ray detectors have not
only the advantages of low cost and large radiation area, but
also low radiation dose.* Metal halide perovskites are a new
type of optoelectronic material that can be used as a solution-
deposited absorption layer in solar cells.® It also has the function
of enhancing the water stability of halide perovskites and can
be used for upconversion imaging in living cells.® Therefore,
it has been widely used in the field of biological imaging. Due
to the good biocompatibility and piezoelectric properties
of perovskites, they are increasingly being manufactured
as scaffolds for patients with fractures.” In addition, some
materials can be simply encapsulated in a phospholipid
protective layer through a thin film hydration method, which
makes them have long-term waterproof characteristics and
multi-functional biological imaging capabilities, and can be
used for multi-cell imaging and in vitro tumour targeting.?
Apart from high-temperature catalysis and photocatalysis,
perovskite particles can also be used as catalysts for cellular
metabolism.

Bibliometrics is the analysis of published information (such
as books, journal articles, datasets, blogs) and their related
metadata (such as abstracts, keywords, citations), using
statistical data to describe or display relationships between
published works. In recent years, bibliometric analysis has been
used to analyse data, draw graphs, and show future research
trends.” However, to date, no bibliometric analysis of the
application of perovskites in the medical field has been found.
Therefore, this study aims to analyse the research direction of
perovskites in the medical field through bibliometric analysis,
to understand related emerging frontier topics, and to provide
direction for subsequent research.

Chen, W.; et al.

Methods

Documents collection and retrieval strategy

We used the Web of Science (WOS) core collection database
to search relevant publications on applications of perovskite in
the medical field. The WOS database includes journals, books,
patents, conference proceedings, and web resources. We chose
the WOS database because it provides many articles with
complete information.

The search formula used was: #1AND#2OR#3)=[((ALL=
(medical)) OR ALL=(medicine)) OR ALL=(biomedical) AND
(((TS=(perovskite)) OR TI=(perovskite)) OR AB=(perovskite)
OR((TS=(CaTiO,)) OR TI=(CaTiO,)) OR AB=(CaTiO,)]

Through the above search formula, a cross-sectional search
was performed on December 17, 2022, and 1852 publications
were retrieved from WOS in total. Finally, we reviewed
and evaluated all available publication data to identify those
that focused on “applications of perovskite in the medical
field”. Figure 1 illustrates the search and exclusion protocols
employed in this study for identifying suitable publications
from the WOS database. The literature search was limited
to English publications published between 1983 and 2022. In
this study, our database only included research articles and
reviews. The final screening results were exported to a dataset,
including citation information (author, publication title, year
of publication, source title, volume, issue, page numbers,
citation count, source, and publication type) and bibliographic
information (affiliation, editor, keywords, and funding details).
The complete records of the retrieved articles were saved and
downloaded from the WOS database and saved in BibTeX
format for further analysis.

#1 AND (#20R#3)

n=1852

n=1852

n=1720

n=1708

n=1708

Figure 1. Flowchart for the selection of literature included in this study.

1 Department of Orthopaedic Surgery, Third Hospital of Hebei Medical University, Shijiazhuang, Hebei Province, China; 2 Key Laboratory of Biomechanics
of Hebei Province, Shijiazhuang, Hebei Province, China; 3 NHC Key Laboratory of Intelligent Orthopaedic Equipment, Shijiazhuang, Hebei Province, China;
4 Center for Human Tissues and Organs Degeneration, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen, Guangdong

Province, China
*Corresponding author: Wei Chen, surgeonchenwei@126.com.
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Analysis tools

To describe the characteristics of all literature related to
“application of perovskite in the medical field”, we used
Bibliometrix (R Studio, V1.4, Posit Software, Boston, MA,
USA)"and CiteSpace V5.8 R3 (Drexel University, Philadelphia,
PA, USA)" to further analyse all eligible data.

Bibliometric analysis

The dataset was imported into Bibliometrix, which can
analyse annual publishing trends and create line charts. In
addition, it was also used to analyse the annual publishing
trends of different countries and regions, as well as different
journals. The bibliometrix package was employed to produce
a word cloud and thematic map illustrating the top 100 high-
frequency keywords. Thematic map starts with a co-occurring
keyword network and draws a typified theme for a field in a
two-dimensional map. The utilization of keyword+ (KWP)
enables a more accessible interpretation of the research themes
established within the framework. This analysis is conducted

Biomaterials Translational

based on word or phrase occurrences that frequently appear in
the reference titles cited within articles, but do not appear in
the article titles themselves.

Results

General data

After searching the query, a total of 1852 articles were obtained.
After undergoing additional screening, a total of 1708 articles
met the inclusion criteria for the assessment system. Table 1
presents the general information of all the included literature.
The cumulative citation count for all the articles was 67,654,
with an average citation frequency of 39.61 times per article.
Among the included articles, there were 1584 research
articles, comprising 92.7% of all publications, and 124 reviews,
comprising 7.3% of all publications. Overall, 78 countries/
regions, 1896 institutions, 7193 authors, and 447 journals have
contributed to this field. The study also found that the number
of articles published in journals increased between 2013 and
2022.

Table 1. General information of all publications on perovskite materials in the Web of Science database

Description Results
Main information about data

Timespan 1983-2022
Sources 447
Documents 1708
Annual growth rate (%) 4.11
Document average age (year) 5.66
Average citations per document 39.61
References 61233
Document contents

Keywords plus (ID) 3480
Author’s keywords (DE) 3714
Authors

Total number of authors 7193
Authors of single-authored documents 15
Authors collaboration

Single-authored documents 17
Co-authors per document 6.87
International co-authorships (%) 37.82
Document types

Research article 1584
Review 124

Note: DE: the field identifier of the Author’s Keywords; ID: the field identifier Of ‘Keywords Plus’in the Web Of Science.

Publication trend

The number of newly published papers in the field of
perovskite medical applications is depicted in Figure 2. The
overall trajectory exhibits an upward trend, with a growth rate
of 15.21%, dividing into two distinct periods. The first period
spans from 1983 to 2012, during which the annual number of
new publications in this field remained below 50. This period
demonstrates a relatively stable trend, with an average annual
growth rate of 8.38%. The second period covers the years
2013 to 2022, witnessing an annual increase of more than 50
publications, indicating a notable overall upward trend with

Biomater Transl. 2023, 4(3), 131-141

an annual growth rate of 18.3%. It is worth noting that the
number of new publications added in 2014 and 2016 is slightly
lower than the previous year.

Country/region

Figure 3 presents a ranking of the top ten countries/regions
that have made significant contributions in this field. China
takes the lead with 2241 published papers, followed by USA
with 529 papers, and UK with 458 papers. The region with
the highest number of publications is Asia, accounting for
46.76% of all publications, followed by Europe, accounting for
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Figure 2. Number of publications related to novel clinical applications of perovskite materials in the Web of Science

database (1983-2022).
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Figure 3. Top ten most productive countries/regions of all publications on perovskite materials in the Web of Science

database.

30.23% of all publications. China is the most prolific country in
Asia, and UKis the most prolific country in Europe. In terms
of citations, China has the highest total number of citations
(TC) (n=18,296) and frequency of collaboration (n = 348); UK
ranks second in TC (n=15,905) and frequency of collaboration
(n=191); USA ranks third in TC (n = 11,306) and frequency of
collaboration (n = 177).

Institution

Figure 4A shows the top ten institutions with the highest
output in the field of perovskite medical applications based
on the number of publications. The institution with the most
publications is the University of London Imperial College
of Science, Technology, and Medicine (210 publications),
followed by the Chinese Academy of Sciences (91 publications)
and King Saud University (59 publications). In terms of total
citations, the University of London Imperial College of
Science, Technology, and Medicine is again the top institution
(with 18,834 citations), followed by the Chinese Academy
of Sciences (3457 citations) and Southeast University (2334

citations). Among all institutions, London Imperial College
of Science, Technology, and Medicine (with 90 citations per
article) has the highest average citation frequency per article,
followed by the National University of Singapore (72 citations
per article) and the University of Cambridge (72 citations per
article). Among the top ten most prolific institutions, five are
in China, two are in the UK, and the other three are in Japan,
Singapore, and Saudi Arabia.

In Figure 4B, a co-authorship network map of institutions
is shown. The map reveals clusters of closely collaborating
institutions. The largest cluster includes the Chinese Academy
of Sciences, King Saud University, and the National University
of Singapore, indicating that these institutions have close
collaborative relationships, with the most participating
institutions from China. Notable examples include the
Imperial College of Science, Technology, and Medicine at the
University of London and the Chinese Academy of Sciences.

Figure 4C shows a line chart that reflects the number of
publications per year for the five most prolific institutions. The

www.biomat-trans.com
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University of London Imperial College of Science, Technology,
and Medicine has been publishing articles in this field since
1997 and has the highest number of publications, citations, and
average citations per article. The other four institutions started
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publishing more articles after 2015, with the Chinese Academy of
Sciences showing a significant increase in publications since 2013.
Southeast University has fewer publications than the Chinese
Academy of Sciences, but it is also trending upward overall.

Univ  Huazhong Peking Univ
Univ  Yamanashi Singapore Cambridge Univ Sci
& Technol

Publications Total citations ~ Citations per publication

Figure 4. Keyword co-occurrence analysis of all publications on perovskite materials in the Web of Science database.
(A) The number of articles published, the number of articles applied, and the average number of articles applied in
VOS viewer. (B) Use VOS viewer to visualize the institutional co-occurrence network. Large nodes indicate that the
occurrence rate of keywords is higher. The same colour indicates a close relationship. (C) Annual number of publications
by the top five most productive institutions. In each group, the larger the node, the higher the frequency of the keyword;
the denser the line, the closer their relationship. “Conversion” and “highly performance” not only have a high frequency

of appearance, but also have a close relationship.

Journal

Table 2 shows the top nine most prolific journals and most
cited journals in the field of perovskite materials. ACS Applied
Materials & Interfaces (impact factor (2021) 10.38, Q1) is the
most prolific journal with 46 publications (16.25% of the total),
followed by Solid State Ionics (impact factor (2021) 3.70, Q2)
with 40 publications, and Chinese Chemical Letters (impact factor
(2021) 8.46, Q1) with 39 publications. In terms of citation and
impact, Solid State lonics ranks first (4396 TC, H-index 25),
followed by Advanced Materials (2440 TC, H-index 21) and
ACS Applied Materials & Interfaces (1051 TC, H-index 18). It’s
worth noting that the number of publications alone may not
accurately reflect a country’s or institution’s influence in a
given field. Therefore, we employed VOS viewer to identify
the most frequently cited journals in the field of perovskite
materials. The top three most cited journals are Advanced
Materials (777 citations), Journal of the American Chemical Society
(740 citations), and Science (736 citations).

Biomater Transl. 2023, 4(3), 131-141

Top cited articles

To ascertain the most influential research in this field, we
utilized bibliometrics to extract the top ten most cited papers
with the highest number of citations. The ten most cited
papers are listed in Table 3. The most cited paper (73 local
citations) was published by Yong Churl Kim in Nature in 2017,
titled “Printable organometallic perovskite enables large-area, low-
dose X-ray imaging’. In this paper, the author discovered that
perovskite films can control dark currents and instantaneous
charge carrier transport, enabling low-dose X-ray imaging,
as well as being used for radiation imaging, sensing, and
energy harvesting photodetectors. In addition, four papers'*'®
reported on the relevant information of lead halide perovskites.
Only one review introduces the past and present development
of halide perovskite, as well as its prospects for the future."
The other three articles respectively introduce the relevant
knowledge of halide perovskite with X-ray'!'* and gamma
photons."
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Table 2. The top nine most prolific journals and co-cited journals with the most publications related to novel clinical
applications of perovskite materials

Chen, W.; et al.

Impact Impact factor
Total H factor Co- (2021) of co-
Rank Journal Publications® citations index (2021) Co-cited journal citations cited journal
1 Solid State Ionics 40 4396 25 37 Advanced Materials 777 32.09
2 Advanced Materials 29 2440 21 32.09 Journal of the 740 16.38
American Chemical
Society
3 ACS Applied 46 1051 18 10.38 Science 736 63.71
Materials &
Interfaces
4 Journal of 24 1073 18 19.92 Nature 717 69.5
Materials
Chemistry A
5 Advanced 30 1118 15 3.75 Chemistry of 607 10.51
Functional Materials
Materials
6 Chemistry of 23 2263 15 10.51 Nature 601 17.69
Materials Communications
7 Chinese Chemical 39 715 15 8.46 ACS Applied 582 10.38
Letters Materials &
Interfaces
8 Journal of 28 473 13 8.07 Advanced 574 19.92
Materials Functional
Chemistry C Materials
9 Journal of Alloys 24 595 12 6.37 Nano Letters 535 12.26

and Compounds

Note: *The publication refers to an article that has been published in a journal and expresses information and knowledge in a certain
way, including text, images, and tables

Table 3. The top ten most cited publications with the most publications related to novel clinical applications of
perovskite materials
Publication

Rank First Author Title Local citations Journal year

1 Yong Churl Kim Printable organometallic perovskite enables 73 Nature 2017
large-area, low-dose X-ray imaging

2 Qiushui Chen All-inorganic perovskite nanocrystal 70 Nature 2018
scintillators

3 Weicheng Pan Cs,AgBiBr, single-crystal X-ray detectors with g0 Nature 2017
a low detection limit

4 Renzhong Highly sensitive X-ray detector made of 35 Nature 2019

Zhuang layered perovskite-like (NH,) Bil, single

crystal with anisotropic response

5 Ajay Kumar Jena  Halide perovskite photovoliaics: background, 31 Chemical Reviews 2019
status, and future prospects

6 Yuhai Zhang Metal halide perovskite nanosheet for Xray 29 ACS Nano 2019
high-resolution scintillation imaging screens

7 Yunxia Zhang Nucleation-controlled growth of superior 29 Nature 2020
lead-free perovskite Cs Bi I, single-crystals for Communications
high-performance X-ray detection

8 Sergii Yakunin Detection of gamma photons using solution- 27 Nature 2016
grown single crystals of hybrid lead halide
perovskites

9 M D Birowosuto  X-ray scintillation in lead halide perovskite 24 Scientific Reports 2016
crystals

10 Weicheng Pan Hot-pressed CsPbBr, quasi-monocrystalline 23 Advanced Materials 2019

film for sensitive direct X-ray detection

www.biomat-trans.com
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Keywords’ evolution

Keyword analysis is used to summarise and convey the thesis
topic. Figure 5A shows co-occurring keyword analysis,
grouping similar keywords together using “site space”. The
study merges 50 keywords into 14 groups, such as energy
transfer, colloidal synthesis, and highly luminescent, which
can be grouped under nanocrystal. The research hotspots are
“oxidation,” “hybrid perovskite”, and “carbon nanotube”.

Figure 5B lists the most commonly used keywords, with larger
font sizes indicating higher citation frequencies. The top ten
most frequently used keywords are “performance” (n = 168),

Biomaterials Translational

“perovskite” (n = 141), “solar-cells” (n = 127), “efficient” (n =
122), “stability” (n = 111), “nanocrystals” (n = 107), “films” (n
= 85), “temperature” (n = 84), “nanoparticles” (n = 82), and
“transport” (n = 81).

Figure 5C illustrates the top 25 keywords exhibiting notable
citation bursts in the field of perovskites. The active and non-
active periods are represented by red and blue, respectively.
Starting from 2010, keywords such as “nanocrystal”, “Br”, “Cl”,
“photoconductor” and “semiconductor” have been consistently

utilized.

Figure 5. Keyword co-occurrence analysis of all publications on perovskite materials in the Web of Science database. (A)

Use VOS viewer to visualize author keyword co-occurrence network. (B) Keywords that appear the most. The larger the
font, the higher the frequency of keywords. (C) The initial keyword with the most significant citation burst signifies the
prominent topics during different time periods. The red bars indicate the duration of the burst period, highlighting the
intensification of interest. The strength of the burst indicates the importance of the topic to the field of study.

Discussion

Over the past few decades, researchers have conducted
extensive studies on the application of perovskites in the
medical field. A comprehensive analysis of research related
to perovskites was conducted using bibliometric analysis,
exploring publications, countries, institutions, journals, most
cited articles, and keywords.

Global publication trends and countries/regions

The increasing number of publications in the field of perovskite
medical applications indicates a growing interest and research

Biomater Transl. 2023, 4(3), 131-141

focus in this area. The steady increase in the number of
newly published papers since 2013 suggests that researchers
are recognising the potential of perovskite materials in
medical applications. The involvement of multiple countries,
institutions, authors, and journals highlights the collaborative
nature of research in this field. Collaboration between
different entities can lead to the exchange of ideas, expertise,
and resources, contributing to scientific advancements.
China emerges as the leading contributor in terms of the
number of published papers. This demonstrates China’s active
involvement and significant research output in perovskite
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medical applications. It also reflects China’s commitment to
scientific research and development. Among them, the high
efficiency and low cost of perovskite solar cells made in China
have attracted worldwide attention.'

Asia and Europe are the leading regions in terms of publication
output. This suggests that researchers from these regions are
at the forefront of exploring the applications of perovskite
materials in medicine. The high number of publications from
these regions signifies their expertise and contributions to
the field. The cumulative citation count and average citation
frequency indicate the impact and visibility of the published
articles. A higher number of citations suggests that the research
conducted in this field has gained attention and recognition
within the scientific community. Overall, the analysis
underscores the growing research interest in perovskite
medical applications, the collaborative nature of scientific
exploration, and the significant contributions of China, Asia,
and Europe in advancing this field. These findings provide a
foundation for further research and development in leveraging
perovskite materials for medical applications.

Institutions

The influence and contribution of research institutions
represent the research level of a country or region. Among
the top ten most prolific institutions, five are in China and
two are located in UK. The University of London Imperial
College of Science, Technology and Medicine in UK is the
most productive institution, publishing the most papers
on the application of perovskites in the medical field, and
each paper is cited on average the most times. This research
institution focuses on the problems and solutions encountered
in the application of halide perovskites. Their recent research
shows that tin halide perovskites are the preferred option for
lead-free perovskite optoelectronic devices.” In China, the
institution with the most papers and citations is the Chinese
Academy of Sciences, which has focused on perovskite solar
cells in recent years.

Journals and co-citation journals

In terms of publication output, ACS Applied Materials &
Interfaces is the most prolific journal with 46 publications,
representing 16.25% of the total. It is followed by Solid State
Ionics with 40 publications and Chinese Chemical Letters with 39
publications. These journals have a significant contribution
to the dissemination of research in the field. However, when
considering citation impact, Solid State Ionics ranks first with
4396 total citations and a 25-H-index. This indicates that
the articles published in Solid State Ionics have generated a
substantial impact and have been widely cited.

Furthermore, it is important to note that the number of
publications alone may not accurately reflect the influence
of a country or institution in a specific field. Therefore,
additional analysis was conducted using VOS viewer to
identify frequently cited journals in the field of perovskite
materials. The results reveal that Advanced Materials is the
most frequently cited journal, with 777 citations. It is followed
by Journal of the American Chemical Society with 740 citations
and Science with 736 citations. These highly cited journals
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indicate their significance and impact in the field of perovskite
materials research.

In conclusion, while ACS Applied Materials & Interfaces, Solid
State Ionics, and Chinese Chemical Letters are the top prolific
journals in terms of publication output, Advanced Materials,
Journal of the American Chemical Society, and Science are the
most frequently cited journals, highlighting their influence and
importance in the field. Researchers should consider publishing
their work in these high-impact journals to maximise visibility
and potential citations.

Most cited references

Among all publications, the article most frequently cited is
“Printable organometallic perovskite enables large-area, low-dose
X-ray imaging’ by Kim et al.* The authors found that solution-
processed perovskite detectors can achieve low-dose X-ray
imaging and can also be used for radiation imaging, sensing,
and energy harvesting in optoelectronic devices. This article
provides theoretical support for the widespread application of
perovskites in X-ray medical imaging in the future. The most
cited review is “Halide perovskite photovoltaics: background, status,
and future prospects’ by Jena et al.,'”* which is a comprehensive
review of past research, current status, and future prospects
of halide perovskites. The article focuses on summarizing the
principles and latest advances in X-ray detectors and solar
cells, laying the foundation for future related research.

Research hotspots and frontier trends

In the past, research on perovskite materials was mainly
focused on inorganic oxides, such as ceramics, hydroxyapatite,
and perovskite-type oxide. As research continues to deepen,
halide and organic oxides are also receiving attention. The
physical and chemical properties of perovskites, such as
hysteresis, electrical properties, and conductivity, have always
been a focus of research.

Perovskites and X-rays

X-rays play a crucial role in the medical field due to their
penetrating effect, differential absorption, photosensitivity,
and fluorescence. They can assist doctors in diagnosing
diseases more accurately.”® However, X-rays are also one of
the most widely used sources of radiation in medical diagnosis
and treatment, and ionisation and radiation can cause protein
decomposition, leading to damage to the human body. Long-
term radiation exposure can cause DNA molecule breakage and
increase the risk of cancer.'” ?° Therefore, reducing radiation
and improving imaging quality is an urgent problem that needs
to be addressed. In recent years, scientists have found that
materials such as (NH,),Bi [, single crystals, Cs,Bi, I, perovskite
single crystals, and colloidal perovskite nanosheets (CsPbBr,)
have high sensitivity, low radiation, and high imaging
quality.'* 2" This shows that perovskites can reduce radiation
and improve X-ray imaging quality, further improving their
clinical applications.

Perovskites and medical electronic devices

With the development of society, energy demand is constantly
increasing, and innovative solutions for efficient energy
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harvesting are needed. In modern medical diagnostic and
treatment methods, implantable biomedical electronic devices
can improve patients’ clinical outcomes and provide a large
amount of data about the patients themselves, so they need
to be small and lightweight. However, energy storage is
still one of the obstacles affecting energy applications.?”
The development of medical electronic devices aims to
reduce energy consumption while also being able to extract
energy from the environment, and solar cells are just the
right solution. Sunlight is the easiest to obtain and cleanest
source of energy. After the battery is implanted under the
skin, it can obtain energy through solar radiation. However,
the application of solar cells in the human body is limited by
many factors. Firstly, they need to have good biocompatibility.
Poon et al’s experiment* has shown that cells grown on
perovskite material surfaces have good metabolism and can be
implanted in the human body for a long time while also having
good piezoelectric properties. In terms of optical properties,
Aminzare et al.” found that perovskites also exhibit efficient
radiation recombination and coordinated spectral emission,
with good photoelectric properties.

However, perovskite solar cells also have some problems, such
as the incompatibility of halide ions with other ions, which
can become charge traps and aggravate ion migration, severely
affecting the efficiency and stability of the battery. Trap-
mediated nonradiative charge recombination at the surface is
one of the main limitations for achieving highly efficient metal
halide perovskite photovoltaics.”® ¥ Zhang et al.”® found that
dual-functional cellulose can significantly reduce trap states,
thus significantly suppressing nonradiative recombination
and improving the power conversion efficiency of perovskite
solar cells. Polyethylene glycol diacrylate can passivate surface
defects in perovskite thin films to improve power conversion
efficiency.” The defects in perovskite solar cells can be
compensated for by other materials, and new materials are
constantly being discovered and manufactured.

