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Background: Since Lambotte and Payr first studied Mg-based alloys for
orthopedics in 1900, the research of this field has finally ushered in vigorous
development in the 21st century. From the perspective of quantitative analysis,
this paper clearly demonstrated the global research trend from 2005 to 2021 by
using bibliometrics and scientometric analysis.

Methods: We obtained the publications from the Web of Science Core
Collection (WoSCC) database. The bibliometric and scientometric analysis
was conducted by using R software, CiteSpace software, VOSviewer
software, Pajek software and Microsoft Excel program.

Results: In total, 1921 publications were retrieved. It can be found that the
number of publications is gradually increasing year by year. We can find that the
most prolific countrie, institution and researcher are China, Chinese Academy
of Sciences and Zheng Yufeng, respectively. The most influential journals in this
field are Acta Biomaterialia and Biomaterials, with 16,511 and 12,314 total
citations, respectively. By conducting the co-cited documents-based
clustering analysis, 16 research hotspots and their representative studies
have been identified. Besides, by conducting analysis of keywords, we
divided the keyword citation bursts representing the development of the
field into three stages.

Conclusion: The number of researches on the biodegradable Mg-based alloys
increased sharply all over the world in the 21st century. China has made
significant progress in biodegradable Mg-based alloy research. More focus
will be placed on osteogenic differentiation, fabrication, graphene oxide,
antibacterial property, bioactive glass and nanocomposite, which may be the
next popular topics in the field.
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1 Introduction

Since the 1960s, people have studied and screened traditional
industrial materials based on biocompatibility (Navarro et al.,
2008), and developed the first generation of biomedical materials
characterized by biological inertia and in vivo stability. In the
mid-1980s, a variety of bioactive materials including bioactive
glass (El-Ghannam et al., 1999), bioceramics (Hench, 1991) and
absorbable suture (Bezwada et al., 1995) began to be widely used.

The first- and second-generation medical implants, such as
such as 316L stainless steel, pure titanium and Ti-6Al-4V Alloy
and cobalt chromium molybdenum alloy, are still widely used in
orthopedics. However, Since the 21st century, the third
generation of medical materials that can induce cell
proliferation, differentiation, and the synthesis and assembly
of extracellular matrix are in the ascendant (Navarro et al,
2008; Holzapfel et al, 2013). The third generation of medical
materials, namely biodegradable materials, is the combination of
two independent concepts of bioactive materials and degradable
materials (Yang et al., 2018).

As the third-generation biomedical material with bright
clinical application prospects, magnesium alloy has the
advantages of avoiding secondary surgery and promoting
tissue regeneration (Chen et al,, 2018). The research on the
mechanical ~ properties,  degradation  properties  and
biocompatibility (Wang et al., 2022) of magnesium alloys is a
research hotspot that researchers all over the world are
committed to, but there is still a long way to go before the
clinical application of magnesium alloy products (Azadani et al.,
2022). The surge of researches and literatures makes this field
complicated and profound. Bibliometrics can review and
prospect this field from a clear, objective and comprehensive
perspective (Kumar and Goel, 1007).

Because of the uncontrollable degradation rate and hydrogen
production, the research on magnesium alloys in the 20th century
fell into a stagnant period for a long time, and did not enter a rapid
development stage until the 21st century. Researchers are mainly
making efforts to optimize the design of alloy composition,
improve the manufacturing technique, regulate the modification
of microstructure and surface (Li et al., 2014). Besides, researchers
explored the mechanism promoting osteoconduction,
osseointegration and osteogenic activity (Yoshizawa et al., 2014)
through various methods both in vitro and in vivo (Witte et al.,
2008). With the progress of industrial manufacturing technique
and computer science, new technology, such as additive laser
manufacturing (ALM 3D Printing) (Shuai et al, 2019), finite
element analysis, boundary element method '*and atomic layer
deposition, makes this field full of vitality.
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The development of medical magnesium alloys is a long
process:

a) From the perspective of composition, the development
process is roughly as follows: (1) alloying (2) microalloying
(Stanford et al., 2008) (3) plain materials (Yang et al., 2017)
(4) high purification;

b) From the perspective of structure, the development is roughly
as follows: (1) multiphase and multicrystalline (Bottger et al.,
2006) (2) single phase (3) amorphous (Wu et al.,, 2017).

¢) The development of nano materials has accelerated the
research and development of magnesium alloys. In
addition, the composition of magnesium alloys is also
changing, from Mg-Al, Mg-Zn and Mg-Ca alloys to Mg-
Re alloys with rare earth elements (Luo et al., 2020), as well as
Mg-Sr and Mg-Sc alloys which have great application
potential (Wang et al., 2014).

1.1 The implication of the state-of-art
review

According to our systematic review on the Clarivate
Analytics Web of Science (WOS) database (Harzing and
Google Scholar, 2016), the reviews on magnesium alloys for
orthopedic use in recent 5years have been included in
Supplementary Table S1. These reviews have summarized and
revealed the great potential and bright prospects of magnesium
alloys for orthopedic applications from various angles, but there
was no bibliometric analysis regulating Mg-based alloy for
orthopedic applications (Latest search update: 10 Feb 2022).

The previous reviews included the valuable opinions put
forward by experts from their own point of view. If we can make
the systematic analysis in the form of bibliometrics, closely and
rigorously review the relevant variables of literature in this