Perovskites and medical materials

Bones have strong regenerative abilities, but when the body’s
self-healing ability is exceeded, transplantation is required.
Autogenous bone transplantation and allogeneic bone
transplantation are not widely applicable due to quantity
limitations. Therefore, suitable scaffolds are crucial for bone
fracture healing.*® There are many types of materials used to
make scaffolds, including metal materials, polymer materials,
and inorganic materials.’! Regardless of the material used, good
biocompatibility, biodegradability, and mechanical strength
are required.*> Metal materials such as Mg and Zn can promote
bone generation but have moderate mechanical properties.
Polymer materials such as polylactic acid have good flexibility
but are brittle. Inorganic materials such as hydroxyapatite
have good biocompatibility but poor mechanical strength.
These materials all have advantages and disadvantages and
can be improved or combined with other materials to make
scaffolds to help patients with bone fractures recover.** *
In recent years, biocompatible piezoelectric materials have
received widespread attention due to their piezoelectric
properties similar to those of human bones.*® Biocompatible
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piezoelectric materials can come into contact and interact
with human tissues in the body, produce local currents,
restore damaged electrophysiological microenvironments,
and promote bone regeneration.** ¥ Some perovskites have
piezoelectric properties, which have great potential in scaffold
preparation. Bagchi et al.” found that perovskite ceramics such
as calcium titanate and strontium titanate are compatible with
cells, significantly enhance the expression of osteogenic genes,
and promote bone regeneration. Dai et al.*® found that barium
titanate and polylactic acid piezoelectric composite materials
can promote bone tissue regeneration and have strong
osteogenic effects.

Perovskites and enzymes

There are many ways to treat cancer, and inducing cell
pyroptosis is one of the new treatment methods. Pyroptosis is
a new type of cell death that also belongs to programmed cell
death, including membrane perforation, cell swelling, and cell
rupture.’”” Unlike apoptosis, pyroptotic cells swell and release
cell contents, such as the typical inflammasome.* Chang et al.*!
found that perovskite nanoenzymes can induce cell pyroptosis
and have significant therapeutic effects on cancer through in
vitro cell and in vivo animal experiments. In addition to direct
application in clinical treatment, perovskites can also be used in
biochemical research. Nanoenzymes synthesised by perovskite
oxide BiFeO, have peroxidase-like activity and can measure
creatinine levels in human serum.*

Limitations

There are several limitations to current research. First, only one
database (WOS) was searched, and other databases and sources
of information are not included in the bibliometric analysis of
this article. Therefore, some potentially valuable information
may have been missed. Second, because many authors are from
China and their name abbreviations are repeated, no research
was conducted in the “Results” section. Third, bibliometric
analysis often uses citations to evaluate publishing quality. The
application of perovskite in the medical field needs more study
and more in-depth and comprehensive research.

Conclusion

In conclusion, research on perovskite materials in the medical
field has been on the rise over the past 40 years, with a
significant increase in the number of publications in the last
20 years. China has emerged as a major contributor to this field
with the largest number of publications and collaborations
with other countries. There is great potential for China to
further develop its research in this area in the future.

Advanced Materials is the most relevant and influential
journal in the field of perovskite research in medicine. Halide
perovskites have become a hot research topic in recent years
and are expected to be a future research trend. X-rays, medical
electronic devices, and medical materials are the main research
directions.
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Periodontitis is a prevalent oral disease. It can cause tooth loss and has a
significant impact on patients’ quality of life. While existing treatments

can only slow the progression of periodontitis, they are unable to achieve
complete regeneration and functional reconstruction of periodontal tissues.
As a result, regenerative therapies based on biomaterials have become a focal
point of research in the field of periodontology. Despite numerous studies
reporting the superiority of new materials in periodontal regeneration,
limited progress has been made in translating these findings into clinical
practice. This may be due to the lack of appropriate animal models to

simulate the tissue defects caused by human periodontitis. This review
aims to provide an overview of established animal models for periodontal
regeneration, examine their advantages and limitations, and outline the
steps for model construction. The objective is to determine the most relevant
animal models for periodontal regeneration based on the hypothesis and
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Periodontitis is a chronic inflammatory disease
characterised by progressive destruction of the
periodontium, including the gingiva, alveolar
bone, periodontal ligament, and cementum.
The disease affects about 20-50% of global
population, with clinical manifestations such
as gingival recession, tooth mobility, and
tooth loss.! The primary cause of periodontitis
is subgingival dental biofilm, which is why
traditional treatments aim to control biofilm
and reduce inflammation to halt the progression
of the disease.”? However, such treatments are
limited in their ability to reverse tissue loss and
reconstruct the biomechanical support of the
teeth.? To address these limitations, regenerative
therapies aimed at reconstructing all elements of
the periodontium have become a central focus
in the field of periodontology. These therapies
strive to restore both the structure and function
of the periodontium over previously diseased
teeth.

Periodontal regeneration is an approach that
leverages biomaterials to support tissue growth

and repair. By utilizing biomaterials that create
a supportive environment and incorporating
growth factors and stem cells, periodontal
regeneration aims to recreate a functional
interface between the various components of
the periodontium. Guided tissue regeneration
concepts are applied through the use of barrier
biomaterials to direct periodontal ligament stem
cells and facilitate connective tissue attachment.**
Bone grafting materials, such as autogenous
and allograft bone and bone substitutes, are
used to fill bone defects and promote bone and
cementum regeneration.

Despite promising results from preclinical
studies, the clinical outcomes of periodontal
regeneration remain limited and unpredictable.®
To fully restore the mechanical structure of the
periodontium, it is necessary to recreate the
functional interface between all components of
the periodontium. To this end, the regenerative
effects of biomaterials must be validated in similar
tissue defects prior to their clinical application.

At present, a variety of animal models have
been employed to model periodontitis or similar

www.biomat-trans.com



Animal models for periodontal regeneration

periodontal defects, including rats, dogs, rabbits, miniature
pigs, and non-human primates.®® Large animals are preferred
for their similarity in anatomy and physiology to humans, but
ethical considerations limit their use. Smaller animals, such as
rats and rabbits, are more cost-effective and convenient, and
are often used in the early stages of material testing.

To model periodontal defects in animals, various surgical
and ligature-induced models have been established, including
supra-alveolar defects,’ dehiscence defects,' furcation defects,'!
fenestration defects'? and intrabony defects." In these models,
periodontal ligament and cementum are completely removed
to reproduce the characteristics of human periodontal defects.

Biomaterials Translational

This review summarises the various animal models used for
periodontal regeneration, detailing their advantages and
procedures for establishing periodontal defects.

Literature Search

The articles about animal models for testing biomaterials
in periodontal regeneration were retrieved by the search
terms: (“periodontal regeneration” OR “periodontal tissue
engineering”) AND (“animal model” OR model OR preclinical)
AND (biomaterial OR biomaterials). These searches were
performed on Medicine in December, 2022. A total of 185
records were retrieved and carefully screened for eligibility.
Finally, 114 articles were included in this review (Figure 1).

185 records identified through database searching

71 articles excluded:
Review (n = 35)

Expert consensus (n = 1)
Hypotheses (n = 1)

In vitro study (n = 32)
Human study (n = 2)

114 articles included in this review

Figure 1. Flowchart of the literature search process.

Periodontal Defect Model

Mouse

Mice are widely utilised in biomedical research as models for
periodontal disease due to their low-cost and convenience.
However, the narrow oral cavity of mice poses challenges when
performing intricate surgical procedures. This limitation makes
it difficult to achieve uniform defect sizes across experimental
groups. Hence, the murine periodontal defect was not surgically
created, but rather induced through periodontitis. The unique
advantage of mice is that stem cells originating from human
can be transplanted and evaluated for their regenerative ability
in immunodeficient mice. Additionally, mice can be gene-
manipulated, enabling researchers to study the impact of
specific genes on periodontal regeneration.

In 2018, Dr. Fareeha Batool" reported a chronic defect model
in mice to test a membrane biomaterial for periodontal
regeneration. The model involved inducing periodontitis
in the palatal sites of the maxillary 1 molar through the
placement of Porphyromonas gingivlais-infected silk ligatures.
After 40 days, intrabony defects were formed, and the safety
and efficacy of the biomaterial were evaluated through a palatal
flap technique. The biomaterial was placed over the bony
defect, and periodontal regeneration was assessed at 7" and 15

days post-treatment. The assessment included measurements
of epithelial attachment, connect tissue attachment and
alveolar bone level, analysed through histological imaging,
to demonstrate tissue regeneration. This study provides
valuable insights into the use of mice as models for evaluating
regenerative therapies in periodontal disease.

Rat

The rat has become a commonly used animal model in the
study of periodontal disease due to its histological similarities
with the human periodontal region. Through inoculating
periodontal pathogens, or fixing ligatures around the teeth,
rats can develop periodontitis.”” However, it is important
to consider certain differences between rats and humans,
including rapid wear of the occlusion surfaces and continuous
eruption of molars leading to physiological remodelling of
periodontal tissues.” Moreover, it is noteworthy that in rats,
tooth drift occurs in a distal direction, whereas in humans, it
occurs mesially. Cellular cementum progressively deposits to
adapt to these physiological changes. This has a significant
impact on the interpretation of data from periodontal defect
models in rats. In addition, rats are less likely to form intrabony
defects in periodontitis model due to the narrow interdental
spaces, usually presented with horizontal bone loss.'
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Periodontal fenestration defect models have been widely
used in research. Male Wistar or Sprague-Dawley rats are
the most commonly used strains in these studies, where
a critical-size defect is created on the radicular surfaces of
the mandibular molars. The surgical procedure involves
making an incision along the inferior border of the mandible,
dissecting the underlying masseter muscle and periosteum,
creating a 2 mm wide, 5 mm long, and 1.2 mm deep defect,
and removing residual periodontal ligament and cementum."”
To assess the regenerative ability of membrane biomaterials,
these membranes were placed into the defects. Three weeks
after the regenerative surgery, tissue samples are collected
for the histological examination. This model can be modified
by injecting rats with lipopolysaccharide to establish an
inflammatory condition,”® conducting the procedure in
athymic rats to study the cell sheets obtained from human
donors,'> ' or combining it with ovariectomy to study the
effect of biomaterials in patients with both periodontal disease
and osteoporosis.”® ?!

Intrabony defect models can also be created in rats by surgically
creating bilateral intrabony defects mesial to the first maxillary
molar. After a crestal incision is made on the alveolar ridge, the
alveolar bone mesial to the first maxillary molar is eliminated
using a piezoelectric device under saline irrigation.'> ?*? The
final dimensions of the defect are 2 mm by 2 mm by 1.7 mm
in length, width, and depth, respectively. The defects are
then treated with biomaterials according to the study design,
and after 12 weeks, animals are euthanised and dissected for
histomorphometry analysis.**

Rabbit

Periodontitis can be induced in rabbits.*® Unlike rats and
mice, the use of ligatures alone is not sufficient to induce
periodontal disease in rabbits, making them a valuable model
for evaluating the specific impact of human origin periodontal
pathogens. Surgical creation of periodontal fenestration defects
is also possible in rabbits due to their larger size, however, the
continuous eruption of their teeth results in shifting of the
defects towards the occlusal surface. By 12 weeks post-surgery,
the defects have been replaced, rather than regenerated, with
no signs of the surgical procedure present. As a result, the
rabbit fenestration defect model is not appropriate for the
study of periodontal regeneration.” Instead, traditional models
such as rabbit femoral and calvarial defects have proven to
provide valuable insights into bone healing and regeneration,
although they may not accurately reflect the specific situation
of periodontitis.** **

Dog

The size and anatomy of teeth and periodontal tissues in dogs
are comparable to those observed in humans. Due to the
accumulation of dental plaque and calculus, dogs frequently
develop periodontitis in adulthood. In dogs, periodontitis
is characterised by gingival recession, the formation of deep
periodontal pockets, and bone defects.** Furcation regions are
more commonly affected than interdental spaces, and in the late
stages of periodontitis, the first and second premolars are most
frequently lost. While naturally occurring periodontal defects
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in dogs are not uniform in terms of extent and location, this
model may not be ideal for studying periodontal regeneration.*
In contrast, surgical models are often used to test regeneration
procedures. Defects can be rapidly and symmetrically created
in dogs, allowing for the assessment of scaffolds, membranes,
and growth factors for tissue regeneration. However, it is
important to note that the care regulations for dogs are more
complex and costly compared to rodents. Dogs require weekly
periodontal prophylaxis, including ultrasonic cleaning and the
use of 0.12% chlorhexidine mouthwash.

Intrabony defects

The production of 1-, 2-, and 3-wall intrabony defects in
beagles has been experimentally validated. Among these, 3-wall
intrabony defects exhibit greater potential for periodontal
tissue regeneration. On the other hand, 1-wall defects are more
susceptible to the formation of junctional epithelium, owing
to the challenge of preserving the interstitial space between
the tooth surface and the soft tissue flap.** The outcomes of
tissue regeneration in the 2-wall intrabony defect model are
influenced by the location of tissue sections, with sections
closer to the lateral wall demonstrating greater regeneration
than those further away.”® Thus, the 2-wall intrabony defect
may not be the optimal choice for evaluating candidate
biomaterials.

The procedures for creating periodontal intrabony defects in
dogs have been described in previous literatures.”* Following
the extraction of one or two premolars and a 2-month healing
period, incisions are made and mucoperiosteal flaps are elevated
from the underlying jaw bone. The alveolar bone, cementum,
and periodontal ligament of the root surface are then surgically
removed to create the intrabony defects, as illustrated in Figure
2. In each dog, up to four defects can be produced. An 8-week
healing interval post-regenerative surgery is sufficient for the
evaluation of periodontal regeneration in tissue samples.*
Five histometric parameters, as illustrated in Figure 3, are
useful for the assessment of tissue regeneration in histological
images:***

1. Defect height: distance from the alveolar crest to the base of
the reference notch.

2. Junctional epithelium: distance from the cemento-enamel
junction to the apical extension of the junctional epithelium
on the root surface.

3. Connective tissue attachment: distance from the apical
extension of the junctional epithelium to the coronal extension
of newly formed cementum.

4. Cementum regeneration: distance from the base of the
reference notch to the coronal extension of newly formed
cementum on the root surface.

5. Bone regeneration: distance from the base of the reference
notch to the coronal extension of newly formed bone along the
root surface.

Supra-alveolar defects

The supra-alveolar defect model in dogs involves the
horizontal removal of alveolar bone surrounding teeth.
Specifically, critical-size 5-mm supra-alveolar periodontal
defects are created around the mandibular premolars after
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1-wall defect

2-wall defect
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3-wall defect

Figure 2. Schematic diagram depicting the surgically created 1-, 2-, and 3-wall intrabony defects.

CEJ
JE
AC
aJE
CT
cNC
cNB
DH
CR
BR
bN

Figure 3. Schematic drawing representing measurement points for histometric parameters. AC: alveolar crest; aJE:
apical extension of the junctional epithelium; bN: base of the reference notch; BR: bone regeneration; CEJ: cemento-
enamel junction; cNB: coronal extension of newly formed bone; cNC: coronal extension of newly formed cementum;
CR: cementum regeneration; CT: connective tissue attachment; DH: defect height; JE: junctional epithelial attachment.

elevating the mucoperiosteal flaps.” * The alveolar bone is
removed using chisels and a hand-piece with fissure burs
under water irrigation. The residual periodontal ligament and
cementum are then removed from the roots through planing.
As previously described, sterile ligatures are placed around the
affected teeth for 8 weeks to induce an inflammatory condition
in the periodontium.* This model is used to evaluate the efficacy
of new biomaterials in promoting periodontal regeneration.

Furcation defects

The anatomy of the upper and lower premolars and the
progression of periodontitis at these sites in beagles and
mongrel dogs are highly similar to those in humans, making
these dogs a valuable model for studying periodontal disease.
The furcation defect model is often established around
premolars, with class II furcation defects exhibiting the greatest
potential for periodontal tissue regeneration. Conversely,
class III furcation defects are associated with limited and
unpredictable tissue regeneration due to the limited number of
periodontal stem cells present on the defect surface.*

To create a class II furcation defect, the buccal mucoperiosteal
flap is elevated to reveal the underlying alveolar bone, which is
then removed to expose the buccal roots. The root surfaces are
scaled to remove debris, periodontal ligament, and cementum.
The defects are created with dimensions of 5 mm apicocoronally,
5 mm mesiodistally, and 3 mm buccolingually.** * The surgical
procedure for creating class III furcation defects is similar to

Biomater Transl. 2023, 4(3), 142-150

that of class II, with the difference being that more alveolar
bone is removed to form a buccolingually penetrating defect
on the root.*® After surgery, the defects are filled with polyether
impression material for 21 days to induce an inflammatory
response and suppress natural bone repair.

Recession-type defects

The creation of artificial recession-type defects on the buccal
surfaces of maxillary canine teeth in dogs is a common surgical
procedure. This model is established by making a semicircular
incision and two vertical incisions on the buccal gingiva,
followed by elevation of a full-thickness flap. The resultant
buccal dehiscence defects are 6 mm apicocoronally and 5 mm
mesiodistally in dimensions.*!

Interproximal periodontal defects

The Interproximal periodontal defect model was first
established on dogs by Jung et al.* in 2011 as a means of
studying a common clinical defect. The surgical procedure
involves the creation of a vertical incision in the area
surrounding the maxillary second premolar and the elevation
of a full-thickness flap to expose the underlying alveolar bone
between the second and third premolars. The removal of the
alveolar bone and remaining periodontal tissues from the root
surfaces results in the creation of a 5 mm vertically oriented
and 3 mm horizontally oriented pocket defect that lacks any
supporting bony walls.
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Miniature pig

The miniature pig has proven to be a valuable animal model
in periodontal research due to its similarity to humans in
periodontal anatomy and the presence of naturally occurring
periodontitis.*>  Additionally, its economical advantage
over larger animals has further facilitated its use in various
experiments. The induction of experimental periodontitis
through ligature placement and pathogen inoculation in these
animals takes approximately 4 weeks to develop, with the
resultant destruction not fully restored even upon removal of
the ligatures. Over the years, miniature pigs have been utilised
to assess the regenerative capabilities of various biomaterials
and technologies, with dehiscence-type defects created in the
buccal aspect of mandibular premolars as one such example.”®

Nonhuman primate

The anatomy of teeth and periodontium in nonhuman
primates, particularly Macaca fascicularis, closely resembles
that of humans and is characterised by the presence of dental
plaque, calculus, and periodontal disease in adulthood.®
Thus, nonhuman primates are considered an excellent animal
model for evaluating regenerative procedures in periodontics.
However, the use of nonhuman primates in experimental
research raises ethical concerns and is expensive due to the
requirement of specialised facilities and high costs associated
with procurement and maintenance. As a result, the evaluation
of new biomaterials in lower order phylogenetic species is
recommended prior to testing in nonhuman primates.

There are three methods for inducing periodontal defects
in nonhuman primates: the acute defect model, the chronic
defect model, and the acute/chronic defect model. In the
acute defect model, standard surgical procedures are followed,
and spontaneous regeneration occurs in approximately 50-
70% of cases, making it difficult to determine the extent to
which regenerative outcomes are due to the biomaterials.*
In the chronic defect model, orthodontic elastics are placed
around the teeth, leading to accelerated plaque accumulation,
inflammation, and destruction of periodontal tissues over
a 3-6-month period. This defect model is usually conducted
in single root teeth. If the interproximal space between teeth
is large, then an angular intrabony defect will be obtained.
If the interproximal space is narrow or there is an elastic on
the adjacent tooth, suppra-alveolar defects will be achieved.*®
This model accurately mimics human periodontitis, but
is time consuming and costly. The acute/chronic defect
model combines surgical removal of periodontal tissues
with the placement of ligatures or alginate to induce chronic
inflammation and inhibit spontaneous regeneration.'!*¢->

Other Defect Models

The mandibular angle defect model is a widely accepted method
for evaluating the efficacy of biomaterials in promoting bone
regeneration. This model involves creating round, through-
and-through osseous defects measuring 5 mm in diameter
on both sides of the mandible in Sprague-Dawley rats. It has
been successfully used to assess the performance of membrane
materials and the results are obtained by fixing the membranes
to the bone defects for 6 weeks and monitoring the progress of
bone regeneration.*
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The calvarial defect model, on the other hand, is a powerful
tool for evaluating the potential of biomaterials for craniofacial
skeleton regeneration. This model is also useful for periodontal
research, as the physiological remodelling of calvaria is
similar to that of the human mandibular bone.® This model
is conducted in rats and rabbits and involves exposing the
calvarial bone through a sagittal incision, elevating a full-
thickness flap, and creating a round transosseous defect of 8
mm in diameter in the centre of the calvarium of rats®* or
four bony defects of the same diameter in rabbits.*> *® ¢ The
created bony defect is regarded as a critical-sized defect, which
will not heal spontaneously during the lifetime of the animal.”
To evaluate the effectiveness of the biomaterials, histological
evaluation and micro-computed tomography analysis are
performed at 2- and 8-week intervals post-surgery. Micro-
computed tomography analysis calculates parameters such
as total augmented volume, new bone volume, bone volume
fraction, and bone mineral density, which are analysed for
statistical ~significance.® Meanwhile, histomorphometric
analysis measures the areas and percentages of new bone,
residual material, and defect closure, providing additional

information on the efficacy of the biomaterials.®* !

Heterotopic Regeneration Model

The heterotopic subcutaneous transplantation model has been
extensively utilised in stem cell-based regeneration research.
This well-established model eliminates the influence of
microenvironmental factors on tissue regeneration, making it
a valuable tool for evaluating stem cell-based therapies. The
model involves the assembly of stem cell sheets, specifically
human periodontal ligament stem cells, onto scaffold
materials’>”® or bone grafts,”*® which are then subcutaneously
implanted into the dorsal area of athymic mice or rats. Some
studies have incorporated dentin slices and bone substitutes
to simulate the periodontal space.”””* Following a 6-8-week
healing interval, tissue samples are collected and analysed
for the formation of cementum, bone, and the periodontal
ligament. These evaluations provide insight into the efficacy of
stem cell-based therapies for periodontal tissue regeneration.

Conclusions & Perspectives

The testing of periodontal regenerative procedures in animal
models is crucial prior to the initiation of clinical trials. By
creating periodontal defects similar to those found in human
patients, the safety and effectiveness of new biomaterials and
treatments can be assessed. The availability of sufficient tissue
samples allows for a comprehensive evaluation of the quality
and extent of regenerated periodontal support tissues.

Rats, due to their ease of feeding and maintenance, have become
the standard animal model for testing new biomaterials.
However, it is important to note that the physiology of the
periodontium in rats differs from that of humans. Dogs and
non-human primates, on the other hand, provide the closest
approximation of human periodontium, making them ideal
models for the verification of regenerative procedures.
However, the use of these animals must be justified by ethical
considerations and the limitations imposed by the number
of animals used must be carefully considered during the
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experimental design. In conclusion, a stepwise approach is
recommended for evaluating new biomaterials, starting with
testing in small animals, followed by validation in dogs and
non-human primates.

While acute defects, namely surgically created defects, are
predominantly employed in these included articles due to
their ability to ensure uniform defect sizes across experimental
groups and reduce the duration of animal experiments,
it's worth highlighting that acute defects do not faithfully
replicate the pathological characteristics of defects caused by
periodontitis. Discrepancies exist in the pathophysiological
conditions and the processes involved in tissue healing and
regeneration between acute defects and those caused by
periodontitis. Consequently, experimental findings derived
from acute defect models may not offer precise predictability

Table 1. Animal models for periodontal regeneration

Biomaterials Translational

for clinical applications. As such, we advocate the adoption of
chronic periodontal defect models, with the aim of furnishing
more clinically pertinent insights for translational purposes.
Furthermore, periodontitis-induced tooth mobility and tooth
loss represent the most immediate factors impacting patients’
quality of life. In the context of these animal experiments,
there is limited documentation regarding the effectiveness
of biomaterials in ameliorating tooth mobility. We contend
that these functional outcome assessments should be
incorporated into the evaluation of animal models, in addition
to histomorphological measurements, to provide a more
comprehensive understanding.

This review provides a comprehensive overview of frequently
employed animal models as reported in the literature (Table
1). The rationale for the selection of these animal models in the

Animal Longest period
species Characteristic Type of model Site of defect Size of defect for evaluation
Mouse Low-cost; Chronic 15 days
Immunodeficient mice and periodontal defect
gene-manipulated mice are  model
available; Heterotopic 8 weeks
Regenerative procedures are transplantation
difficult to conduct due to the 1,4l
narrow oral cavity.
Rat Well established as a model ~ Acute periodontal ~ Fenestration defect 2x5x 1.2 mm’ 3 weeks
for periodontitis; defect model
Physiological remodelling Intrabony defect 2x2x 1.7 mm® 12 weeks
of periodontal tissues due
to continuous eruption of Other defect Mandibular angle 5 mm in diameter 6 weeks
molars: models defect
More likely to form Calvarial defect 8 mm in diameter 12 months
horizontal bone loss due
to the narrow interdental
spaces.
Rabbit Periodontitis can be induced; Other defect Calvarial defect 8 mm in diameter 8 weeks
Fenestration defects may models
be replaced rather than
regenerated due to the
continuous eruption of their
teeth.
Dog Size and anatomy of Acute periodontal  Intrabony defect 5x5x5mm’or5 24 weeks
periodontal tissues are defect model x5 x4 mm?® or 4 x
comparable to humans; 4 x 4 mm’
Naturally developed Supra-alveolar defect 5 mm 8 weeks
perlOd(_mmIS; Furcation defect 5x5x3 mm?’ 120 days
The daily care and
. . Recession-type defect 6 x 5 mm? 8 weeks
postoperative maintenance
are more complex than Interproximal 5x 3 mm?’ 8 weeks
rodents. periodontal defect
Miniature Similarities to humans in Acute periodontal ~ Recession-type defect 5 x 4 mm? 3 months
pig periodontal anatomy and defect model
the presence of naturally
occurring periodontitis.
Nonhuman  The anatomy of teeth and Acute/chronic 7-9x2-3mm’or 5 months
primate periodontium in nonhuman  periodontal defect 3x4x5mm’

primates closely resembles model
that of humans; An excellent

animal model for evaluating
regenerative procedures;

Ethical concerns,

requirements of specialised

facilities and high costs.
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cited articles was typically based on references to previously

published research. Consequently, our review lacks an in-

depth exploration of the physiological characteristics of

periodontal tissue in various animal species but centres on the

methodologies for establishing these models. Additionally, it
should be noted that only a limited number of the included

articles provided data on the incidence of adverse events
following regenerative procedures, thus this critical aspect is
not addressed in our review.
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zirconia-based composites compared with other methods. Future research
aspects and suggestions are discussed systematically.

Introduction

Global biomedical research in industry has
been driven rapidly due to several limitations
of dental implants such as short service life,
failure rate, and poor functional performance.
Ceramics are non-metallic materials which are
made from combinations of metal and non-
metallic components. The essential properties
of ceramics are high strength, high hardness,
excellent oxidation resistance, low thermal
conductivity, and good corrosion resistance.
However most ceramics are monolithic, and
some special engineering functions cannot be
achieved effectively due to their brittle nature.’
Consequently the principal intention for
working on ceramic matrix composites (CMCs)
is to enhance the current options and increase
the many applications in the fields of engineering
and medicine.” * These can be achieved by
making modifications to existing composites and
then implementing new combinations of matrix
and reinforcements.*

CMCs have excellent thermal shock resistance,
are resistant to wear, possess excellent creep

Biomater Transl. 2023, 43), 151-165

behaviour, and exhibit improved fracture
toughness.” The causes of crack initiation and
development such as material fatigue, over
loading, and residual stress in ceramic material
have been investigated and many strengthening
mechanisms have been employed to avoid the
formation of cracks in the tip area using filler
materials. High temperatures and thermal shocks
are a necessary aspect of various engineering
applications. Typically, tubes are present in
the flow heat exchangers, cutting tool inserts,
and gasoline turbines in automobile industries,
particularly aerospace appliances® “The common
reinforcements especially applied in dental ceramic
composites are titanium carbide (TiC), carbon
nanotubes (CNTs), titanium nitride (TiN), boron
nitride (BN), carbon nanofibres (CNF), carbon
powder, graphene, etc.” Spark plasma sintering
(SPS) and hot pressing are the most common and
effective techniques for preparing composites
with higher temperature ranges. In addition to
the temperature limitation, other limitations
of this method include degradation. Another
limitation of CMCs is that they cannot be used to
make complex shapes. During sintering of CMCs

151



also leads to thermal stress introduction. So conventional
or non-conventional machining (NCM) processes are used
when additional manufacturing steps are necessary. The
known methods used for machining ceramics and their
composite are drilling and grinding. Both these methods are
tricky for complex shape and require more time to machine
and machining the complex shape.” “Ultrasonic machining
(USM), abrasive jet machining (AJM), abrasive water jet machining
(AWJM), laser machining, and electric discharged machining (EDM)
are the important cost reduction techniques in modern CNC”.* NCM
processes can reduce the cost and gear up by eliminating
or reducing the need for secondary machining. Also, most
NCM techniques reduce the requirement for costly cutting
tools, because material is removed by erosion and abrasion
with a simple primary source. Mechanical abrasion, melting
or evaporation, chemical dissolution, and electrochemical
dissolution are developed machining techniques involved in
ceramic machining involving material removal.” For the last
three decades, remarkable development has been achieved
in all kinds of ceramic frames for use in dental restoration
applications. Combined aesthetic veneering porcelains for all
restorations are made up of ceramics that consist of fluorapatite,
leucite, or aluminium oxide as the crystalline phase and glass
with high strength ceramic cores, particularly zirconium-
oxide or aluminium-oxide, and lithium-disilicate. All ceramics
consist of a more significant proportion of different crystalline
phases, which differs from metal-ceramics.'® This is the main
reason underlying the improvements in mechanical properties
of all ceramics, but more substantial opacity can develop,
which is not advisable for ceramics used in dental applications.
Various factors can increase or decrease the transparency of
a material: the grain size, microstructure particle orientation,
phase refractive index, and refractive index.!"" Consequently
there is a greater potential to develop a clear, transparent
appearance using alumina and zirconia ceramics, and the
recent alumina series provides greater translucency by using
special materials suitable for clinical use.

Dental ceramic materials are classified based on the ceramic
system, transparency, microstructure, fabrication temperature,
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material composition, and usage. Based on these parameters,
the glass-to-crystalline ratio, the geometry of crystalline
structure and size, and the mismatch between the crystal
thermal expansion, Young’s modulus, and phase changes,
significantly influence the properties and performance of

dental ceramic materials.'? !?

To improve the properties of a material, it is generally
essential to increase its density through stage adjustment
(using another stage of grain development); dynamic sintering
(adding another substance to build mass vehicle); responsive
sintering (the utilization of added importance to forestall
loss of stoichiometry), and through liquid-stage sintering.
Consequently, the sintering cycle can be improved by
sintering added substances, which are utilized to balance out
the desired glasslike structures, or added to the liquid stage to
aid increased densification. In this sense, a glassy phase can
be a sintering added substance. Indeed, the sintering cycle
in the presence of a glass (liquid stage sintering) can happen
at a lower temperature in the examination of dry sintering
(sintering measure without a polished stage). Liquid stage
sintering includes the arrangement of fluids because of the
various softening temperatures of the segments. The liquid
phase accounts for 1% to 20% of the volume. Control of the
microstructure of ceramic materials is critical because it
permits acquisition of data to measure the exhibition of these
materials in help. In dental ceramic production, surface cracks
can be distinguished through the fluorescent penetrant liquid
technique or identified through acoustic emission, optically
or interferometrically. Also, the various essential factors
involved in the design consideration of dental implants are
biocompatibility, bio- and osseointegration, biomechanics,
corrosion resistance, material compositions, and mechanical
properties. Recent dental implant materials, shapes, and
factors considered in the design of dental implants are shown
in Figure 1. In this article we attempt to review the research
dealing with the various fabrication methods, microstructural
analysis, and some essential mechanical properties of ceramic
composites used in dental implants.

AZT ZrO, ZTA

2

Conical Cylinder

Biocompatibility

Biomechanics

Figure 1. Materials and factors considered in the design of dental implants. AZT: alumina-toughened zirconia; Y-TZP:
yttria-stabilised tetragonal zirconia polycrystalline; ZrO,: zirconium dioxide; ZTA: zirconia-toughened alumina.
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Advanced ceramic reinforced composites for dental implants

Materials and Fabrication Methods Involved
in Ceramic Composites

The most significant ceramic materials used in dental implant
application are listed. Zirconia (ZrOz) is known for its excellent
biocompatibility and strength, and thus is widely used for
dental implant abutments and frameworks. Alumina (A1203)
ceramics offer high strength and wear resistance, making them
suitable for dental implant applications. Hydroxyapatite (HA)
is a bioactive ceramic often used as a coating on dental implant
surfaces to enhance osseointegration. Bioactive glass can bond
with bone tissue and can be used in dental implant coatings.
Tricalcium phosphate (TCP) ceramics have properties of
biocompatibility and resorbability, making them useful in
dental implant applications. Yttria-stabilised zirconia (YSZ)
ceramics combine the properties of zirconia with enhanced
stability due to yttria stabilization. Lithium disilicate is used
for making dental crowns and bridges due to its aesthetic
properties and strength." Glass-ceramics such as leucite-
reinforced ceramics are used in dental restorations due to
their natural appearance and strength. Silicon nitride (Si,N,)
ceramics, although less common, have been investigated for
dental implant applications due to their mechanical properties.
Calcium phosphate ceramics offer bioactivity and can support
bone regeneration around dental implants. The choice of
a ceramic material depends on various factors including
its mechanical properties, biocompatibility, aesthetics, and
intended application within the dental implant system.'®

Titanium anditsalloys are widely used for dental implants due to
their biocompatibility. Researchers are focusing on developing
innovative surface modifications to enhance osseointegration
and promote better bone integration. Zirconia continues to
be popular for dental implants, and researchers are exploring
ways to improve its properties further by blending it with
other materials or modifying its microstructure. Biodegradable
materials, such as magnesium alloys or polymers, are being
studied for use as temporary implants and as scaffolds for tissue
regeneration. These materials gradually degrade over time as
new tissue forms.

Researchers are working on developing advanced ceramic
with properties and
aesthetics for dental implant applications. One such material is
polyether ether ketone (PEEK)-based biopolymers reinforced
by different ceramic particulates like titanium dioxide (TiOZ)
and silicon dioxide (SiO,) with surface modifications. These

modifications provide improved mechanical strength and
16-19

composites improved mechanical

excellent osteointegration.

Various coatings and bioactive agents are being investigated
to improve implant-bone bonding, prevent infections, and
stimulate tissue regeneration. Smart implants are implants
embedded with sensors or electronics that are being explored
for real-time monitoring of implant conditions, healing
progress, and potential issues.

Based on functional requirements, properties, and application,
CMC s can be fabricated by various techniques as described
by multiple investigators: dry pressing (uniaxial compacting),
hot isostatic compacting, and cold isostatic compacting of
powder ceramics.”” The major important factors adopted for
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the fabrication of CMCs are operating temperature, type of
reinforcement used, and the size and shape of the composites
required, which depend on an application basis.?! The liquid
phase process contains the sol-gel and polymer infiltration
pyrolysis processing methods. Slip casting and powder
metallurgy are the most applicable techniques for preparing
composites in the solid phase.”” Because these techniques can
be applied to ceramic materials with high melting points, like
titanium, zirconium, tungsten, molybdenum, and tantalum,
they can also achieve homogenous particle distribution. These
can reduce the need for subsequent machining and increase the
powder-to-product percentage. The gas-phase process includes
reaction bonding, chemical vapour deposition, and chemical
vapour infiltration. Reinforcement and matrix phase produce
the chemical reaction that has controlled conditions in the gas
phase reaction, and these techniques include reaction bonding
and chemical vapour infiltration processes. Much recent
research undertaken to reduce the processing temperature and
time are using powder metallurgical techniques to achieve a
high rate of densification, to produce a near net shape, and
the energy requirement is less for growth and nucleation
properties.”

Compressive strength and bulk density are the critical
properties of CMCs in many applications. Still, there is some
disadvantage to achieving these properties in reaction bonding
of materials in the sintering technique with a temperature range
from 1450°C to 1700°C. The single microwave cavity method
has also been used to obtain a pore-free and homogeneous
composite instead of sintering.”* The weight percentage and
fracture toughness of the preceramic polymer polycarbosilane
can be increased. The material’s porosity can be decreased in
preceramic polymer reaction bonding by fabricating porous
ceramics. The phase-wise fabrication techniques are classified
into liquid, solid, and gas phases, illustrated in Figure 2. The
commercially-available dental zirconia systems are tabulated
in Table 1.** Most implant manufacturing companies moved
towards one-piece type implants with various shapes such as
conical, cylindrical, and root forms because the process and
material properties are critically important in two-piece type
implants.

Melting infiltration in the reaction bonding technique has
been adopted for manufacture of silicon carbide (SiC)/CNT
composite. The proper distribution of reinforcement is assured
by using this technique, leading to better electrical conductivity
properties. By increasing the graphite content, the open
porosity of the multi-bonded porous ceramic increases, and it
can be decreased by improving the temperature and forming
pressure of the sintering process. Due to gaseous oxidation
within products, open pores are formed. There is an
improvement in flexure strength with increased multiplication
which is achieved by increasing sintering temperature. The
reaction bonding process protects the oxidation of SiC with
formation of a gel intermediary.?”” At the various temperatures
of the ferro molybdenum (FeMO) alloy fabrication process,
the effect of alloying confers excellent physical properties on
CMCs.”® A similar study has been carried out in the reaction-
bonded technique of silicon nitride by adding lithium oxide
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Figure 2. Ceramic matrix composite fabrication processes. CMCs: ceramic matrix composites; CVD: chemical vapour

deposition; PVD: physical vapour deposition.

Table 1. Implant manufacturers and zirconia implant materials

Implant material Product name

Manufacturer

Alumina-toughened ~ ZERAMEX (P)lus
zirconia FairWhite™
SDS - Swiss Dental Solutions 1.0 DT
Yttria-stabilised CeraRoot
tetragonal z.1rcon1a Ceralog
polycrystalline
SDS 2.2
ICX-White
REPLICATE™ System

Zirconia oxide Konus K3Pro ZirKon Implant system
Easy Kon

‘Whitesky

CeraRoot

(S)andard ZV3

Ceramic implant

Dental point AG, Spreitenbach, Switzerland

Fair implant, Schleswig-Holstein, Germany

SDS Swiss Dental Solutions AG, Kreuzlingen, Switzerland
CeraRoot S.L, Barcelona, Spain

Camlog System, Basel, Switzerland

SDS AG, Kreuzlingen, Switzerland

MKI GmbH &Co.KG, Stuttgart, Germany

Natural Dental Implant AG, Berlin, Germany

Argon Medical Productions, Plano, TX, USA

General Implants, Wurmlingen, Germany

Bredent medical, Senden, Germany

ZV3-ZirconVison GmbH, Munchen, Germany
VITA Zahnfabrik, Wurttemberg, Germany

(LiO,) and Si powder. The findings revealed that regardless of
Al impurity, when there is a decrease in thermal conductivity,
the purity of Si powder increases, and the presence of LiO,
also increases. The effective way of determining the bending
strength of a composite is the four-point bending method. In
this case, Si powder with course level addition gives the best
result ofabout 700 MPaand 11 MPa-m'? of fracture toughness.”
The addition of various sizes of particles to reaction-bonded
boron carbide gives excellent fracture toughness. The presence
of pores in reaction-bonded boron carbide ceramic due to
residual silicon affects the fracture toughness property. Where
there is a decrease in volume fraction, the hardness of reaction-
bonded boron carbide composite increases because it contains
larger-sized particles.” Decreasing the residual silicon quality
of the composite will give a reduction in porosity. By using
nano-sized zirconia powder, the SiC growth will increase, a
method of composite fabrication which provides an increased
level of flexural strength and fracture toughness.

The densification rate has been increased and the temperature
reduced for vanadium pentoxide (V,0,). The effect of
reinforcement by addition of SiC particles in the nitration gives
higher density and achieves the required mechanical properties
and explicit microstructure.* The addition of 10% SiC particles
in the sintered specimen gives better mechanical properties
of reaction bonding between the silicon nitrate composites.**
The two-step freeze casting technique has been implemented
for composite fabrication to reduce thermal reaction in SiC
ceramics, creating an overall shape with improved strength.
Material deposition is associated with various ceramics, metal
alloys, and semiconductors with coatings of thin and thick
layers. An advanced method such as thermal plasma chemical
vapour deposition produces enhanced results compared to
the other conventional deposition methods. The SiC/Si,N,
alpha-beta phase is formed in a controlled manner. The gas
turbine materials, semiconducting material, various coatings
of ceramic composites, and fibre-reinforced composites are
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broad application areas in the CVD and sintering processes.
During the sintering process, the particles of ceramic and
reinforcement are compressed after the compacting process
using a gravity die setup at high temperatures. A grain
boundary will develop due to the hot pressing between the
particles. This forms a connective structure with the help of
neck formation. A higher compressive force and the effect

Upper punch

Power
Die

Lower punch

Power compacting
Sintering

Figure 3. Grain growth development by densification.

The fabrication techniques suitable for ceramic composites
based on their crystalline structure arelisted in Figure 4. Figure
5shows the sintering techniques divided into general categories.
Based on pressure-assisted and pressureless sintering, the state,
the type of phases that the material possesses, and stress level,
whether it is considered high-stress or low-stress level, have
been classified. In phase-oriented classification, processes are
further divided into liquid and solid phases under which sub-
entities are included for consideration while selecting the type
of sintering. The actual sintering process stages are classified
into three stages, starting from the heating stage, holding for
a particular temperature and finally cooling the specimen.
During the first stage of this process, the temperature of the tip
increases because of the gradual increment of tip displacement.
Sintering is a critical step in the fabrication process of dental
implants, particularly when using ceramics or metal alloys.
Sintering involves heating the implant components at elevated

Biomaterials Translational

of higher temperature maintain the neck growth formation
which tends to develop and become densified. During this
process, the porosity of the ceramic composite is reduced due
to the temperature effect on the densification process. Pore-
free ceramic structures are being fabricated using sintering
techniques.”® Densification through neck formation in the
sintering process is shown in Figure 3.

Ceramic particle Grain boundary

Porosity

Neck growth
development by
densification

Neck growth

temperatures but below their melting points. This process leads
to the fusion of particles, resulting in densification, increased
mechanical strength, and improved material properties.
Sintering is essential to achieve the required structural
integrity and biocompatibility of dental implant materials,
ensuring that the implant materials are strong enough to
withstand the mechanical forces exerted during chewing and
other oral functions. Additionally, sintering helps achieve a
biocompatible surface that allows for proper osseointegration,
which is the fusion of the implant with the surrounding bone.
The specifics of sintering, such as temperature, atmosphere,
and time, depend on the material being used. Dental implant
manufacturers carefully optimise these parameters to achieve
the desired structural and biocompatible properties required
for successful dental implantation. In Table 2, the grain size
and sintering parameters and their relationship to relative
density are shown.*

Figure 4. Appropriate fabrication techniques for various crystalline phases. 12Ce-TZP: 12 ceria stabilized tetragonal
zirconia polycrystals; 3Y-TZP: 3 yttriastabilised tetragonal zirconia polycrystalline.
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Figure 5. Classification of sintering processes.
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Table 2. Summary of the sintering process of alumina-toughened zirconia

Sintering Sintering Holding time Grain size (nm)

method temperature ('C) (minutes) Relative density (%) Zirconia Alumina Codes*

Microwave 1200 10 98.5 210+64 270+84 MW 120010

sintering (M) 1,49 30 99 24067 300£100 MW 120030
1300 10 99.8 280475 400+157 MW130010
1300 30 99.8 280+70 380+146 MW130030

Conventional 1400 120 98.3 240+41 350+98 CS1400120

sintering (CS) 1500 120 99.2 330456 450+100 CS1500120

Note: “First two letters indicate the method of sintering, next four digits indicates sintering temperature in degrees Celsius and last

two digits indicate holding time in minutes.

Microstructure Studies

Microstructure analyses of dental ceramic composites were
performed to improve understanding of the distribution
of particles and elements, the presence of grains, phases,
and molecular structure. This type of analysis is also used to
study the surface characteristics of prepared composites. The
surface characterisation includes surface morphology, fracture,
fatigue, and grain growth analyses on the surface. The various
microstructure examination techniques carried out were
scanning electron microscopy (SEM), field emission SEM, and
transmission electron microscopy using standard fracture and
fatigue tested specimens for comparison. All dental ceramic
composite such as ZrO,, AL O,, aluminium titanate (AlzTiO5),
TiO,, chromic oxide (CrZOS), alumina-toughened zirconia
(ATZ), and ZTA have various kinds of microstructural
behaviour associated with their composition. Consequently,
theaddition of reinforcement gives an enhanced microstructure
suitable for a particular application. The addition of reinforced
particles such as oxides provides a densified microstructure.
If the presence of Ni content increases within the structure,
ceramic composites will give better densities than specimens
with smaller pore sizes.*® Usually, these gradual additions give
the specimen a better relative density, due to the uniform
spreading of nickel particles, which has been clearly shown in
microstructure images. The authors suggested that the process

of sintering is well suited to generating a material with a highly
dense grain structure.*

The ceramic material tools used in the dental implant
fabrication process consist of a very dense and refined
microstructure of graphene particles with different contents.
Improved strength has been achieved due to the mature
dispersal of graphene particles in the CMCs, especially given
the excellent distribution of various size grains. Less fractured
surfaces were detected in SEM images of these graphite tool
materials with tungsten carbide (WC).” An extensive fracture
was determined at about 68% in the notch region of 2Ce-TZP
compared to the monoclinic phase 3Y-TZP. Also, there was no
micro-cracked zone in 3Y-TZP.*® This analysis also revealed
exciting facts about the various regions of the fracture surface
specimens: from the initial notch crack to the final fracture. It
was concluded that R curves help predict the stress intensity
factor concerning crack length. The fracture surface of TSP
with various crack regions is shown in Figure 6.

In the 3Y-TZP/Ta ceramic composite, the pressure applied
perpendicular or parallel to the orientation of an SPS
specimen was observed in SEM images. The Ta particles in
the TZP composites give the material fracture toughness up
to 15 MPa-m'”2, These microstructure images show the partial
debonding of the Ta particles during plastic deformation due to
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Figure 6. (A) Fracture surface, where three different regions are distinguished: notch (a), micro-cracked area (b), and
regular fracture surface (c). (B) The cross-sectional view obtained by focused ion beam analysis of the fracture surface.
Reprinted from Turon-Vinas and Anglada.* Copyright 2018 The Academy of Dental Materials.

the toughening process. The presence of Ta particles increases
the crack growth resistance.” The focusing wavelength range
of the SEM images also gives a better understanding of the
various phenomena in the particle addition or any mechanism
involved in improving the properties in this investigation. The
3LM type SEM with an EDX chemical microanalyzer was used
for microstructural characterisation to identify the presence
of phases. Crack propagation will occur because of the flake-
shaped particles used in the SPS process with the applied
pressure with uniform dispersion and proper orientation.
Pressure-less rapid sintering of AL,O, and ZrO, with various
range compositions reveals the dense structure of the particles
in SEM images with a constant sintering temperature of 1550°C
per 2-minute duration and heating rates of 5°C to 100°C per
minute.* The restriction of the densification process in the
dental ceramic comprises a ZrO,-Al O, base, purely based on
the effect of zirconia.

SEM graphs of ZrO, (partially stabilized zirconia, PSZ)
composites give the proper distribution of the particles and
greater electron density brightens the zirconium (Zr) presence
region. The particles did not possess the particular effect of

B

base-pinned grain boundaries of alumina. Calcium magnesium-
based ceramics have granular crystal morphology that includes
microfracture because of grain size and distribution. If grain
size is below 10 pm, the grain will give better distribution of
images. Hot presses ceramic composites have higher density
compared to other fabrication technique composites, and the
standard atomic ratios of Ca, Mg, and Al are comparatively
lower and are tightly bonded during sintering." Nitrogen
absorption is an effective analytical method for calculating
the primary size of particles.*” This technique can achieve the
best particle dispersion. Alumina carbon composite created
by sintering at 1400°C produces highly porous ceramics. This
porosity was measured by the water absorption method.
The technique of field emission gun-scanning electron
microstructure is used for this analysis. Fracture morphologies
of porous Si,N -Si, N, with 30 pm scale and different deposition
times in hours reveal that the fracture of the porous structure
is high.* Fracture morphologies of porous Si,N,-Si,N, with
various deposition times at 30 pm magnification are shown
in Figure 7. SEM images of the fracture surfaces of Zr-based
composites are shown in Figure 8.

Figure 7. Fracture morphologies of porous Si,N,-Si,N, composite ceramics as a function of deposition time: (A) 0, (B)
3,(C) 6, (D) 9, and (E) 12 hours. Scale bars: 30 um. Si N : silicon nitride. Reprinted from Cheng et al.*’
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Figure 8. Scanning electron microscopic images of fracture surfaces. Scale bars: 100 pm (A), 10 pm (B, D), 50 um (C).
Reprinted from Liu et al.* Copyright 2019 Elsevier Ltd and Techna Group S.r.1.

Mechanical Properties

General properties of ceramic materials include high melting
point, high hardness strength, physical properties those
hinder the performance, high modulus of elasticity, good
chemical resistance, and low malleability. Normally ceramic
composite materials have been proven to be ionic materials
so valence is warranted. These materials may be crystalline
in structure or amorphous in nature. The substandard or
enhanced mechanical properties lead to fracture and various
deformations.** To overcome the brittle nature, ceramic
material has been incorporated into the different reinforcement
categories. Crack formation also developed as a result of the
poor mechanical properties of ceramics. These limitations
can be resolved by improving the mechanism of mechanical
property improvement.

Vickers hardness

One factor influencing the hardness of the material is grain
size; another is relative density. These two factors have
been suggested to significantly affect the hardness of ATZ
composites in most material research concerning a particular
fabrication technique called sintering.*® In the Vickers
hardness test, monolithic ceramic composites like AL, O,-TiN
increased 65% and achieved 24.6 GPa. A Vickers diamond
pyramid-type indenter is a micro-indentation primarily
suitable for prediction of dental bilayer structure hardness.
Nanoindentation type hardness computation of standard
specimens prepared on ceramics decreases slightly with Ni
content addition. The effect of graphene on the hardness of
ceramic tools has been improved up to 24.64 GPa.

Meanwhile, the hardness decreased due to the destruction of
the microstructure. Hardness values of 1700 Vickers hardness
number (VHN) have been achieved in many ATZ ceramic
composites. The Zr toughened alumina ceramics reached
1120 VHN. The Y-TZP, tetragonal grain-based ceramics,
have a 1200-VHN value. The hardness value of ceria-stabilised
zirconia-based composites is 1160 VHN. The case of PSZ with

alumina has a VHN of 16.31 MPa, a 30% improvement due to
the addition of yttrium doping. The titanium (Ti) and graphene
flakes significantly affect the ceramic hardness resulting in a
25% improvement. Due to the high sintering temperature of
approximately 1650°C, under 35 MPa pressure, 20.1 GPa VHN
has been achieved. The Vickers hardness value of Ti alumina-
based ceramic has reached 37 GPa due to the increase of Ti
particles in the alumina. Most sintering processes have been
performed only after particle grain size reduction. The effect
that increasing the sintering temperature on Vickers hardness
has on variation in alumina ceramics with yttria-partially
stabilised zirconia (Y-PSZ) is shown in Figure 9. Sintering
temperature plays a vital role in obtaining the hardness
and elastic modulus of alumina and zirconia-based ceramic
composites.* The effect of sintering temperature on Vickers
hardness and elastic modulus at the addition of zirconia is
shown in Figure 10.

Decreasing the grain size results in a densified composite so
that the hardness value increases because of the improvement
in indentation resistance properties of the composites.” The
ZrB,-SiC-Ni with ball-milled sintering produces a composite
hardness value of up to 20.2 GPa VHN. The two essential
models of Vickers hardness prediction are the proportional
specimen resistance”® model using Meyer law and the Tabor
model based on the theory of rigid material indentation related
to yield stress. Using these kinds of empirical models, the
indentation load-size effect of a material can be calculated. In
Meyer law, it gives the relational existence between applied
load (P) and indentation size (a), as shown in equation (1),

P = Ha" (1)
Where n is the Meyer index, and H is the constant. The

specimen resistance can be calculated by using the following
equation (2) according to Hays and Kendall,*

R=pa (2)
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Figure 9. Effect of sintering temperature on Vickers hardness of alumina ceramics.
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Figure 10. Effect of zirconia addition on elastic modulus and Vickers hardness at various sintering temperatures. ZrO,;:

zirconium dioxide.

After that, effective indentation load and dimensions for
indentation are relatively calculated by using the following
equation (3),

Pﬂf.fl‘-:'ﬂ”l' =P—R=P- P = p?az (3)
Some modified versions of proportional specimen resistance
models can be helpful for the determination of indentation
hardness at the surface caused by induced residual stresses
that occur while machining the specimen. Equation (4) depicts
the relationship between the indentation parameters and
indentation size,
P=u+pa+pa’ (4)
Where « is the constant, and p, and p, are the proportional
specimen resistance model parameters. These kinds of semi-
empirical models are also beneficial to determining the
nano level of the VHN of the ceramic materials, which have

crystalline and monolithic forms, by using the following
equation (5),

Pcf.'e';':lllc

VHN = 1.8544 5
a2

(5)

The micro-Vickers hardness number of non-strain hardening
specimens can be calculated by using the Tabor relation, which
is related to yield stress yield o, and load in equation (6),

VHN = 2.9 (6)
Using this equation, the effects of indentation of the coated

surface of ceramic composites can be calculated.
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Fracture toughness

Fracture toughness is an important mechanical property for
dental implant materials because this implies the reliability
of products. The toughness value of most AZT ceramics is
about 4.0 MPa-m"? to 5.0 MPa-m"? due to the high zirconia
content. Zirconia-based ceramics have moderate fracture
toughness values up to 4.5 MPam'2 Due to the tetragonal
grains in the Y-TZP, fracture toughness increases from
about 8.0 MPa-m'? to 10.0 MPa-m'?, which is the highest
value compared to the other types of dental ceramics.” The
fracture toughness (FT) of microwave-sintered specimens
were comparatively much better than those of other densified
specimens prepared by conventional sintering. The peak
value of fracture toughness achieved was 6.3 MPa-m'? with
microwave sintering (MS)130010 and the lowest was 4.9
MPa-m'"? with conventional sintering (CS) 1400120. Usually,
the fracture toughness value increases with the increase of
sintering temperature due to ceramic particle bonding. Also,
higher sintering temperatures produce enhanced densities,* *!
so fracture toughness can reach exceptionally high values with
SPS. In non-conventional techniques, the fracture toughness
value improvement is highly possible with ZrB -SiC-Ni-ultra
high temperature ceramics which achieve comparatively
excellent toughness only because of their Ni content. The
toughness value reaches a mean of 8.3 MPa-m"? in ZrB,-SiC
ceramics. The reason for this improvement is that increasing
the Ni content confers appropriate modifications in the macro
defect reduction, due to the thermal expansion coefficient of
the ceramic particles.”” The toughness value is changed for
the following reasons: one is the mis-match of the values, and
another is the external load. So usually, low fracture toughness
ceramics have limited practical applications.*
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Figure 11 shows the fracture-toughening mechanism of zirconia
composites. Initially, the zirconia particles in the monoclinic
phase reach the crack initiation stage. Then, the phase-changing
phenomenon transforms the monoclinic phase zirconia particles
into tetragonal phase zirconia. Crack propagation is controlled
by tetragonal phase zirconia due to its formation of covalent solid
bonds after the phase-changing process. The technical analysis of
surface cracks influenced by fracture toughness was carried out in
alumina-based ceramics using crack length measurement. Based
on that analysis, the crack initiation mechanism was formulated
and then identically analysed and controlled in high-purity
alumina ceramics. The standard empirical models used in direct
crack length measurements are the Anstis and Palmqvist crack
analysis models.* The effect of zirconia on fracture toughness at
various grain sizes is shown in Figure 12. Initiating nucleation
on a specific grain located on the surface triggers a process

Tetragonal to monoclinic phase
changing of ZrO, particle

Monoclinic phase
ZrO, particle
Tetragonal phase
ZrO, particle

Thanigachalam, M,; et al.

leading to the formation of micro-cracks and exerting stress
on neighbouring regions within the transformed zone. This,
in turn, results in extensive micro-cracking and a roughened
surface. The orange pathway illustrates the penetration that
occurs due to micro-cracking encircling the transformed grains.
To overcome the limited resilience of alumina as well as the
susceptibility of zirconia to ageing, the current trend involves
the creation of alumina-zirconia composites. This approach
offers the potential to harness the advantages of zirconia’s
toughness-enhancing mechanism while circumventing the
significant drawback associated with its transformation when
exposed to steam or bodily fluids. A recent review of literature
about alumina-zirconia composites developed for biomedical
applications reveals a range of compositions, spanning from
zirconia-rich to alumina-rich, that have been subjected to
testing.>

Monoclinic phase
ZrO, particle

Tetragonal phase
ZrO, particle

Figure 11. Toughening mechanism in zirconia against crack propagation. ZrO,;: zirconium dioxide.
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Figure 12. Effect of ZrO, content on fracture toughness at various grain sizes. ZrO,: zirconium dioxide.

Ceramic materials used in dental implants and other structural
applications primarily involve a transformation toughening
process. Zirconia undergoes a crystallographic phase
transformation when subjected to certain stress conditions,
which imparts enhanced toughness and resistance to crack
propagation. This transformation toughening mechanism is
key to improving the overall mechanical reliability of zirconia
ceramics.

Tetragonal to monoclinic transformation works as follows,
zirconia exists in several crystallographic phases, with the

most relevant ones for dental applications being tetragonal
and monoclinic phases. Under normal conditions, zirconia is
stabilised in its tetragonal phase due to the addition of stabilizing
elements like yttria (Y,0,) during the manufacturing process.
By harnessing this transformation toughening mechanism,
zirconia ceramics can exhibit improved fracture toughness
and resistance to crack propagation. This property is highly
beneficial in dental implant materials, where the prevention of
cracks and the ability to withstand chewing forces are critical
for long-term performance and durability.*
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Flexural strength

Flexural strength is increased by the addition of increasing
amounts of Ti and Mg ceramic particles. This strength has
improved up to 625 MPa in a single direction. The addition
of graphene reinforcement to the zirconia will give a 30%
improvement in flexural strength value of 590 MPa, mainly
in monolithic zirconia. If the material is very dense, meaning
it achieves better flexural strength, then due to the density,
the strength increases up to 47 MPa. In the case of ATZ, the
composite has produced a range of flexural strength between
450-700 MPa due to the greater content of zirconia.”” At the
same time, 604 MPa is also predicted in the ZTA.*® Here also,
grain size plays a significant role in improving implant strength.
Thus, minimizing the grain size will help achieve a higher range
of strength. The tetragonal grains give tremendous strength
values to dental implant materials; the range is 1000 MPa to
1300 MPa. Ceria-stabilised zirconia gives the highest flexural
strength value at 1500 MPa. From this, monolithic zirconia
is only suitable for particular strength basis applications, so
combinations of zirconia and other oxides give higher flexural
strength. The effect of TiO, content on flexural strength for
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0 4 8
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various sintering temperatures gives better flexural strength at
a 5% addition of TiO, with all sintering temperatures.”’ Figure
13 shows the effect of ZrO, content on flexural strength at
various sintering temperatures. The mechanical properties
of the zirconia implant materials are shown in Figure 14.
The systematically-collected literature of materials, methods,
and results of analysis of mechanical properties for ceramic
composites from various research papers in recent years are
listed in Table 3. In-vitro testing involves subjecting dental
implant materials to controlled laboratory conditions. Flexural
strength testing measures the material’s ability to withstand
bending or flexing forces. This is typically done using a
three-point or four-point bending test setup. Higher flexural
strength indicates better resistance to bending and potential
for withstanding occlusal forces in the oral environment. The
most common method for determining fracture toughness is
using the single-edge notched beam test or compact tension
test. Higher fracture toughness values indicate a greater ability
to resist crack initiation and propagation, which is essential
for preventing implant failure due to stress concentration and
fatigue."”

1450°C
1550°C
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12 16
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Figure 13. Effect of ZrO, content on flexural strength at various sintering temperatures. ZrO,: zirconium dioxide.
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Figure 14. Mechanical properties of different implant materials. (A) Elastic modulus. (B) Vickers hardness. (C) Fracture
toughness. (D) Flexural strength. AL O,: aluminium dioxide; AZT: alumina toughened zirconia; TPZ: tetragonal phase
zirconia; Y-TZP: Yttria-stabilised tetragonal zirconia polycrystalline; ZTA: zirconia toughened alumina.
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Table 3. Systematic literature collection of results from recent research

Studies Ceramic composites Method of mixing Conditions for sintering Results
Liu etal.* ALO,-ZrB,-MgO/ Planetary ball milling Hot pressed, vacuum at Flexural strength = 654 + 43 MPa,
ALO,-TiN-MgO machine, alumina ball ~ 1650°C, 60 minutes under  fracture toughness = 8.7 + 0.2
to powder ratio 1:3 35 MPa. MPam'”?, Vickers hardness = 20.1
+ 0.5 GPa, elastic modulus = 351
GPa
Tovar- Yttrium doped ZrO,~  Wet ball milling Pressing (370 MPa); Highest Kc ~8.40 + 0.4 MPa and
Vargas et ALO, composite Sintering (1600°C/5 hours) hardness ~16.31 + 0.58 GPa were
al.” powders with partially obtained for the 30 wt% PSZ-AL O,
stabilised ZrO, (PSZ)
Smirnovet  Hierarchical tantalum-  Ball milling Spark plasma sintering Flexural strength 30% increment
al.?! graphene flakes (maximum temperatures and toughness 175% increase
reinforced zirconia of 1400 and 1500°C under ~ compared to monolithic Zr
vacuum at a heating rate
of 100°C/min, and applied
pressure of 80 MPa)
Liu et al.®® p-ALO, Wet-milled with a Compacted at 10 MPa, Hot modulus of rupture = 6.26
rotating speed of 300 sintered at a heating rate of MPa, thermal shock resistance =
r/min for 3 hours 5°C/min to 1600°C, 3 hours 2.53
Yan et al.*® ZrB ~SiC-Ni Ball-milled for 12 hours Spark plasma sintering Fracture toughness = 8.3 MPa,
Smirnovet  3Y-TZP/Ta High-energy ball spark plasma sintering, Flexural strength = 967 MPa,
al.¥ milling vacuum (~ 1 x 10> Mbar) at  surface roughness Ra = 0.3 £ 0.1
1400°C, 200°C/min
Prajzler et Alumina based zirconia Ball milling Pressureless rapid rate Nearly total density (> 95% TD)
al.* ceramics sintering (100°C/min to without forming cracks or other
1500°C/min) structural defects.
Ke etal.* WecoB-TiC Planetary ball milling Sintering at 1500°C, 60 Hardness = 91.6 HRA, transverse
machine minutes rapture strength = 1783 MPa.
Cheng et al.** Porous Si,N,-Si,N, Ball milling Sintering and 3D printing  Density increased from 0.99 to
combined with low- 2.02 g/cm?® flexural strength of 47
pressure chemical vapour ~ +2 MPa
infiltration
Manshor et TiO, (ZTA-TiO,) Ball milling Sintering 1600°C for 1 hour Fracture toughness increased to
al.®! Cr,0, with 5°C/min 7.15 MPa-m"? by adding up to 0.6
wt% Cr,0,
Zhuetal®  MgTiO,/CaO-B,0,- Ball milling with ethyl ~ Sintered at 810°C, 120 Bulk density = 3.1270 g/cm?,
SiO, alcohol for 300 minutes minutes flexural strength = 214.85 MPa
Wangetal.®® ALO,/TiC Hybrid slurries form Hot-pressing sintering Fracture toughness = 97 MPa-m'/?,
ball-milling for 60 1700-1750°C in a nitrogen  Vickers hardness = 37 GPa
hours atmosphere, 35 MPa
Zhang et al.**  SiAION-Si N, Ball milling Reaction-bonded sintering, Compressive strength = 185 MPa

4°C/min to 1500°C

Zhao etal.®®  ZrB,-SiC-Ni Ball-milled for 12 hours Spark plasma sintering, Hardness = 20.2 GPa, elastic

using ZrO, ball media 1400°C for 1 minute, modulus of ZS =53.7 GPa
200°C/min
Lietal®® CM,A, (CaMg Al O,) Calcinated at 900°C for ~ Hot press sintering 1750°C, Vickers hardness = 12.95 GPa,
andCMA | 1 hour 15 MPa. fracture toughness = 2.17 MPa,

(Ca,Mg,AL O, ) flexural strength = 248 MPa

Note: 3D: three-dimensional; ALO,: aluminium dioxide; B,O,: boron trioxide; C,M, A : stable calcium aluminate phase; CaO: calcium
oxide; CM A : ternary stable calcium aluminate phase; Cr,O,: chromic oxide; Kc: fracture toughness; MgO: magnesium oxide; MgTiO,:
magnesium titanium oxide; Si N : silicon nitride; SIAION: formation of silicon nitride, aluminium oxide and aluminium nitride; SiC:
silicon carbide; SiO,;: silicon dioxide; TD: total density; TiC: titanium carbide; TiN: titanium nitride; TiO,: titanium dioxide; W CoB:
tungsten cobalt boron; Y-TZP: yttria-stabilised tetragonal zirconia polycrystalline; ZrB,: zirconium diboride; ZrO,: zirconium dioxide;
ZS: zirconium diboride with silicon carbide; ZTA: zirconia-toughened alumina.
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Ex-vitro analysis involves assessing dental implant materials
in real-world clinical settings, such as in patients’ mouths.
This includes monitoring patients over an extended period to
evaluate the long-term performance of the implants. Clinical
studies provide valuable information on how implants perform
under actual oral conditions, considering factors like occlusal
forces, oral hygiene, and patient habits.'®

Conclusion and Future Scope

The current scenario of zirconia ceramics in dental applications
has been providing expected mechanical properties and
biological integration enhancement in the material world.

« The application of zirconia-based CMCs can be an excellent
alternative to titanium-based implants because of the rapid
developments in the medical field. In the last decade, the
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application of dental zirconia and alumina-based ceramics has
improved.

+ Implant fabrication in conventional methods has manifested
some limitations, so there is a need to improve densified
composites that advanced sintering techniques can achieve.
Computer-aided  design-oriented 3D  manufacturing
techniques also provide a suitable route to achieve near net
shape without material waste.

+ Mechanical perspective comes with clinical research aspects
that keep on searching for materials to replace titanium
implants. Most researchers focus on AZT and ZTA alone,
without any combination, mainly bio oxides.

+ The future focus of dental implant material with
biocompatible oxides helps to further enhance the performance
of the implant, such as resistance to minor fracture, strength,
and functionality. The different combinations of zirconia
implants can be a promising alternative that is looking to
refine mechanical competencies. Collaboration of clinical
dentistry research with in-vitro and in-vivo studies of enhanced
bioceramic composites and material processing technologies is
required for rapid development in bioceramic research.

Dental implant technology is continually evolving, and review
papers may become outdated relatively quickly. New materials,
techniques, and research findings may emerge after this review
has been published. Review papers often focus on a specific
aspect of dental ceramic implants or a subset of relevant
studies. This limited scope may not cover all available research
or provide a comprehensive overview of the field.
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ABSTRACT

With continuous developments in additive manufacturing technology,
tantalum (Ta) metal has been manufactured into orthopaedic implants with
a variety of forms, properties and uses by three-dimensional printing. Based
on extensive research in recent years, the design, processing and performance
aspects of this new orthopaedic implant material have been greatly improved.

Three-Dimensional Printed Porous o Besides the bionic porous structure and mechanical characteristics that

Tantalum are similar to human bone tissue, porous tantalum is considered to be a

Mechanical Characteristics of vzjable bone. fepair mat(?rial due. fo its outstanding co.rrfosion resistanc?’, .

Porous Tantalum 168 biocompatibility, bone integration and bone conductivity. Numerous in vitro,
— — in vivo, and clinical studies have been carried out in order to analyse the

Inl‘)/itro B ’;lo"faclal Characteristics 169 safety and efficacy of these implants in orthopaedic applications. This study

of Porous Tantalum reviews the most recent advances in manufacturing, characteristics and

Preclinical Experiments using - clinical application of porous tantalum materials.
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Injuries to the musculoskeletal system are mainly
caused by trauma or bone disease. Bone defects
are an especially common clinical problem,
resulting in significantly-reduced quality of life
for millions of patients every year. Although
autologous or allogeneic bone transplantation
can partially repair bone defects, there are
problems such as source limitation, and risks of
donor site complications and infectious diseases.
Therefore, finding more suitable bone substitute
materials is the focus and hot spot of tissue
engineering research.”? The optimum substance
for a bone implant should not only have the
same elastic modulus and mechanical strength
as bone, but also have good histocompatibility
and bone integration ability. At present, the

by pure titanium (Ti), titanium alloy or stainless
steel, are difficult to adapt to the requirements of
bone replacement because of problems including
cytotoxicity, low histocompatibility, rapid wear,
and high elastic modulus. As a new metal graft
material, porous tantalum (Ta) has attracted
more and more interest due to its special
microstructure, mechanical characteristics and
good biocompatibility.”* In their review article,
Han et al.* compare the research progress and
clinical application of porous Ta and porous
Ti fabricated by different methods. As additive
manufacturing (AM) technology has advanced
in recent years, an increasing number of studies
have been carried out on three-dimensional (3D)
printing of porous Ta and its gradual application
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to orthopaedics. The research development and therapeutic
application of AM porous Ta in bone tissue engineering are
reviewed in this article.

An online search in PubMed, Web of Science, and Elsevier
databases dating from 1990 to January 2023 was performed
with the key words “additive manufacturing,” “3D printed,”
“tantalum,” “bone,” and “orthopedics.” Two researchers
screened all the duplicated literature and checked the cited
references independently for veracity. Inclusion criteria were
studies reported in English or Chinese language, studies on
Ta fabricated using AM technology, and studies related to
orthopaedics. Studies were excluded when the Ta used in the
studies was not prepared by 3D printing technology or applied
to a field unrelated to orthopaedics.

Physical and Chemical Characteristics of
Tantalum

Ta (atomic number 73, molecular weight 180.05) is a rare
transition metal that is infrequently found in nature. Solid Ta
has a density of 16.68 g/cm® and a hardness of 6-6.5 Mohs,
which is close to diamond. Ta’s melting point as a refractory
metal is 3017°C. Porous Ta differs from solid metal Ta in
its ultra-hardness and density. Porous Ta material has a 3D
polyhedral pore structure visible under scanning electron
microscopy that is similar to cancellous bone, and the porosity
greatly lowers the density of porous Ta material. Ta in its purest
form has relatively active chemical characteristics. Ta,O, and
Ta0, are the two major oxide forms in which it is found. The
surface of pure Ta spontaneously produces a persistent oxide
layer that is non-conductive and resistant to the majority of
strong acids and bases when Ta is exposed to air or treated.®
Consequently Ta is very poorly soluble at all pH levels and
potentials. Ta has great corrosion resistance as a result, and it
can also lessen the frequency of local inflammation brought on
by corrosion products.® By altering the surface hydrophobicity
and electrostatic effects, the Ta O, oxide layer on the Ta
surface gives good corrosion resistance and also increases cell
adhesion. Boyan et al.” have demonstrated that hydrophilic
surfaces are more favourable to cell adhesion and proliferation.
Ta is quite hydrophobic, but as Ta,O, forms, Ta becomes more
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hydrophilic. On the surface of pure Ta, the static water contact
angle is 97.3 + 4.2°, but it substantially drops to 6.3 + 1.1° on
the surface of Ta,0,.}

Porous Structure of Tantalum

Bone, including both cancellous bone and cortical bone, has
open cells and a 3D interconnected porous structure. High-
density orthopaedic implants have a high elastic modulus,
which makes them vulnerable to stress shielding, osteolysis,
and implant failure. Therefore, porous structures are of interest
to researchers. The mechanical properties of 3D-printed Ta
scaffolds are influenced by design elements such as porosity,
pore size, strut diameter, and pore connectivity.’

The mechanical qualities, biocompatibility, and osteogenesis of
implants are significantly influenced by the different geometric
parameters of the pores in the material.* '° Biemond et al."
investigated Ti AL,V implants with wave-like and cuboidal
pore designs. The friction coefficient of the wavy porous
implant was higher than that of the cubic porous implant,
while the bone ingrown depth of the cubic porous implant
was much deeper than that of the wavy porous implant. When
comparing Ta scaffolds with similar pore characteristics
but different pore structures, Markhoff et al.'* concluded
that a pyramidal pore structure is most appropriate for cell
migration and proliferation, and they successfully fabricated
porous Ta scaffolds with pore geometry of diamond,"* rhombic
dodecahedron,'* and biomimetic trabeculae."

Cancellous bone has a porosity that ranges from 30% to 95%,
and this high porosity provides enough space for cell migration
as well as for the transport of nutrients and oxygen.'® ' A
vast amount of biological research has revealed that implants
with higher porosity are more favourable to cell proliferation
and bone formation, and also improve biocompatibility,
osteogenesis and vascularisation.'>'” Wauthle et al.'"® examined
the biological characteristics of porous Ta scaffolds generated
by selective laser melting (SLM) with a porosity of 80% and
determined that high porosity gives good biocompatibility,
bone conductivity, and osteogenesis. Figure 1 presents
scanning electron microscopic images of 3D-printed Ta
scaffolds with varying porosities.

Figure 1. Scanning electron microscopic images of selective laser melting-fabricated porous Ta scaffolds with different
porosities. (A-E) 60%, 65%, 70%, 75%, and 80%. Reprinted from Gao et al.” Scale bar: 500 pm.
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In addition, pore interconnectivity, pore size, and strut
diameter are also involved in the mechanical and biological
aspects of 3D-printed porous Ta scaffolds. Strut diameter
has a significant effect on the mechanical properties of the
scaffold, while interpore connectivity plays a significant part in
bone conduction, osseointegration, and bone ingrowth.”” To
achieve the desired requirements, the structural parameters of
the various pores should be balanced in the Ta scaffold.

Three-Dimensional Printed Porous Tantalum

AM has been identified as a powerful and adaptable processing
approach capable of generating porous orthopaedic implants
when highly personalised, precise and complicated structures
are required. A variety of 3D-printing technologies have been
developed in recent years, including SLM, electron beam
melting (EBM), direct metal deposition, direct metal printing,
fused deposition modelling, direct metal writing, and binder
jetting. Among them, SLM and EBM have become the most
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frequently-utilised technologies for manufacturing porous
metal scaffolds because of their benefits of high accuracy, high
efficiency, and good stability.

There are similarities in the composition and manufacturing
methods of these two technologies. In both systems the point
platform rises continually, providing the metal powder,
while the blade moves the new Ta powder onto the building
platform, where the scaffold is built.

Metal powders are fused together into solid pieces using a
laser or electron beam. After the powder layer is established,
the frame platform falls, and the next layer of Ta powder
that is deposited is hit by the application from the material
distribution platform. When the whole construction is
complete, the created item is cut free from its base.' The
difference is that SLM uses a high-energy laser while EBM uses
an electron beam. Figure 2 shows the working mechanism of
the SLM and EBM machines.'
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Figure 2. (A) Schematic of the selective laser melting process. Reprinted from Kamran and Farid.”” (B) An electron beam

melting machine. Reprinted from Azam et al.”

Compared with chemical vapour deposition and powder
metallurgy, the pore formation mechanism of AM is different,
resulting in different pore structure characteristics. This allows
the AM scaffold to have the finest connectivity and the most
adjustable pore characteristics with respect to parameters
including strut diameter, pore size, and porosity. Moreover,
by designing the geometry according to anatomically-matched
requirements, AM can construct highly porous Ta scaffolds.
Future porous Ta scaffold preparation will likely rely heavily
on AM due to the continuing advances in 3D printing-related
technology.

Mechanical Characteristics of Porous
Tantalum

Clinical orthopaedic implant materials must have appropriate
mechanical characteristics. Especially in the load-bearing area,
the maximum strength and relatively low stiffness can enhance
the initial biological fusion of the bone around the implant and
ensure its long-term stability. In addition, significant indicators
for determining the mechanical properties of Ta scaffolds in

mechanical analysis include the compressive strength, elastic
modulus, tensile strength, fatigue property, and friction
coefficient.

The variations in compressive strength of Ta scaffolds are first
caused by variations in the pore characteristics, structure, and
manufacturing process. The compressive strength of porous
Ta prepared using different techniques ranges from 14 to 480
MPa. Therefore, future studies will concentrate on 3D-printed
Ta with more advanced compressive strength.” Porous Ta has
an elastic modulus that is more comparable to that of natural
bone than other metallic materials. Because 3D-printed Ta has
an elastic modulus closer to that of cancellous bone (0.1-0.5
GPa) and cortical bone (12-18 GPa) than Ti (106—115 GPa), the
stress shielding effect is reduced, bone resorption is prevented,
and more nearby bone stores are protected.” Yang et al.?? used
3D printing technology to prepare Ta trabecular scaffolds with
porosity of 60%, 70% and 80%. In the three-point bending test,
the bending strength was approximately 97, 52.8 and 23 MPa,
respectively, indicating that as porosity decreased, porous Ta’s

www.biomat-trans.com



Review of 3D-printed porous tantalum in orthopaedics

bending strength increased.”> More research is required on
the flexural strength of 3D-printed Ta scaffolds for extended
bone healing, such as ways to enhance the flexural strength by
changing the design and structure.

In addition, the fatigue performance of the fabricated porous
Ta material also needs to be considered, which can be greatly
impacted by different preparation methods. Zardiackas et al.”
investigated the fatigue behaviour of a porous Ta scaffold
prepared by chemical vapour deposition with a porosity of
between 75% and 85%. After 5 x 10° cycles of compressive
fatigue, the fatigue limit was 23 MPa, and the fatigue limit
after 5 x 10° cycles of cantilever bending was 35 MPa.”® In
a compression—compression fatigue test, Wauthle et al.’®
investigated the compressive strength of a 3D-printed Ta
scaffold with 80% porosity. They discovered a remarkably

Table 1. Mechanical properties of 3D-printed porous Ta
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low fatigue limit (7.35 MPa at 10° cycles). Ta’s porous nature
and high coefficient of friction can provide additional friction
between bone tissue and porous Ta. According to a report,*
porous Ta has a 40% to 75% higher friction than a conventional
porous coating, which is more suited to the stable fixation of
an implant and increases surgical success rates.

These excellent mechanical characteristics make porous
Ta an effective substitute for human bone tissue. Although
the mechanical properties produced by different processing
techniques are quite different, this just shows that porous
Ta materials have considerable potential in orthopaedic
applications, and more in-depth research is needed to identify
better manufacturing parameters. For convenience, we have
tabulated the mechanical characteristics of AM porous Ta
compared with cancellous bone (Table 1).2%

Manufacturing Elastic Compressive  Compressive yield
method Porosity (%) modulus (GPa) strength (MPa) strength (MPa) Reference
Cancellous bone 50-90 0.01-3.0 - 2-12 25
Ta SLM 79.7£0.2 1.22 £0.07 3.61+0.4 12.7£0.6 15
38-65 2-20 - - 18
68.3+1.1 2.34+0.2 78.54+9.1 - 14
LENS 27-55 1.5-20 - - 26
EBM 75-85 - - 6.8-24 27
LMLMC 35.48-50 2.8-9.0 56-480 - 28

Note: ‘- indicates no available data. EBM: electron beam melting; LENS: laser near net shaping; LMLMC: laser multi-layer micro-

cladding; SLM: selective laser melting; Ta: tantalum.

In Vitro Biological Characteristics of Porous
Tantalum

Porous Ta metal has been favoured by researchers in recent
years, not only because of its mechanical properties, but
more importantly because of its good biocompatibility and
good biological characteristics represented by promotion of
osteogenesis.

Biocompatibility, cell adhesion, cytotoxicity and
proliferation

Porous Ta scaffolds easily combine with oxygen to form a
self-passivation surface oxide layer (Ta,0,).”” In addition
to preventing corrosion on the scaffold in vivo, the surface
is extremely stable over a wide pH range. The surface of
3D-printed Ta promotes cell adhesion and proliferation due
to its good biological characteristics and durable compatibility
with different cell types.** With mouse fibroblasts (1929), a
3D-printed Tascaffold created by Wauthleetal. 18 demonstrated
good biocompatibility, promoting early integration and bone
formation. Wei et al.*! examined the effectiveness of porous
Ta scaffolds in restoring significant cartilage defects in the
weight-bearing area. Bone marrow mesenchymal stem cells
(BMSCs) and chondrocytes were loaded onto a porous Ta
scaffold and subsequently injected into a goat cartilage defect
model. The fact that chondrocytes and BMSCs continued to
thrive on porous Ta scaffolds 16 weeks after surgery supports
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the possibility that porous Ta is an important factor in the
differentiation of BMSCs into osteoblasts.

The adhesion degree of early cells is crucial for the effective
proliferation and differentiation of 3D-printed Ta surfaces.’
Balla et al.*” examined the morphological features of osteoblasts
cultured on 3D-printed Ta for 3 days through scanning
electron microscopy. Osteoblasts were flattened and evenly
dispersed across the Ta surface. Comparable results were
obtained by Wang et al.”® and Guo et al."* (Figure 3A). Dou
et al.** cultured BMSCs on 3D-printed Ta and porous Ti ALV,
then after 1 day of incubation, they evaluated cell status and
number of attachments by fluorescence microscopy in live and
dead cells. In comparison to porous Ti Al,V, morphological
analysis of stromal stem cells on porous Ta revealed much
greater adhesion and extension. Almost every cell on the
surface of porous Ta was alive, indicating that porous Ta has
good cytocompatibility.

The most frequently-used quantitative assays use
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
or cell counting kit (CCK)-8, which are used to measure
cytotoxicity typically through morphological inspection and
evaluation of cell viability. Wang et al.”® investigated whether
3D-printed Ta scaffolds were cytotoxic to mesenchymal stem
cells in a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
experiment. The optical density values of the Ta and the
control group (cells in Dulbecco’s modified Eagle medium)
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showed no significant differences, indicating that porous Ta
was not cytotoxic to human mesenchymal stem cells. The
proliferation and behaviours of human fibroblasts, osteoblasts,
and mesenchymal stem cells were examined by Gee et al.* in
regard to the effects of porous Ta. They concluded that Ta did
not interfere with biological functions in any of these three
types of human cells. Other studies on cytotoxicity have also
reached similar conclusions.* *

Dou et al.** and Guo et al.* used cell counting kit-8 to evaluate
the proliferation of BMSCs on the surface of porous Ta and
Ti,AlV, and found that porous Ta had a substantially greater
ability to promote cell proliferation than porous Ti ALV
(Figure 3B).* Evaluation using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium measurement assay also reached
the same conclusion.””**

Osteogenesis

Sagomonyants et al.”’ found that porous Ta significantly
stimulated the proliferation of human osteoblasts and
improved their osteogenic ability compared with other metal
materials, and this effect was more prominent in osteoblasts
from elderly individuals over 65 years old. Through scanning
electron microscopic observation, Wang et al.* found that
osteoblasts cultured in vitro adhered to, proliferated and formed
various intercellular connections on the pore surfaces of porous

Day 3

Day 5
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Ta. According to studies,” * Ta increases the expression
of genes associated with osteoblasts and certain cytokines
while decreasing the expression of genes connected with
osteoclasts. This encourages the proliferation, differentiation
and mineralisation of osteoblasts. The findings demonstrated
that the expressions of bone morphogenetic protein-2, alkaline
phosphatase, osteocalcin, and osteopontin were noticeably
greater in the experimental group than in the control group.*
The differentiation potential of human foetal osteoblasts
cultured on porous Ta and porous Ti scaffolds is similarly
influenced by the expression of the alkaline phosphatase protein.
Confocal images (Figure 3C) showed that porous Ta scaffolds
had a higher expression of vinculin protein than porous Ti
scaffolds.*” Temponi et al.** assessed the biological behaviour
of human peripheral blood mononuclear cells interacting with
porous Ta. Porous Ta did not change the activity of peripheral
blood mononuclear cells compared to the control group,
while also allowing cell adhesion, reducing receptor activator
of nuclear factor-kappa B ligand (RANKL) expression, and
enhancing transforming growth factor- expression.”
addition, the surface characteristics of implanted Ta can be

In

modified using a variety of techniques, including sandblasting,
alkali heat treatment, anodic oxidation, coating and surface
functionalisation. These surface treatment technologies can
enhance the osteogenic properties of the material.**
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Figure 3. Cell adhesion and proliferation properties on porous Ta. (A) Morphology of mesenchymal stem cells (yellow
arrows) cultured for 3 and 5 days. Reprinted from Wang et al.'® (B) Light (B1) and fluorescence microscopic images of
live-dead-stained bone marrow mesenchymal stem cells incubated on porous Ta (B2) and Ti Al,V (B3) for 1 day, and
quantification of the adherent cells (B4). Reprinted from Dox et al.*3(C) Confocal micrographs of vinculin expression on
porous Ta with porosities of 27% (C1) and 45% (C2) and on porous Ti with 27% porosity (C3). Reprinted from Balla et
al.’? Copyright © 2010 Acta Materialia Inc. Scale bars: 50 pm. Ta: tantalum; Ti: titanium.

Angiogenesis

Oxygen and nutrients required for osteogenesis are delivered
by newly-formed blood vessels, and the role of angiogenesis
is to promote the continuing stability of bone implant

materials.”” Porous Ta, polydopamine-porous Ta scaffolds,
polydopamine-magnesium ion porous Ta scaffolds, and
polydopamine-strontium ion porous Ta scaffolds were all
thoroughly investigated by Cheng et al.* for their impact
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on the ability of human umbilical vein endothelial cells to
form and migrate in vitro. Their findings confirmed that the
porous Ta scaffold was beneficial to angiogenesis. In vitro, the
vascularisation rate of porous Ta scaffold materials can be
enhanced by the addition of Sr and Mg ions.

Antibacterial activity

Whether or not porous Ta has antibacterial properties is still
controversial. Studies conducted by Zhang and colleagues® *'
revealed that a TaN coating exhibited excellent anti-
bacterial properties against various types of bacteria, such
as Staphylococcus aureus and Porphyromonas gingivalis. In
another study, the use of Ta-based components in 966 patients
who had undergone total hip arthroplasty significantly
decreased the likelihood of infection.” Compared to Ti, the
infection rate of Ta was lower at 3.1%. This suggests that it
confers some resistance against infection.

The porous nature of Ta materials and their rough surfaces
are helpful for tissue growth and early implant durability,
but they also create favourable circumstances for bacterial
colonisation.” In in vivo environments, porous Ta prostheses
demonstrated adequate osseointegration ability even when the
implanted site was in a long-term infected state, but 3D-printed
Ta failed to demonstrate intrinsic anti-biofilm qualities in
vitro.>*** According to a study by Yang et al.,* this could be
the outcome of the host immunological reaction brought on
by porous Ta. Other research has yielded inconclusive results
regarding the capacity of porous Ta to fend off infection
in vivo.”” There is still much disagreement in academia as to
whether Ta has intrinsic antibacterial properties.
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Preclinical Experiments using Tantalum
Manyscholarshaveverified the osseointegration and osteogenic
characteristics of porous Ta scaffolds in vivo through animal
experiments. As mentioned above, porous Ta implants with
open, interconnected structures are beneficial for osteoblast
adhesion and proliferation as well as the passage of nutrients
and oxygen needed for the formation of new bone. The oxygen
concentration and acidic conditions of porous Ta scaffold
were verified by Jonitz et al.¥ to be advantageous for bone
ingrowth. At 16 weeks after surgery, Wang et al.’® completed
3D reconstruction of micro-computed tomography scans and
estimated the quantity percentage of bone formed around
porous Ta implants in rabbits with condylar osteochondral
defects. They indicated that the interior of the porous Ta
implant as well as its surface had been penetrated by freshly-
formed bone. The right hind legs of rabbits were surgically
implanted with porous 3D-printed Ta and Ti Al,V implants by
Guo et al.’* Radiographs taken at 4, 8, and 12 weeks, shown in
Figure 4A, revealed that porous Ta specimens integrated into
the surrounding bone tissue more successfully than porous
Ti ALV specimens and prevented loosening or dislocation."
Wauthle et al."® conducted histological evaluation of a porous
Ta implant removed from a rat femoral defect and found that
the pores of the implant supported strong new bone growth,
and the porous Ta scaffold was successfully incorporated
into the surrounding tissue (Figure 4B). In conclusion, the
superior osseointegration and osteoconductivity of porous Ta
facilitated bone tissue remodelling and regeneration.

Figure 4. Osseointegration of porous tantalum (Ta) scaffolds. (A) Radiographic and histological images of porous Ta
and Ti Al 'V implants at 4, 8, and 12 weeks. Reprinted from Guo et al."* (B) Histological images of SLM porous Ta after
12 weeks in vivo. Reprinted from Wauthle et al."® Copyright © 2014 Acta Materialia Inc.

The term “osseointegration” refers to the process in which
an implant is enveloped by surrounding bone tissue or
comes into contact directly with it. Porous Ta scaffolds
have solid osseointegration after implantation, good in vitro
biocompatibility, and no early, evident allergic reactions.” In
the right hind leg of rabbits, Guo et al.'* implanted porous Ta

Biomater Transl. 2023, 43), 166-179

and Ti Al V implants. Radiographs taken at 4, 8, and 12 weeks
revealed that the porous Ta samples prevented loosening
or dislocation more successfully than the porous Ti Al V
samples. Wang et al.®® used micro-computed tomography
analysis to evaluate the volume of new bone around porous
Ta implants and compared them with porous Ti implants at 6
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and 12 weeks. They discovered that the volume of new bone
around the porous Ta implants was much greater than that
surrounding the porous Ti implants.®® Porous Ta rods were
inserted into the hind legs of dogs by Wei et al.*' and evaluated
by a hard tissue biopsy 3 to 6 weeks after implantation. They
found that new osteoblast adhesion and new bone ingrowth
were seen at the Ta-host bone contact area and the pores.
Three and six months after implantation, the Ta rod from a
canine femoral shaft defect model was analysed by Van Gieson
staining by Wang et al.”® The study revealed that the bonding
strength between the 3D-printed Ta and the host bone was
significantly greater after 6 months, and examination of hard
tissue sections demonstrated that the new bone was firmly
bonded to the surface of the Ta implant. In a rabbit tibial repair
model, Fraser et al. implanted Ti implants at the neck and root
tip together with a mid-connected implant constructed of
porous Ta.®* They observed that new bone growth occurred
more frequently around the middle of the implant than at the
neck and tip of the root because of the greater interaction with
the surrounding soft and hard tissues.

The potential of porous Ta in bone functional regeneration is
demonstrated by the abundance of blood vessels that emerge
at the interface and inside the prosthesis as new bone tissue
grows into the implant. After 4, 8, and 16 weeks of healing,
Hacking et al.®* removed subcutaneous porous Ta implants
from the backs of dogs and used transmission light microscopy
to examine their histological sections. The porous Ta stent was
discovered to include a significant proportion of vascularised
connective fibrous tissue 16 weeks after placement. After
removing porous Ta implants from dog femurs 52 weeks
after they were implanted, Bobyn et al.* discovered identical
histological evidence of vascular supply throughout the
endophytic bone. These results confirmed that porous Ta
promotes vasculogenesis, but the angiogenic mechanisms and
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factors affecting angiogenesis in porous Ta scaffolds have not
been clarified.

Drug Delivery of Porous Tantalum

In the past few years, the use of porous structures to deliver
drugs has become a research hotspot. Porous Ta metal has
become one of the best choices for drug-loaded scaffolds
due to its good biocompatibility. Surface modification by dip
coating, hydrogel packaging, and spray coating are examples
of drug-loading techniques. Multiple studies have shown that
porous Ta metal itself has no observable antibacterial effect
in vitro.>> © However, porous Ta promotes innate immunity
and antibacterial actions in vivo.”® Carrying antibiotics to fight
infection has become the main use of drug delivery. Functional
reconstruction and adjuvant therapy after tumour resection
are another use of porous Ta metallic materials for drug
delivery. Guo et al.® used hydrogel and electrostatic interaction
techniques to load doxorubicin onto 3D-printed porous Ta and
showed that this technique successfully extended the duration
of medication release. Some scholars further enhanced the
osteogenic effect of Ta metal by drug loading. For repairing
bone defects, Tanzer et al.” used 3D-printed porous Ta and
surgically implanted a porous Ta stent carrying zoledronic acid
into the proximal femurs of dogs. Compared to a blank control
group, the bone mass around the prosthesis was 2.34 times
greater in the experimental group than the control group, and
bone growth was 58% higher. In addition, other studies using
implants loaded with vascular endothelial growth factor or
transforming growth factor have verified the increased repair
ability after drug loading.®® * High local drug concentration,
long release duration, and low toxicity are all benefits of
the porous Ta metal drug delivery system; however clinical
transformation application and drug dosage optimization still
need to be improved.”” Figure 5 shows different methods of
loading cells or medications onto porous Ta.

Anti-tumour

Cartilage defects

Drugs loaded on porous tantalum

Drugs

Chondrocytes loaded
on porous tantalum

Cancellous bone

Chondrocyte

Bacterial

Tumour cell

Promote bone intergration

Promote cartilage formation

Figure 5. Drugs or cells loaded onto porous tantalum (Ta) for different treatments. Copyright 2021 from Hua et al.”
Reproduced by permission of Taylor and Francis Group, LLC, a division of Informapic.
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Clinical Translation of Porous Tantalum

As mentioned above, porous Ta has excellent biological
properties, an elastic modulus comparable to human cancellous
bone, sufficient mechanical strength, and excellent corrosion
resistance. Since Kaplan et al.” first developed Ta implants

with an open cell structure in 1994, porous Ta metal implants
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are being used more frequently in orthopaedic procedures
such as foot and ankle surgery, shoulder reconstruction, spinal
fusion, and hip and knee replacement. The effectiveness
and safety of 3D-printed Ta implants have been the subject
of an increasing number of clinical trials. Figure 6 shows
several instances of 3D-printed porous Ta implants applied in
orthopaedic surgery.”>”

B
c3 c4
c7

Figure 6. Clinical translation of 3D-printed porous Ta. (A) The clinical application of customized 3D-printed porous
Ta scaffolds combined with Masquelet’s induced membrane technique to reconstruct an infected segmental femoral
defect. Reprinted from Wu et al.”? (B) Knee reconstruction using 3D-printed porous Ta augmentation in the treatment
of a Charcot joint. Reprinted from Hua et al.” (C) After pelvic tumour resection, hemi-pelvic replacement surgery
was performed using 3D-printed porous Ta implants. (C1) Anteroposterior X-ray of the patient’s hip joint showed
an uneven density of the right iliac crest. (C2) Coronal MRI showed the extent of tumour invasion. (C3) Preoperative
simulation of tumour resection and reconstruction range and location. (C4) Hemi-pelvic prosthesis design to restore
the pelvic ring structure. (C5) Lateral view of the hemi-pelvic prosthesis. (C6) 3D-printed hemi-pelvic prosthesis. (C7)
Intraoperative prosthesis implantation. (C8) X-ray at 6 months after surgery. C was from the authors’ original study. 3D:
three-dimensional; MRI: magnetic resonance imaging; Ta: tantalum.

Hip

At present, porous Ta implants are frequently used in
three types of hip surgery: developmental dysplasia of the
hip acetabular shelf, femoral head necrosis support, and
hip reconstruction. Cheng et al.’”* reported a study on the
application of individualised porous Ta metal acetabular
shelf augments prepared by 3D-printing technology for hip
joint reconstruction in the treatment of adult developmental
dysplasia of the hip. Eight patients with Crowe type I
developmental dysplasia of the hip were included in this study.
Individual 3D-modelling of the hip joint was performed by
computer. The most appropriate size of the acetabular shelf
was designed using specialised software MIMICS (Materialise,
Leuven, Belgium), and then the porous acetabular augment was
processed. The visual analogue scale score decreased from 2.92
+ 0.79 preoperatively to 0.83 + 0.72 at the last follow-up, and
the Harris hip score increased from 69.67 + 4.62 preoperatively
to 84.25 £ 4.14 at the final follow-up. Imaging analysis revealed
that the Ta metal acetabular augment was in tight contact with
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the iliac bone and exhibited no loosening or osteoarthritis
progression, and the changes were statistically significant.

In the treatment of osteonecrosis of the femoral head (ONFH),
a porous Ta rod plays the role of filling and supporting a
femoral head with a bone defect after core decompression, and
stimulating osteogenesis of the host bone in the subchondral
bone area. Studies have shown that a porous Ta rod can slow
the progress of early osteonecrosis and delay the time of joint
replacement.” ’® Liu et al.”’ reported that 149 patients with
early ONFH were treated with porous Ta rods, and the follow-
up study after 3 years showed good clinical and imaging results.
However, the long-term effect of Ta rods is controversial.”®
One study showed that the mechanical support of the necrotic
area by porous Ta rods is insufficient, and only 1.9% of the
bone ingraft was observed in histopathological examination
of the 15 Ta rods removed.” Therefore, some scholars have
tried to combine vascularised bone flap transplantation or
BMSCs with porous Ta rods.*”® To confirm the efficacy of

173



Review

174

these techniques, long-term clinical follow-up surveillance is
still required to evaluate these improvements.

The use of porous Ta material in total hip arthroplasty is
mainly in the acetabular cup. In 2002, experts directly pressed
polyethylene lining into a porous Ta cup, and this integrated
design reduced wear of the polyethylene.®? Wear debris has
been considered as the main cause of aseptic loosening of
the acetabular cup, so this design can theoretically prolong
the service life of the artificial joint. In a clinically available
prospective study, 151 hips were followed up for 8-10 years
after primary total hip arthroplasty.®® Although periacetabular
spaces of 1 to 5 mm in length could be identified early in 25
hips, these disappeared after 24 weeks. No complications such
as osteolysis or prosthesis loosening were confirmed by follow-
up radiographs. On the surface of the porous Ta cup, there was
significant bone ingrowth in a patient who underwent revision
surgery due to dislocation 50 months after surgery. Eighty-two
patients who underwent total hip replacement with a porous
Ta acetabular component were observed by Macheras et al.®
for an average of 7.3 years. At 6 months following surgery,
the gap between the prosthesis and the surrounding bone
was filled with new bone tissue, and at the latest follow-up,
there were no radiolucent lines or indications of periprosthetic
osteolysis.* For revision total hip arthroplasty, bone defect
repair and acetabulum reconstruction, as well as restoration of
basic stability, centre of rotation, and maximum bone-implant
contact, are surgical challenges.®*> Several short-term and
medium-term studies have shown that porous Ta acetabular
cups and patches provide good results in the treatment of
acetabular bone defects.® ¥ Lochel et al.® performed a 10-year
follow-up after hip revision surgery using a porous Ta cup and
augment. The survival rate of 53 hips with complete follow-up
was 92.5%. The Harris hip score increased significantly after
revision surgery.

Knee

Porous Ta materials are also frequently used in knee
reconstruction surgery. In short-term and long-term
postoperative follow-up studies, the replacement of a
conventional prosthesis with a cementless porous Ta single-
piece tibial prosthesis achieved good clinical results.**' De
Martino et al.”* described results in 33 patients who underwent
primary total knee arthroplasty (TKA) with a cementless Ta
single tibial component in a study with postoperative follow-
up of at least 10 years. None of the prostheses were subjected
to radiological examination for osteolysis, or displacement.
The individuals’ average knee scores increased from 56 before
surgery to 93 afterward, showing that porous Ta is a promising
alternative material for TKA prosthesis. The construction of
this tibial monolithic component is comparable to that of the
acetabular monolithic replacement in that polyethylene is
directly compressed into the porous Ta substrate, eliminating
the possibility of wear debris penetrating the bone-implant
interface. The mechanical and biological characteristics of the
porous Ta ensure the primary stability and long-term survival
of the tibial component. Significant bone ingrowth was found
in the column and posterior floor plate interface of a porous Ta
tibial prosthesis that was recovered from a chronically-infected
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knee prosthesis through histological analysis, indicating that
even in an infected environment, good bone-implant fusion
can still be achieved.”

The treatment of bone defects in the distal femur, proximal
tibia and even patella in knee reconstruction has always been
one of the difficulties in surgery. Porous Ta grafts are used
for structural transplantation and various irregular shapes
can be designed and prepared to restore the required bone
reserve depending on location and the amount of bone lost.*
A number of medium-term follow-up studies have shown that
porous Ta vertebrae have a good effect on restoring huge bone
defects and maintaining the stability of prostheses, whether in
the femoral or tibial sides.”*® Another systematic review of Ta
cones and cannulas revealed a 9.7% reoperation rate and a 0.8%
sterile loosening rate per cannula. The reoperation rate of Ta
vertebrae was 18.7%, and the aseptic loosening rate was 1.7%.%
Patellar reconstruction with a porous Ta prosthesis is a way to
restore the normal structure and function of the patellofemoral
joint in cases of knee extension device dysfunction due to
patellar resection or patellar bone defect. In a clinical study,
Kamath et al.”® investigated the use of a porous Ta patellar
component to treat severe patellar loss during revision TKA.
All 23 participants had positive clinical outcomes at the most
recent follow-up (mean 7.7 years), as measured by the Oxford
Knee Score and the Knee Society Score.”

Spine

Porous Ta scaffolds are commonly used in lumbar interbody
fusion and cervical interbody fusion in spinal repair
applications.” A porous Ta cage used in anterior cervical
fusion was proven to be beneficial in a prospective randomized
controlled clinical experiment by Fernindez-Fairen et al.'®
The Ta cage implantation group revealed a similar fusion rate
and postoperative stability at the conclusion of a 2-year follow-
up period compared to the standard autogenous iliac bone
transplant paired with an anterior wall plate. Patients who
received single-hole Ta cage implantation for interbody fusion
had good clinical and radiological outcomes after 11 years of
follow-up, with no significant complications in 12 patients.
In addition, Mastronardi et al.'! showed that porous Ta was
beneficial in terms of interbody fusion rate, low complication
rate, and short- or long-term postoperative evaluation scores,
such as 36-item short-form, neck disability index, and visual
analogue scale. Lebhar et al.'” also revealed the preliminary
stability and osseointegration of Ta interbody implants in the
medium-term follow-up of posterior lumbar interbody fusion,
and the results confirmed that porous Ta implants are a reliable
choice for spinal fusion surgery. Surgical time, blood loss,
length of hospital stay, fusion rate, and visual analogue scale
scores, and complication rates from pertinent clinical studies,
were all examined in two recent meta-analyses. We discovered
through two meta-analyses that porous Ta implants, which
have been the gold standard in the surgical treatment of
anterior cervical degenerative disc degeneration, are equally
effective and safe.”” 1%

Foot and ankle
End-stage ankle arthritis is a very serious disease. In the

www.biomat-trans.com



Review of 3D-printed porous tantalum in orthopaedics

case of ineffective conservative treatment, ankle arthrodesis
and ankle replacement are two commonly-used surgical
treatments.'” Horisberger et al.'® revealed the use of a
Ta spacer to reconstruct major ankle bone defects during
ankle arthrodesis. Postoperative X-rays confirmed that the
structure had good initial stability.'® Five years after surgery,
Tiusanen et al.'® reported 104 patients who had undergone
total ankle replacement with a porous Ta prosthesis. Low
rates of osteolysis and prosthesis loosening were found, and
patient pain and functional outcomes were encouraging,
indicating that Ta is an effective substitute for traditional bone
grafting in foot and ankle applications.'” Sundet et al.'”” used
a combination of retrograde screws, a porous Ta spacer, and
an osteoinductive augment with autologous bone marrow
concentrate during revision surgery on 30 patients (31 ankles)
who had undergone a failed total ankle replacement. The
fusion rate was 93.5% after a mean follow-up of 23 months,
and almost all patients were satisfied with the procedure, with
pain relief and improved mobility. Although the survival rate
of TKA has been shown to be lower than that of hip and knee
replacement, some studies have recommended retaining the
range of motion and normal gait of the ankle rather than using
arthrodesis.”” ' The tibial and talar components of a porous
Ta-based ankle prosthesis taken out of a 50-year-old female
patient had a higher percentage of bone ingrowth than the
porous Ta hip and knee components that were retrieved. At
the same time, active bone remodelling was still visible in the
porous Ta layer 3 years after operation.'”

Others

In a case reported by Zhao et al.,'"'° a 3D-printed porous Ta
plate was used to treat tibial fracture nonunion, and the patient
was able to perform normal activities 10 weeks after surgery
without pain in the affected limb. The fracture had fully healed
at the 5-month follow-up, and the patient was able to return to
work and normal activities.'® In order to manage challenging
proximal humeral fractures, Li et al.''! observed 51 patients
who had undergone total shoulder arthroplasty utilizing a
porous Ta prosthesis. After an average follow-up period of 3
years, radiographic evaluation showed anatomical union of the
greater tuberosity of the shoulder in 92% of enrolled patients,
and there was no evidence of an infection or of prosthesis
loosening. Using monoblock porous Ta glenoid components,
Chen et al. revealed good clinical results in patients with no
loosening of the glenoid component or need for revision
surgery regardless of preoperative glenoid morphology.''
Sasanuma et al.'"* also demonstrated that in elderly patients
with chronic comminuted proximal humeral fractures, the
reverse shoulder arthroplasty group using porous Ta implants
had a higher rate of bone healing and a greater range of
shoulder motion than the group using nonporous stents.

Summary

Recently, porous Ta metal has attracted more attention as a new
orthopaedic implant material. With the deepening of research
and the progress of technology, the advantages of porous Ta
metal materials in mechanics and biology have been gradually
highlighted. The use of Ta is not limited to orthopaedic
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equipment such as porous Ta rods and intervertebral fusion
cages, but it has also been applied to complex implants such as
artificial hip and knee prostheses. Three-dimensional printing
technology has the advantages of sufficient design freedom and
personalised customisation when dealing with the complex
morphology of human body structure. It is easier to load
different medications onto the porous surface of the material,
but it is challenging to maintain the biological activity and
regulate the kinetics of its delayed release. However, its clinical
application still faces problems such as high cost, a complex
preparation process, and inadequately slow osseointegration.
In vivo safety also needs to be supported by more research
evidence. In addition, the mechanism of action involved in the
biological effects of Ta metals requires more comprehensive
and in-depth exploration, including the development of
proteomics and genomics. It is necessary for researchers from
materials science, biology, medicine and other disciplines
to cooperate. Future studies will focus on porous Ta metal
materials with easy preparation processes, low costs, and
superior performance.

There are some limitations in this review. Publication bias
was assessed but could not be ruled out. In addition not all
clinically-pertinent topics can be addressed by this analysis,
and some of the results may be challenging to put into practice.
However, the authors provided an innovative viewpoint on
how to introduce Ta into bone repair materials using advances
in AM technology. We hope that this review will provide a
succinct explanation of the potential of Ta as a bone implant
material in the near future.
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From the Contents

Decellularised extracellular matrix (dECM) biomaterials originating from
allogeneic and xenogeneic tissues have been broadly studied in the field of
regenerative medicine and have already been used in clinical treatments.
Allogeneic dECMs are considered more compatible, but they have the
drawback of extremely limited human tissue sources. Their availability

is also restricted by the health and age of the donors. To investigate the
viability of xenogeneic tissues as a substitute for human tissues, we fabricated
both porcine decellularised nerve matrix (p)DNM) and human decellularised
nerve matrix for a comprehensive comparison. Photomicrographs showed
that both dECM scaffolds retained the ECM microstructures of native
human nerve tissues. Proteomic analysis demonstrated that the protein
compositions of both dECMs were also very similar to each other. Their
Sfunctional ECM contents effectively promoted the proliferation, migration,
and maturation of primary human Schwann cells in vitro. However, pDNM
contained a few antigens that induced severe host immune responses in
humanised mice. Interestingly, after removing the a-galactosidase antigen,
the immune responses were highly alleviated and the pre-treated pPDNM
maintained a human decellularised nerve matrix-like pro-regenerative
phenotype. Therefore, we believe that an a-galactosidase-free pPDNM may
serve as a viable substitute for human decellularised nerve matrix in future
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of decellularised extracellular matrix (dECM) has
been growing rapidly and they have drawn great
attention regarding regenerative medicine!'”
Numerous applications of dECM scaffolds and
hydrogels have been developed for peripheral
nerve regeneration, musculoskeletal defect
repair, wound healing, treatment of myocardial
infarction, and therapeutic solutions for many
other diseases.*® dECM biomaterials, especially
those derived from mammalian tissues, often
exhibit specific bioactivity that is beneficial to
facilitating cellular proliferation, migration,
and directed differentiation,
eventually promoting tissue remodelling.” It is
worth noting that both xenogeneic and allogeneic

maturation,

tissues have been employed as original sources
of biomaterials, which have been implanted in
millions of patients for clinical treatments.®°

Among many U.S. Food and Drug
Administration-approved dECM scaffolds, those
derived from allogeneic nerves provide off-the-
shelf substitutes for nerve autografts (the gold
standard) for functionally repairing peripheral
nerve deficits."!  Current commercialised
decellularised nerve allografts, which include
Avance (Axogen Inc., Alachua, FL, USA) and
hANGs (Guangzhou Zhongda Medical Device
Company, Guangzhou, China), maintain the
nanofibrous structures and major components of
the natural extracellular matrix (ECM) in human
1L 12 However, the practical use of such
decellularised allografts is extremely limited by

nerves.
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the inadequate tissue supply as well as the great risk of disease
transmission. Moreover, the allogeneic tissues are typically
from old and cadaveric sources with large batch variability.
The age of the source animal is one of the major factors that
determines the biological function of dECM scaffolds. Those
obtained from foetal/neonatal mammals result in greater
regenerative performance than those produced from adult
mammals.'>

Besides these commercialised decellularised nerve allografts,
various xenogeneic dECM-based materials have been
developed into functional scaffolds for peripheral nerve
regeneration, as reported in many pre-clinical research
studies.” 1 1¢ Porcine decellularised nerve matrix (pDNM) has
been processed in several other forms that allow customised
fabrication of advanced nerve guidance conduits. For example,
pDNM was intimately integrated into oriented electrospun
nanofibres, which combined biological and topological nerve
guidance and resulted in synergistic effects on directed neurite
outgrowth and remyelination.”" Additionally, pDNM
can be further digested and form a hydrogel at ~37°C for
easy processing or cell encapsulation. The pDNM pre-gel
solution can be either directly injected into injury sites,® or
perfused into pre-fabricated conduits for repairing peripheral
nerve defects.” #* Unlike clinical application of allogeneic
dECM nerve grafts, the above-mentioned research studies
used porcine dECM biomaterials and implanted them into
xenogeneic animal models (mostly rodent sciatic nerve defect
models), which demonstrated their beneficial properties in
promoting nerve regeneration and functional recovery. Here
we ask a question that is critical to biomaterials translation: can
these xenogeneic dECM materials serve as viable substitutes
for human decellularised nerve grafts for the clinical treatment
of nerve defects? As a matter of fact, decellularised porcine
tissues have been successfully commercialised and implanted
into patients as biological scaffold materials, including dermis,
heart valves, small intestinal submucosa, and others.” They
are readily available and usually harvested from younger tissue
sources.

Although both raw material sources have been used clinically,
few comparative studies between the xenogeneic and allogeneic
decellularised materials have been performed, and especially
the host response to both materials is poorly understood.
Although some research studies reported that dECM may
suppress inflammatory responses after xenogeneic graft
implantation into non-human animal models,* * a few cell
surface antigens found in the tissue-derived dECM materials
can potentially provoke host rejection or other immunogenic
responses. For example, the galactosidase (Gal) epitope is
commonly present in non-primate mammalian tissue but not
in primates.? Compared to the innate immune response, very
few studies have investigated changes in the acquired immune
system following dECM scaffold implantation. Animal studies
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are typically used for biocompatibility assessments, but the
immune cell receptors are distinctly different from those in
humans.” On the other hand, considering the difficulties with
conducting clinical trials or obtaining patient biopsies, the
human immune response to these implanted biomaterials is
hard to predict.

Herein, a comparative study was conducted to provide
a comprehensive understanding of human and porcine
decellularised nerve matrices (hDNM and pDNM), with
respect to their microstructures, compositions, bioactivities,
and the human immune responses post-implantation. First,
the microstructures of both hDNM and pDNM were observed
by scanning electron microscopy (SEM) and compared
with each other after optimised decellularisation. Second,
proteomic analysis revealed the compositional similarities and
differences between the two materials. To briefly examine
the bioavailability of both dECM materials, primary human
Schwann cells (HSCs) were cultured on hydrogels derived
from hDNM (hDNM-gel) and pDNM (pDNM-gel) for in vitro
characterisation and comparison. Finally, the host response
to the xenogeneic pDNM and allogeneic hDNM was assessed
using a humanised mouse model. Hopefully, this comparative
study can provide some insights into the clinical translations of
tissue-derived dECM materials, especially pDNM which may
serve as a substitute for decellularised hDNM allografts for the
restoration of peripheral nerve defects.

Methods

Preparation of hDNM and pDNM

Human peripheral nerves (sciatic nerve) were obtained
from Guangzhou Zhongda Medical Equipment Co., Ltd.
(Guangzhou, China), and the study was approved by National
Medical Products Administration of China (approval No.
20163131598, approved on August 26, 2021). Preparation
of hDNM was performed according to a protocol described
previously.'? Briefly, the nerves were washed and then soaked
in phosphate-buffered saline (PBS; B040100, Sangon Biotech,
Shanghai, China) overnight. Then, the nerve tissues were
agitated and rinsed in deionised water three times for 2 hours
each time. The washed nerves were transferred to 3.0% (w/v)
Triton X-100 (X100PC, Sigma-Aldrich, St. Louis, MO, USA)
in PBS for 12 hours, and subsequently immersed in 4.0%
sodium deoxycholate-containing PBS for another 6 hours.
The resulting decellularised nerves were rinsed with deionised
water for 1 day, followed by washing in isopropyl alcohol for
12 hours to remove lipids. Finally, after freezing at —40°C for 4
hours, the decellularised tissues were lyophilised for 2 days to
produce the hDNM scaffolds.

The pDNM scaffolds were prepared by following a previously-
reported protocol.”’ Briefly, the raw middle part of sciatic
nerves and the corresponding distal end were harvested from
miniature pigs (provided by the Experimental Animal Centre

1 Guangdong Engineering Technology Research Centre for Functional Biomaterials, School of Materials Science and Engineering, Sun Yat-sen University,
Guangzhou, Guangdong Province, China; 2 Key Laboratory for Polymeric Composite & Functional Materials of Ministry of Education, School of Chemistry,
Sun Yat-sen University, Guangzhou, Guangdong Province, China; 3 Guangdong Engineering Technology Research Centre for Peripheral Nerve Tissue,
Department of Orthopaedic and Microsurgery, The First Affiliated Hospital of Sun Yat-sen University, Guangzhou, Guangdong Province, China;

4 Guangzhou Zhongda Medical Equipment Co., Ltd., Guangzhou, Guangdong Province, China
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of the First Affiliated Hospital of Sun Yat-sen University), then
decellularised by sequential treatment with 3.0% Triton X-100,
4.0% sodium deoxycholate, and rinsed with sterile water.
Finally, the pDNM scaffold was obtained after degreasing
with a mixed solvent (ethanol:dichloromethane = 1:2) and
lyophilisation.

Scanning electron microscopy

The microstructures of both hDNM and pDNM were
characterised by SEM (JSM-6380LA, Jeol Ltd., Tokyo, Japan).
The sample preparation was implemented using a previously-
reported method.” Briefly, both hDNM and pDNM scaffolds
were cut into small pieces and mounted on aluminium sample
stubs. Their cross-sections were sputtered with platinum/
palladium and then subjected to observation using an SEM.

Histological staining

The hDNM and pDNM scaffolds were fixed in 4%
paraformaldehyde (P0099, Beyotime Biotechnology, Shanghai,
China) at 4°C for 12 hours. The fixed samples were dehydrated
in graded alcohol, embedded in paraffin, and sectioned into
5-um pieces. The sections were deparaffinised and then stained
with haematoxylin-eosin by following the manufacturer’s
protocols (C0105, Beyotime Biotechnology). All samples were
observed and images captured under a microscope (Leica
Microsystems, Wetzlar, Germany).

Residual DNA detection

Samples of hDNM and pDNM (5 mg each) were digested in
proteinase K solution (200 pL, 1 mg/mL; ST533, Beyotime
Biotechnology) at 56°C until digestion was complete. After
centrifugation at 10,190 x g for 10 minutes, the DNA content
of the supernatant was determined using a Quant-iT PicoGreen
kit (P11496, Invitrogen, Carlsbad, CA, USA) according to the
YY/T 0606.25-2014 standard.”!

Liquid chromatography-tandem mass spectrometry
Proteomic analysis of both hDNM and pDNM was performed
by liquid chromatography-tandem mass spectrometry (LC-
MS/MS).” Each dECM sample was added to sodium dodecyl
sulphate lysis buffer (P0013G, Beyotime Biotechnology) at
sample: buffer = 1:100 and then centrifuged at 14,000 x g for 30
minutes. The supernatant was analysed using a bicinchoninic
acid protein assay kit (P0009, Beyotime Biotechnology).
Afterwards, the proteins within the supernatant were digested
with 25 pL trypsin solution, vortexed, and then incubated
at 37°C overnight. The digested peptides were then desalted
using Pierce C18 spin tips (90011, Thermo Fisher Scientific,
Waltham, MA, USA). Peptide separation was implemented
using high pH reverse-phase high-performance liquid
chromatography on a C18 column. Finally, the isolated
peptides were resuspended in 30 pL of solvent mixture (0.1%
formic acid in acetonitrile) and analysed by online nanospray
LC-MS/MS on an Orbitrap Fusion coupled to an EASY-nano-
LC system (EASY-NIc, Thermo Fisher Scientific).

Proteomic analysis
The raw data from the mass spectrometer were analysed
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using Protein Discoverer 2.1 (Thermo Fisher Scientific)
against the porcine and mammalian protein UniProt database
(https://www.uniprot.org/help/publications).*® All searches
required 10 ppm precursor mass tolerance, 0.02 Da fragment
mass tolerance, strict tryptic cleavage up to two missed
cleavages, and 1% protein false discovery rate.’ Using these
conditions, the protein expression values were obtained and
corrected using log, transformation. Meanwhile, the mean
value of each protein in the pPDNM and hDNM samples was
calculated, termed pDNM and hDNM, respectively. The
ratio of pDNM to hDNM was defended as the FoldChange.
To identify differentially-expressed proteins, the value of
log,FoldChange > 1 with adjusted P-value < 0.05 was used to
identify those which were up-regulated, while the value of
log,FoldChange < ~1 with adjusted P-value < 0.05 was used to
identify down-regulated proteins. Matrisome annotations of
both porcine and human nerves were identified and classified
using MatrisomeDB 2.0 (http://www.matrisomedb.org).*?
The proteomics figures, including unsupervised hierarchical
clustering images, were generated using the DESeq package
in the R language software (version 3.2.3, https://www.r-
project.org/).

Preparation of hDNM-gel and pDNM-gel
ToobtainthehDNM-geland pDNM-gel, thelyophilisedhDNM
and pDNM scaffolds were first ground into powder using a
Thomas Model 4 Wiley® Mill (Thomas Scientific, MA, USA).
Then,thehDNMand pDNM powders weredigestedin 1 mg/mL
pepsin dissolved in 0.01 M HCl (C0680110213, Nanjing
Reagent, Nanjing, China). The digested solution was
subjected to centrifugation at 44,760 x g (Optima MAX-XP,
Beckman Coulter, Brea, CA, USA) for 30 minutes to remove
all the undissolved particulates. Afterwards, the solution was
neutralised to pH ~7.4 using 0.1 M NaOH (BD27, Guangzhou
Chemical reagent Factory, Guangzhou, China) and diluted to
reach an ionic equilibrium using 10x PBS (P1022-500, Solarbio,
Beijing, China). The pre-gel solution was stored at —20°C or
gelled at 37°C to obtain either hDNM-gel or pDNM-gel. The
final concentration of both hydrogels was 1% (w/v).

Preparation of primary human Schwann cells

HSCs (Cat# 1700, ScienCell Research Laboratories, San Diego,
CA, USA) were isolated from human spinal nerves. They were
cultured in Schwann cell medium (P60123, ScienCell Research
Laboratories) containing 1% Schwann cell growth supplement,
1% penicillin/streptomycin, and 10% foetal bovine serum.
The HSCs were incubated at 37°C in a humidified 5% CO,
incubator. After two passages, 1 x 10° cells per well were
seeded into 6-well plates pre-coated with 0.5% (w/v) hDNM-
gel or pPDNM-gel, respectively.

Viability test

HSCs were seeded into 6-well plates pre-coated with hDNM-
gel or pPDNM-gel, as appropriate. After 2 days of culture, the
medium was replaced with PBS containing live/dead staining
reagent (1 mM) and incubated in the dark for 30 minutes,
then images of the cells were captured for counting using a
fluorescence microscope (Nikon, Tokyo, Japan).
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Proliferation assessment

HSC proliferation was evaluated through 5-ethynyl-2'-
deoxyuridine (EdU) labelling. After 24-hour incubation,
the Schwann cell culture medium in each well was replaced
with 200 pL fresh medium supplemented with EdU (final
concentration 1 pM; C10310-3, RiboBio, Guangzhou, China).
HSCs were then cultured for another 24 hours and fixed in
4% paraformaldehyde for 30 minutes. DNA incorporating
EdU was labelled using an Alexa Fluor 488 Click-iT assay
kit by following the manufacturer’s instructions. Briefly, 1x
Apollo dye reaction solution (100 uL) in combination with
primary S100 antibody (mouse monoclonal, 1:1000, Cat#
ab4066, Abcam, Cambridge, UK) was added to each well. After
incubating for 2 hours at 37°C, cells were incubated with the
goat anti-rabbit IgG Alexa Fluor 594-conjugated secondary
antibody (1:5000, ab150080, Abcam) for 1 hour at 37°C.
Next, cells were rinsed with PBS for 0.5 hour and their
nuclei were stained with 6-diamidino-2-phenylindole-
dihydrochloride (1 mM, C1006, Beyotime Biotechnology) in
PBS for 10 minutes. Finally, observations were performed
using a confocal microscope (LSM 900, Carl Zeiss Microscopy
GmbH, Jena, Germany). The number of EdU* cells was
quantified in at least three randomly-selected fields per sample
(n=4).

Cell migration

HSC migration was assessed by a wound-healing scratch assay.
Cells were seeded into 6-well plates pre-coated with either
hDNM-gel or pPDNM-gel, and cultured until confluence. Then,
a sterile 200 pL pipette tip was used to create a uniform linear
scratch across the centre of the wells. Each well was rinsed with

Biomaterials Translational

medium to remove the detached cells, and the remaining cells
were incubated under standard culture conditions for another
24 hours. Images of cell migration across the wound were
acquired immediately after scratching and after culture for 24
hours using a fluorescence microscope (Nikon). The migration
rate was measured using Image]J software (V1.8.0.112, National
Institutes of Health, Bethesda, MD, USA).** Migration rate was
calculated as follows:

Migration rate (%) = (""D‘"‘") x 100% (1)

where D, and D, represent the gap distance immediately
after scratching and the width of the wound after 24 hours,
respectively.

Quantitative polymerase chain reaction

HSCs cultured on hDNM-gel/pDNM-gel were harvested
on day 2. Total RNA was extracted from the cultured cells
using TRIzol reagent (15596-018, Invitrogen), following
the manufacturer’s instructions. Equal amounts of total
RNA were subjected to reverse transcription using a Prime
Script™ RT reagent kit (RR047Q, TaKaRa, Kyoto, Japan).
Quantitative polymerase chain reaction (QPCR) amplification
was performed on an Applied Biosystems Step One Real-Time
PCR System using a SYBR Premix Ex Taq™ Kit (RR820A,
Takara). Relative fold changes in mRNA expression were
calculated using the formula 2-*2“ method.* The fluorescence
threshold (Ct) values were obtained from the SDS Enterprise
Database software (Sphera). The primer sequences used in this
study are shown in Table 1.

Table 1. Primer sequences used for quantitative polymerase chain reaction

Gene Primer sequence Product size (bp)

MAP-2 Forward: 5'-CTT CAC GCA CAC CAG GCA CTC-3' 102
Reverse: 5'-CCT TCT TCT CAC TCG GCA CCA AG-3'

GAP43 Forward: 5'-TCC ACT GAT AAC TCG CCG TCC TC-3' 94
Reverse: 5'-CAG CAG CAG TGA CAG CAG CAG-3'

MBP Forward: 5'-CGA GGA CGG AGA TGA GGA GTA GTC-3' 197
Reverse: 5'-CAG CTC AGC GAC GCA GAG TG-3'

MPZ Forward: 5'-TGG TGC TGT TGC TGC TGC TG-3' 185
Reverse: 5'-GGT GCT TCT GCT GTG GTC CAG-3'

GFAP Forward: 5'-GCT GCG GCT CGA TCA ACT CAC-3' 169
Reverse: 5'-GGT GGC TTC ATC TGC TTC CTG TC-3'

S1003 Forward: 5'-ACA ATG ATG GAG ACG GCG AAT GTG-3' 80
Reverse: 5'-GAA CTC GTG GCA GGC AGT AGT AAC-3'

B-Actin Forward: 5'-GCA AGT GCT TCT AGG CGG ACT G-3' 195

Reverse: 5'-CTG CTG TCA CCT TCA CCG TTC C-3'

Note: ECM: extracellular matrix; GAP43: growth-associated protein 43; GFAP: glial fibrillary acidic protein; MAP-2: microtubule-
associated protein-2; MBP: myelin basic protein; MPZ: myelin protein zero.

Preparation of pPDNM-enzymolysis

To eliminate the a-Gal antigen in the pDNM, pDNM-
enzymolysis was prepared according to a previously-
described method with a slight modification.*® Briefly, the
lyophilised pDNM samples were incubated with 100 U/mL
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a-galactosidase (G8507, Merck, Darmstadt, Germany) for 4
hours at 25°C with gentle agitation. Then, the samples were
washed with PBS solution three times, 30 minutes each time,
followed by immersion in saline overnight to completely
remove the residual enzyme.
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Detection of a-Gal antigen
The content of the a-Gal antigen was characterised using
western blotting, immunofluorescence staining, and enzyme-
linked immunosorbent assay.

Western blot

The hDNM, pDNM, and pDNM-enzymolysis samples were
lysed by RIPA buffer (P0013, Beyotime Biotechnology).
After quantification by bicinchoninic acid assay, the obtained
proteins were separated and transferred to polyvinylidene
fluoride membranes (IPVH00010, Millipore, Bedford,
MA, USA). Afterwards, the membranes were treated with
primary o-Gal antibody (human polyclonal, 1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA, Cat# sc-517442)
overnight, followed by horseradish peroxidase-conjugated
secondary antibody (anti-rabbit, 1:10,000, Bioworld,
Nanjing, China, Cat# BS13278) at 37°C for 1 hour. Finally,
the membranes were assessed using a chemiluminescence
ECL kit (PO018FS, Beyotime Biotechnology) and the results
were observed using the ChemiDoc™ XRS* Imaging System
(GelDoc XR*, Bio-Rad, Hercules, CA, USA). Western blotting
of MHC-1 in both hDNM and pDNM scaffolds followed a
similar procedure except that a primary MHC-1 antibody
(human polyclonal, 1:1000, Abcam, Cat# ab134189) was used.

Immunofluorescence staining

The samples were cut into 10-um-thick sections and washed
three times with 0.01 M PBS. After blocking with 5% bovine
serum albumin (HY-D0842, MedChemExpress, Newark, NJ,
USA) for 30 minutes, the specimens were incubated with
primary a-Gal antibody (1:1000) overnight at 4°C. Then a
rabbit anti-human IgG Alexa Fluor 488-conjugated secondary
antibody (1:5000, Abcam, Cat# ab150189) was added and the
samples wereincubated at 37°C for 1 hour. Immunofluorescence
images were obtained using a confocal laser microscope
(DM6000, Leica Microsystems). The mean grey value of a-Gal
was calculated using the integrated density divided by the area
of the selected region. These parameters were quantified using
Image] software. Images of five randomly-selected fields in
each sample and three samples in each group were subjected
to statistical analysis.

Enzyme-linked immunosorbent assay

The dissected nerve tissues with/without decellularisation
and the pDNM-enzymolysis samples were weighed and
mixed in radio immunoprecipitation assay lysis buffer.
After centrifugation at 1790 x g for 10 minutes, the a-Gal
in the supernatants was quantified using an a-Gal Antigen
Quantitative Detection Kit (7010, SanYao Science &
Technology Co, Beijing, China) according to the manufacturer’s
instructions. Briefly, after premixing with the dilution buffer,
the samples were incubated in 96-well microplates coated with
a-Gal antibody for incubation at room temperature for 1 hour.
Then, 200 pL volume of a-Gal antibody working solution
was added to each well and incubated at room temperature
for another 2 hours. Subsequently, the tetramethylbenzidine
substrate solution (100 pL/well) was added to enable the
reaction at 25°C for 30 minutes. The reaction was stopped
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by adding stop solution (50 pL/well). The enzyme-linked
immunosorbent assay results were obtained at 450 nm with a
microplate reader (Thermo Fisher Scientific, MA, USA).

Detection of endotoxin

Chromogenic endpoint Tachypleus amebocyte lysate (Chinese
Horseshoe Crab Reagent Manufactory, Xiamen, China) was
used for endotoxin quantification, which was carried out
according to the manufacturer’s protocol. Briefly, pDNM
or hDNM suspension (10 mg/mL, 100 uL) plus Tachypleus
amebocyte lysate (100 uL) were sequentially added to a 96-
well plate. After incubating at 37°C for 10 minutes, 100 pL
chromogenic matrix solution was added to each well. After 15
minutes, 500 pL azo reagent solution was added to each well.
The absorbance of each well was measured with a microplate
reader (545 nm, Thermo Fisher Scientific). This experiment
was repeated three times. The linearity of the standard was
verified using endotoxin standard solution.

Humanised mouse model

The female mice (20-25 g) used for immune evaluation were
peripheral blood mononuclear cell-NOD-Prkdcscid I12rg™!
(PBMC-NPG) mice (Stock No. VS-AM-004, also termed
Hu-mice), which were purchased from Beijing Vitalstar
Biotechnology, aged 8-10 weeks. All animal experiments were
performed in accordance with a protocol that was approved
by the Institutional Animal Care and Use Committee of
Beijing Vitalstar Biotechnology Company (approval No.
VST-SY-20191008, approval date: October 8, 2019), and were
designed and reported according to the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines.*
NPG immunodeficient mice were conditioned with sublethal
(1.4 Gy) whole-body irradiation.” After 6 hours of irradiation,
the animals were transfused intravenously with 2 x 10" human
peripheral blood mononuclear cells (PBMCs) isolated from
the peripheral blood of healthy adult donors.* Then, the mice
were employed for dECM immunity experiments for 8 weeks.

Immune response in vivo assay

To evaluate the host immune response in humanised mice,
the pDNM or hDNM solutions were injected into PBMC-
NPG mice subcutaneously. Biomaterial and
harvesting were performed following a previously-reported
approach (Additional Figure 1).* After anaesthesia with
1.8% isoflurane (Forene™, Abbott Laboratories SA, IL, USA)
in O,/N, (30%/70%) for 5 minutes, each animal was pre-
injected with 100 uL of sterile black ink in the back to visually
label the matrices for ease of identification upon harvesting.
Subsequently, four sites of the same dorsal region received a
single type of dECM solution (pDNM or hDNM, 10 mg/mL,
250 pL per site) by evenly spaced subcutaneous injections. One
week post injection, the animals were deeply anaesthetised
by inhaling 1.8% isoflurane and transcardially perfused with
10 mL 0.9% normal saline, followed by 10 mL of ice-cold 4%
paraformaldehyde in 0.1 M PBS. The subcutaneous tissue
with all the injection sites, together with their neighbouring
regions, was harvested for histological analysis.

injection
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Furthermore, the adaptive immune responses of both dECMs
were examined using the same humanised mouse model. The
PBMC-NPG mice were injected with 1 mL pDNM, hDNM,
or pDNM-enzymolysis solution (concentration = 10 mg/mL)
through the caudal vein during isoflurane anaesthesia. One
week after injection, the venous blood was harvested from the
eyeballs and collected into heparin anticoagulant tubes for flow
cytometry.

In the above-mentioned two processes, each experiment
contained four groups (n = 3 for each group): control, hDNM,
pDNM, and pDNM-enzymolysis groups. The PBMC-
NPG mice that received 1 mL pDNM, hDNM, or pDNM-
enzymolysis solution were regarded as hDNM, pDNM, and
pDNM-enzymolysis groups, respectively. The control group
received the same volume of sterile normal saline.

Flow cytometry

The blood cells collected in heparin anticoagulant tubes were
washed with PBS and incubated with the antibody panel for
30-45 minutes at 4°C in the dark. Then, the cells were lysed
with Pharm Lyse (Cat# 555899, BD Biosciences, San Jose, CA,
USA) for 4 minutes. After centrifugation, the samples were
suspended in PBS for data acquisition by flow cytometry (BD
FACSCanto II, Beckman Coulter). Fluorochrome-conjugated
monoclonal antibodies to the following human or mouse
antigens were used: FITC-anti mouse CD45 (Biolegend, San
Diego, CA, USA, Cat# 147710, RRID: AB_2563541), PE-anti
human CD45 (Biolegend, Cat# 304039, RRID: AB_314395),
FITC-anti human CD45 (Biolegend, Cat# 304038, RRID:
AB_314393), PE-anti human CD3 (Biolegend, Cat# 300308,
RRID: AB_314043), APC-anti human CD19 (Biolegend,
Cat# 392506, RRID:AB_2750096), PE-Cy7 anti human CD4
(Biolegend, Cat# 357410, RRID: AB_2565661), APC-anti
human CD$ (Biolegend, Cat# 344722, RRID: AB_2075390). A
FACSCalibur instrument and Cellquest software were used for
flow cytometry analysis.

Statistical analysis

Pearson’s correlation analysis was performed using IBM SPSS
Statistics 27 (Armonk, NY, USA). The other statistical analyses
were performed using GraphPad Prism 8.0.2 (GraphPad
Software Inc.,, La Jolla, CA, USA, www.graphpad.com).
The data are expressed as mean + standard deviation (SD)
for continuous variables. When three groups of data were
compared, one-way analysis of variance followed by Tukey’s
post hoc test was used. Differences were considered statistically
significant when P < 0.05.

Results

Decellularisation and structural characterisations of
hDNM and pDNM

The cross-sectional morphologies of the native nerve tissues
in both human and porcine showed substantial nerve tract-
like ellipsoidal shape (Additional Figure 2). After optimised
decellularisation, the ultrastructures of hDNM and pDNM
were characterised by SEM (Figure 1A-D). As shown in
Figure 1A1 and B1, both DNM scaffolds were composed of
many decellularised nerve bundles/fascicles and interfascicular
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connective tissues. Higher resolution micrographs showed that
each nerve fascicle consisted of numerous microchannels with
diameters ranging from 5 to 20 um (Figure 1A2-4 and B2-4).
Furthermore, the longitudinal view of both DNM scaffolds
showed lamellar microstructures with rather smooth surfaces
(Figure 1C1 and D1). The magnified images clearly showed
that these laminar structures (i.e., endoneurium) were formed
by closely-assembled and longitudinally-aligned nanofibres,
each with a diameter of ~100 nm (Figure 1C2, 3 and D2, 3). It
was apparent that both hDNM and pDNM consisted of similar
micro- and nanostructures, and no significant differences
were found between the two scaffolds, except for the slightly
misaligned nanofibres found in hDNM (Figure 1C3) and the
randomly-distributed microbeads on the pDNM. These minor
variations were most likely due to the slight disparities in
decellularisation protocols.

Results from haematoxylin-eosin staining showed that cellular
content in either dECM scaffold, implying that both nerve
tissues underwent complete decellularisation (Figure 1E).
In the hDNM, the shape of nerve tracts was almost intact
after decellularisation, while the pDNM revealed a slightly
disordered extracellular matrix of the porcine sciatic nerves.
Moreover, DNA content in the dECM scaffolds was also
quantified (Figure 1F). The result showed that the DNA
content in native human nerves and native porcine nerves was
572.6 + 161.2 ng/mg and 300.9 + 116.9 ng/mg, respectively.
After decellularisation, their DNA contents were reduced
approximately 94.1% (native human nerve) and 88.1% (native
porcine nerve). Nevertheless, enzyme digestion did not further
reduce the content of residual DNA (hDNM vs. hDNM-gel: P
> 0.05; hDNM vs. hDNM-gel: P > 0.05). The minimal residual
DNA content in hDNM (34.2 + 9.5 ng/mg), hDNM-gel (33.3
+ 7.7 ng/mg), pDNM (36.1 + 11.2 ng/mg) and pDNM-gel
(28.8 + 11.8 ng/mg) met the globally-recognised standard
(50 ng/mg).* Although repeated and intensive chemical
decellularisation would further reduce the residual DNA
content within the hDNM and pDNM, their composition and
microstructures might also be seriously damaged under such
harsh conditions.

Proteomic analysis of hDNM and pDNM

Since the dECMs consist of numerous types of proteins
from the native nerve tissues, the compositions of pDNM
and hDNM were identified by LC-MS/MS and compared
by proteomic analysis. After Pearson’s correlation analysis, it
was noticed that the unsupervised hierarchical clustering in
the pDNM and hDNM samples were highly correlated with
each other, but clustered separately between different groups
(Figure 2A). Through mass spectrometric analysis, it was
noted that the pDNM and hDNM shared 1431 characterised
proteins in common, while 46 proteins in pDNM were
upregulated and 48 proteins were downregulated compared to
hDNM (Figure 2B). The protein compositions in each dJECM
sample are shown as a heatmap (Figure 2C). The proteomics
results confirmed that the major components of pDNM and
hDNM have the same functionalities, except for the minor
protein species that are more specific corresponding to their
original tissue sources.
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Figure 1. Structural and histological characterisations of the hDNM and pDNM scaffolds. Representative SEM
micrographs of the hDNM (A) and pDNM (B) at lower magnification. Representative SEM micrographs of the hDNM
(C) and pDNM (D) at higher magnification. Scale bars: 1 mm in A1, B1; 100 um in A2, B2; 20 um in A3, B3; 10 pm in A4,
B4,C1,C2,D1,D2;and 1 pm in C3, D3. (E) Representative micrographs of hDNM and pDNM cross-sections after H&E
staining. Scale bars: 500 pm. (F) DNA content quantified in the fresh tissues, hDNM, pDNM, hDNM-gel and pDNM-
gel. Data are expressed as mean + SD (n = 4). ***P < 0.001. H&E: haematoxylin-eosin; hDNM: human decellularised

nerve matrix; n.s: not significant; pPDNM: porcine decellularised nerve matrix; SEM: scanning electron microscopy.

We further investigated the diversity of ECM proteins
identified in the hDNM and pDNM using an ECM-specific
categorisation database, Matrisome DB 2.0. The ECM proteins,
which are often divided into two categories: core matrisome
and matrisome-associated proteins, are essential for tissue
morphogenesis, differentiation, and homeostasis. As shown
in the Venn diagram (Figure 3A), 68 ECM proteins were
identified in the pPDNM samples. Meanwhile, 53 ECM proteins
were detected in the hDNM, among which 35 proteins were
also found in the pDNM. Other than these shared species of
proteins, 33 were identified only in the pDNM and 18 specific
proteins were found in the hDNM. These specific ECM

proteins are listed in Table 2. Detailed matrisome analysis
further revealed that the matrisome-associated proteins, which
included the ECM-related proteins, the ECM regulators,
and many secreted factors, were particularly enriched in the
pDNM. Contrarily, the hDNM possessed a larger proportion
of core matrisome proteins, including the ECM glycoproteins
and proteoglycans (Figure 3B and C). The heatmap results
showed that the relative abundance of the 35 shared proteins
identified in the pDNM was 24, which was higher than that
in the hDNM (11, Figure 3D). Additionally, the volcano plot
shows that the number of up-regulated matrisome proteins in
the pDNM was twice as many as that of the down-regulated
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Figure 2. Proteomic analysis of hDNM and pDNM. (A) Unsupervised hierarchical clustering between the hDNM and
pDNM using Pearson’s correlation. (B) Volcano plot showing the differentially-expressed proteins between the hDNM
and pDNM. (C) Heatmap and cluster dendrogram of protein abundances in the hDNM and pDNM. FC: fold change;
hDNM: human decellularised nerve matrix; pDNM: porcine decellularised nerve matrix.

Table 2. Specific dECM proteins identified only in the pPDNM or hDNM

hDNM

Classification pDNM
Core matrisome  ECM glycoproteins
EMILIN3
Collagens None
Proteoglycans None

ECM-associated
proteins

ECM-related proteins
ANXA9

ECM regulators

Secreted factors

LAMB3, MXRA5, EDIL3, SLIT1, VWA3A,

ELFN2, FREM2, C1QL4, PLXNAZ2, PLXNA4,

ADAMTS14, TIMP3, CTSG, MMP12, MEP1A,
ADAMTS7, ADAMTS5

WNT3A, BMP3, INHBA, MSTN, S100A4,

EMILIN2, CTGF, LAMA1, SRPX

COL6A6
None
GPC5, FCN1, PLXNA3

FAM20C, ADAMTS21,
ADAMTS15, ADAMTSL3

MEGF11, IL4, GDF5, INHBB

NFSF15, FGF14, S100A13, ANGPTL7, HHIP,
BRINP2, GDF3, FGF9

Note: dECM: decellularised extracellular matrix; ECM: extracellular matrix; hDNM: human decellularised nerve matrix; pDNM:

porcine decellularised nerve matrix.

proteins (Figure 3E), among which the upregulated proteins
were positively regulated with cellular proliferation (i.e.,
CSPG4, FGF2), migration (ie., SLIT3, CSPG4, LAMA2),
and maturation (i.e., FGF2). Among the three downregulated
proteins, PODN negatively regulated cell proliferation and
migration (Figure 3E). It is acknowledged that these diverse
proteomic compositions found in dECMs can have strong
regulatory effects on cell behaviour.

Cellular behaviour regulated by hDNM and pDNM
hydrogels

To easily examine the functionalities of both pDNM and hDNM
for cell culture and regulating cellular behaviours in vitro, both
dECM scaffolds were first converted into their corresponding
hydrogels, i.e. pPDNM-gel and hDNM-gel, respectively. Then,
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these hydrogels were employed to culture HSCs, a classic glial
cell extracted from the human spinal nerve that can provide a
simple, well-defined, and accessible mammalian in vitro model
for investigating nerve cell and material interaction.*’ Cell
viability, proliferation, migration, and functional expressions
were systematically investigated and compared using hDNM-
gel and pDNM-gel.

First, the cytocompatibility of both dECM hydrogels was
assessed by live/dead staining. It should be emphasised that
very few dead cells were identified after 48 hours of culture,
indicating that both pDNM-gel and hDNM-gel were highly
compatible with the HSCs (Figure 4A). Furthermore, it was
also noticed that the total number of HSCs growing on both
hDNM-gel and pDNM-gel were nearly double that of the
control group, which suggested that the dECM hydrogels
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Figure 3. Matrisome analysis of the proteomic composition in pDNM and hDNM. (A) Venn diagram showing the
number of ECM proteins detected in hDNM and pDNM. (B, C) Percentages of the ECM proteins and their corresponding
matrisome subcategories identified in pDNM (B) and hDNM (C). (D) Heatmap representing significant distinctions
in the co-expressed ECM proteins between pDNM and hDNM. The relative abundance of the 35 shared proteins
identified in pDNM was higher than that in hDNM. (E) Volcano plot of the differentially expressed ECM proteins in
pDNM compared to hDNM. The red and blue dots indicate the significantly up- and down-regulated ECM proteins,
respectively (n = 3 for both pDNM and hDNM). ECM: extracellular matrix, ADNM: human decellularised nerve matrix;

pDNM: porcine decellularised nerve matrix.

also promoted HSC proliferation. This was confirmed by
immunofluorescence staining, when the cultured HSCs were
double stained by EdU and S100 to label proliferating cells
and Schwann cells, respectively. It was noted that the number
of EdU/S100 co-expressing cells cultured on hDNM-gel and
pDNM-gel were both significantly greater compared with the
control group (Figure 4B). However, no significant difference
was evident between the two hydrogel groups (Figure
4C). These results indicated that both hydrogels exhibited
similar biological functions in facilitating HSC proliferation.
Additionally, the migration of HSCs was evaluated using a
wound healing assay. It was obvious that the HSCs migration
was significantly facilitated on both the hDNM-gel and pDNM-
gel within 24 hours, resulting in much higher migration rates,
but there was not much difference between the two dECM
hydrogel groups (Figure 4D and E).

Furthermore, to validate the bioactivities of the dECMs in
promoting cell behaviours and for comparison, the mRNA
levels of several genes, which are highly related to neuronal
growth, remyelination, and differentiation, were assessed
by qPCR. The results showed that both DNM hydrogels

effectively upregulated the mRNA expression levels of MAP-
2, GAP43, MBP, and MPZ, but no significant changes were
evident regarding GFAP and S100p gene expression (Figure
4F). These results suggested that the dECM hydrogels
contributed to facilitating HSC growth and remyelination
but had a minor modulatory effect on their differentiation.
Comparisons between the hDNM-gel and pDNM-gel groups
revealed no significant discrepancies in the expression levels
of the above-mentioned genes. The results from cell culture
demonstrated that both hDNM and pDNM hydrogels exhibited
similar bioactivities in regulating the survival, proliferation,
migration, and maturation of cultured HSCs.

0-Gal antigen and other immunogenic contents
retained in hDNM and pDNM

Tissue-derived dECM materials, especially xenogeneic pDNM,
inevitably contain small amounts of antigens and other
biomolecules that might evoke host rejection and foreign body
responses, and such molecules include a-Gal, MHC-1, and
endotoxins.” To confirm the existence of these immunogens
in hDNM and pDNM, we first evaluated the a-Gal antigen

www.biomat-trans.com



Biomaterials Translational

Human & porcine decellularised nerve matrix

A Control hDNM-gel pDNM-gel D Control hDNM-gel pDNM-gel
©
o <
o8 s
=)
-
©®
8=
83 -
B 3
B C L Es
EdU EdU/DAPI EdU/DAPI/S100 52 50 s £ 100 ###n.s.
£& 40 2 80 o
€5 30 S 60
5 Sa 20 S 40
£ °9 10 T 20
S SF NN > g 0
PN >
ISR N
S & & o
& Q &8
©
& F o
§ Kk
z
~ n.s.
a 3 Control
< ok -
c S 20 hDNM-gel
S & o pDNM-gel
© 23 Hx n.s.
P <) * sk
S S 9 S s,
F us 10
2 S nhsé n.s.
el .S,
g n.s. n.Q'S'
0 QY 2 & gv ® R
O

Figure 4. Bioactivities of both hDNM-gel and pDNM-gel in regulating the behaviours of cultured HSCs. (A)
Representative fluorescence micrographs of the cultured HSCs on hDNM-gel and pPDNM-gel after 48 hours of incubation
and live/dead staining, compared to the control (no hydrogel). Scale bars: 100 um. (B) Representative fluorescence
confocal micrographs of HSCs cultured for 48 hours and immunostained with EdU (green), S100 (red), and DAPI (blue).
Scale bars: 100 pm. (C) Number of proliferating (EdU*/S100*) HSCs in B. (D) Wound healing characterisation showing
the wound gaps at 0 and 24 hours in the control, hDNM-gel, and pDNM-gel groups. Scale bars: 100 pm. (E) HSC
migration based on the wound healing experiments in D (n = 3). (F) MAP-2, GAP43, MBP, MPZ, GFAP, and S100p
mRNA expression of the HSCs cultured on hDNM-gel and pDNM-gel were significantly upregulated compared to
the control group (n = 5). B-actin was used as the reference. Data are shown as the mean + SD. *P < 0.05, ¥*P < 0.01,
*#%P < 0.001. DAPIL: 6-diamidino-2-phenylindole-dihydrochloride; dECM: decellularised extracellular matrix; EdU:
5-ethynyl-2'-deoxyuridine; GAP43: growth-associated protein 43; GFAP: glial fibrillary acidic protein; hDNM-gel:
human decellularised nerve matrix hydrogel; HSCs: human Schwann cells; MAP-2: microtubule-associated protein-2;
MBP: myelin basic protein; MPZ: myelin protein zero; n.s, not significant; pPDNM-gel: porcine decellularised nerve
matrix hydrogel.

that is commonly identified in non-primate mammalian
tissues as a factor that may elicit severe immune rejection
after implantation. The western blot results showed that
no a-Gal was detectable in the hDNM, meanwhile, a large
amount of a-Gal content was evident in the pDNM, which
confirms that this antigen is a sort of specific protein that does
not exist in human tissue. Once the pDNM was enzymatically
hydrolysed by a-galactosidase, the a-Gal content was found to
be effectively removed from the resulting pDNM-enzymolysis
(Figure 5A and B). The immunofluorescence staining results
using a-Gal antibody confirmed the absence of a-Gal in
hDNM, and the presence of the Gal epitope in the pDNM
was highly diminished once treated with a-Gal (Figure 5C
and D). Furthermore, it was noticed that the abundant o-Gal

of this xenoantigen can be efficiently reduced by post-
decellularisation modification.

Considering other possible factors that may lead to host
rejection, another antigen, MHC-1, that may elicit host
rejection was also assessed by western blotting. It was noted
that MHC-1 was present in both hDNM and pDNM; however,
the pDNM contained more MHC-1 antigen compared to the
hDNM (P < 0.01; Figure 5F and G). Furthermore, we also
evaluated endotoxin contamination in both dECMs using a
kinetic turbidimetric technique, which revealed that hDNM
and pDNM had similar contents of endotoxin (Figure 5H).

Host immune responses to hDNM and pDNM in a

antigen in raw porcine nerve tissues was significantly reduced
after decellularisation (i.e., in pDNM), and further erased
after hydrolysation (Figure 5E). These results suggested that
although some a-Gal was present in the pDNM, the amount

Biomater Transl. 2023, 4(3), 180-195

humanised mouse model

Tobetter assess the human immune response after implantation
of DNMs, a humanised mouse model was established using
the PBMC-NPG mice. These Hu-mice possess human
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Figure 5. Detection of the immunogenic contents (a-Gal, MHC-1, and endotoxin) in hDNM and pDNM. (A, B)
Western blot results and quantification of a-Gal antigen in hDNM, pDNM, and pDNM pre-treated with a-galactosidase
(pDNM-enzymolysis). (C) Immunofluorescence staining and BF micrographs showing the presence of a-Gal antigen
(green) within the hDNM, pDNM, and pDNM-enzymolysis samples. Scale bars: 100 pm. (D) Quantification of the
immunoreactivity of a-Gal antigens. (E) Quantification of a-Gal content in raw porcine nerve tissues, pDNM, and
pDNM after a-Gal treatment. (F) Western blot image and (G) quantification of the MHC-1 content in hDNM and
pDNM. (H) Quantification of the endotoxin content in hDNM and pDNM. Data are presented as mean + SD (n = 3). **P

<0.01, ¥**P < 0.001. a-Gal: a-galactosidase; BF: bright field;

hDNM: human decellularised nerve matrix; MHC-1: major

histocompatibility complex 1; n.s.: not significant; pDNM: porcine decellularised nerve matrix.

immune cells that can respond to immunogens, including
T- and B-cells.* The prepared hDNM, pDNM, and pDNM-
enzymolysis were subcutaneously injected into the back of the
Hu-mice. One week after injection, the subcutaneous tissue
around the injection site of each Hu-mouse was sectioned
for histological analysis, and the foreign body reactions were
evaluated by the extent of cellular infiltration (Figure 6A).
Unlike normal subcutaneous tissue in a humanised mouse
model (control group), after administration of the dECM
materials, larger cavities were observed, and cells could be seen
to have intensively infiltrated into the injected area. The cell
infiltration was particularly significant in the pDNM injected
region, rather than the hDNM and pDNM-enzymolysis
groups. It was interesting that the number of infiltrated cells
in the pPDNM-enzymolysis group was about the same as that of
the hDNM group, suggesting similar foreign body responses
post-implantation (Figure 6B).

To evaluate the adaptive immune responses of the implanted
Hu-mice, 10 mg/mL hDNM, pDNM and pDNM-enzymolysis
solutions were administered to PBMC-NPG mice through
intravenous injection. One week after treatment, their venous
blood was collected to identify and quantify the human
leukocytes (hCD45*) and their subpopulations, including
B cells (hCD45'hCD19*), T helper cells (hCD3*hCD4"),
and cytotoxic T cells (hCD3*hCD8*) using flow cytometry.

First, it was noted that the percentage of human immune
cells in the blood was detectable in the control group (3.20
+ 0.25%), although the mouse leukocytes (mCD45%) were
still responsible for the dominant percentage (80.35 + 3.47%;
Figure 6C and D). Meanwhile, all the dECM-injected Hu-
mice exhibited a significantly increased number of human
immune cells. The administration of pDNM led to the greatest
number of leukocytes (hCD45* 17.96 + 1.17%). The hDNM-
treated group resulted in a slightly better immune response
but the percentage of hCD45* cells still increased to 11.06 +
0.96%. Surprisingly, the introduction of pDNM-enzymolysis
elicited minimal host immune response, with the fraction
of hCD45* cells only elevated to 6.46 + 1.16%, which was
even less than that of the hDNM group. A similar trend was
observed regarding the number of human B cells. The total
number of B cells increased to 730 + 48 per 1000 cells after
pDNM administration, which was much greater than that
of the hDNM injected Hu-mice (Figure 6E). Meanwhile,
the injection of pDNM-enzymolysis induced a very small
increment of the human B cell population, which was close to
that of the Hu-mice without materials implantation.

We next explored the different T cell subtypes and their
accumulation after injection of dECMs into the Hu-mice
(Figure 7A), which can verify the type of host immune
responses to the implantable biomaterials, whether they
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Figure 6. Host immune responses to subcutaneously injected hDNM, pDNM, and pDNM-enzymolysis in a humanised
mouse model. Hu-mice received the same volume of sterile saline as the control. (A) H&E staining of the subcutaneous
tissues sectioned from the Hu-mice in each group. Scale bars: 200 um. (B) The total number of infiltrating cells in the
dotted box in A based on H&E histological staining. (C) Flow cytometry results showing the human immune cells after
treatment. (D, E) Quantitative analysis of the density of human leukocytes (hCD45*) (D) and the density of human B cells
(hCD45* hCD19*) (E) based on flow cytometric assessments. Data are presented as mean + SD (n = 3). *P < 0.05, **P <
0.01, ***P < 0.001. H&E: haematoxylin-eosin; hDNM: human decellularised nerve matrix; n.s: not significant; pPDNM:

porcine decellularised nerve matrix.

are pro-remodelling or pro-inflammatory. It was noted that
the introduction of pDNM led to the greatest number of T
cells. Though the allogeneic hDNM also resulted in a larger
T cell repopulation, this was still much less than that of
pDNM group. The hydrolysed pDNM (pDNM-enzymolysis),
however, manifested a much slower T cell repopulation; the
density of T cells was even smaller than that of the hDNM
group (Figure 7B). Such distinct differences between the
hDNM, pDNM, and pDNM-enzymolysis groups were further
confirmed by sorting the T cells into two subtypes, T helper
cells and cytotoxic T cells. Both the hDNM- and pDNM-
enzymolysis-injected mice were proven to have more T
helper cells and far fewer cytotoxic T cells compared to those
of the pDNM group (Figure 7C and D), which resulted in a
higher T helper cells/cytotoxic T cells ratio, implicating a pro-
remodelling phenotype. Interestingly, the pPDNM-enzymolysis
group exhibited similar host responses to the hDNM group in
terms of human adaptive immune responses.

Biomater Transl. 2023, 4(3), 180-195

Discussion

Porcine-derived dECM biomaterials are potentially useful
for repair and reconstruction of xenogenic tissues in the field
of tissue engineering and regenerative medicine.** * Given
the similarity in gene sequences between humans and pigs,*
porcine tissue-derived materials are currently viewed as
attractive alternatives in regenerative medicine. Previously,
we have successfully prepared dECM scaffolds and their
derivative hydrogel from porcine sciatic nerve tissue, namely
pDNM and pDNM-gel, by following rather straightforward
decellularisation and digestion protocols, and their bioactivity
and processibility have been proven in terms of promoting
peripheral nerve regeneration and functional recovery in
vitro and in vivo."”** To verify that such mammal-derived
xenografts can be used as an appropriate substitute for future
clinical applications, herein, a comparative study concerning
the variations between the allogeneic hDNM and xenogeneic
pDNM was systematically implemented. Unlike our previous
reports, this study focuses on comparisons between the
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Figure 7. Evaluation of T cell repopulation and their subtypes after injection of h(DNM, pDNM, or pDNM-enzymolysis
into humanised mice, analysed using flow cytometry. (A) T cells (hCD45*hCD3*) and their subtypes, including T helper
cells (hCD3*hCD4") and cytotoxic T cells (hCD3*hCD8*). (B) The density of total human T cells after introducing the
dECMs into Hu-mice. (C) The percentage of the T helper cells (hCD3*hCD4"). (D) The percentage of cytotoxic T cells
(hCD3*hCD8"). (E) The ratios of T helper cells/cytotoxic T cells. The data are expressed as mean + SD (n = 3). *P < 0.05,
**#P<0.01, ***P < 0.001 . hDNM: human decellularised nerve matrix; n.s: not significant; pPDNM: porcine decellularised

nerve matrix.

microstructures of the scaffolds, proteomic compositions,
biological functions of the dECM hydrogels, and more
importantly, the immunogenicity for potential implantation
into human bodies. Furthermore, a consecutive question that
we managed to answer is, if pPDNM might result in severe host
rejection following clinical implantation, can it be modified to
produce a more clinically-satisfactory outcome?

We first characterised the microscopic ultrastructures of both
hDNM and pDNM scaffolds using SEM. Both decellularised
matrices retained the structures of the nerve fascicles and
interfascicular connective tissues, which are consistent with
the high-resolution topography of the native peripheral nerve
fascicles reported by Yan et al.¥ These longitudinally-aligned
microtubes function in guiding axonal growth.*

It has been shown that the diverse proteomic compositions
of dECMs play a vital role in regulating cellular phenotypes
and behaviours.* * Therefore, we systematically compared
the compositions of hDNM and pDNM through proteomic

analysis regarding all the protein species and specifically the
ECM matrisome. We first realised that most of the constituent
biomolecules shared similar contents and functionalities
between hDNM and pDNM. However, it was also noticed
that pDNM possessed a slightly greater number and higher
abundance of matrisome proteins compared to hDNM.
Especially, some ECM proteins (such as CSPG4, FGF2,
SLIT3, and LAMA2) were only identified in pDNM, which
can positively facilitate cellular proliferation, migration,
differentiation, Meanwhile the core
matrisome PODN, which may negatively regulate the above-
mentioned biological processes, was far less abundant than that
identified in the hDNM. We speculate that the similarity of
the proteomic compositions of both hDNM and pDNM assure
the fundamental functionalities of the tissue-specific dECM
materials, but that the abundant ECM components found in
the pDNM may provide higher bioactivities in facilitating
nerve regeneration and functionalisation.

and maturation.
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Therefore, to validate and compare the bioactivities of the
dECM materials, primary HSCs were cultured on dECM
hydrogels prepared from hDNM and pDNM. Since the cells
cultured on dECM scaffold are typically hard to be visualised,
hydrogel-based dECM materials were employed rather than
the scaffolds themselves. Although some biomacromolecules
in the DNM might undergo degradation or denaturation
during enzymatic digestion, most of the dECM proteins were
retained in the obtained hydrogels.’>*! Throughout all the in
vitro characterisations, it has been acknowledged that both the
hDNM and pDNM hydrogels exhibited similar functionalities
in promoting HSC proliferation, migration, and specific gene
expressions. This result seems be inconsistent with our normal
logic. We speculate the reason may be attributed to degradation
of some components when both dECMs are digested
into hydrogel. Thus, further, we should characterise the
composition of hDNM-gel and pDNM-gel using quantitative
proteomic analysis.

Finally, the potential immunological responses in the human
body are key to the viability of the various xenografts in clinical
application, for example, porcine-derived dECM materials.
In this study, we first evaluated the non-primate antigens
and some other immunogenic components in the DNMs to
assess potential adverse host responses. Among these detected
immunogens, the a-Gal component was only evident in the
pDNM, as we expected. In fact, it was not only present in the
pDNM but also in considerable amounts that might evoke
severe immune responses or host rejection in the human body.
For this reason, we managed to remove the a-Gal content from
the pDNM through enzymatic hydrolysation. It was realised
that the a-Gal antigen could be effectively diminished using
a-Gal.

Since there are serious ethical issues and difficulties related to
experiments on real human bodies, we established a humanised
mouse model to simulate the human immune responses to the
administration of both hDNM and pDNM, and additionally,
the a-Gal-eliminated pDNM (termed pDNM-enzymolysis)
in vivo. Histological characterisation of the material-injected
subcutaneous tissues showed that the introduction of pDNM
evoked much more significant cell infiltration compared to
that of the hDNM group. Furthermore, studies on the human
immune cells in the Hu-mice showed that all the injected
DNM materials stimulated considerable immunoreactions and
resulted in significant proliferation of immune cells, including
B cells and T cells. Obviously, the adaptive immune responses
in the pDNM-injected Hu-mice were much more severe
than those of the hDNM or pDNM-enzymolysis groups.
Further evaluation of the T cell subpopulations revealed
that the introduction of pDNM induced fewer T helper cells
(hCD3*hCD4*) and more cytotoxic T-cells (hCD3*hCD8*),
compared to the hDNM. These results suggested that the
allogeneic hDNM stimulated a pro-remodelling response,
whereas the xenogeneic pPDNM intended to elicit a more pro-
inflammatory immune reaction.

Since the a-Gal epitope usually serves as the key factor that
evokes severe human immune responses, we conjectured that
the removal of the a-Gal antigen might alleviate the hostile

Biomater Transl. 2023, 4(3), 180-195
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host responses against the porcine-derived xenografts. To
this end, the pDNM-enzymolysis was also tested in the Hu-
mice model. The adverse immune responses were found
to be highly diminished upon removing the a-Gal content
from the pDNM, which was comparable to or even better
than that of the hDNM group. In the meantime, the T cells
in the pDNM-enzymolysis Hu-mice dominantly retained the
pro-regenerative phenotype that may further contribute to
tissue regeneration, which was similar to those of the hDNM
group. Consequently, considering the translational potential of
the xenogeneic pDNM, we believe that this sort of porcine-
derived dECM material can be beneficial for future clinical
applications, once its residual a-Gal antigen has been removed.
The a-Gal content can be properly eliminated by enzymatic
hydrolysation, otherwise, the source tissues should be obtained
from a-Gal gene-knockout pigs. Currently, the a-Gal epitope-
induced immune response has drawn increasing attention for
development of implantable dECM biomaterials which may
be critical to their clinical translation. However, in the present
study, we have not evaluated the potential transmission risk
of porcine endogenous retroviruses. They are y-retroviruses
integrated in the genome of all pigs and can be transmitted
from pig to human cells, leading to immunodeficiencies and
tumors.*” ** Further work will be needed to either detect the
presence of porcine endogenous retroviruses in pDNM using
qPCR methods or directly harvest nerves from genetically-
modified pigs.

In this study, two dECM materials derived from human and
porcine nerve tissues (hDNM and pDNM) were prepared and
compared in terms of their microstructures, compositions,
biological performance, and immunogenicity. Basically, both
hDNM and pDNM shared almost the same ultrastructure
and comparable proteomic compositions. The hydrogels
derived from both hDNM and pDNM also resulted in similar
regulation of HSC behaviours. Distinct differences were
evident regarding the specific antigens and their induced
human host immune responses. pDNM contains a few
xenoantigens, including a-Gal and MHC-1, that evoked
more adverse host responses in a humanised mouse model,
compared to the hDNM. After removing most of the a-Gal
content using a-Gal hydrolysation, the human host responses
were alleviated and became pro-regenerative. It was realized
that pDNM-enzymolysis performed similarly to the hDNM
and induced similar immune responses. This experimental
evidence suggests that the removal of a-Gal antigen is key to the
future application of pPDNM and pDNM-derived biomaterials.
Furthermore, the current study may provide a springboard for
both xenogeneic dECM studies and harnessing such functional
biomaterials for use at the bedside.
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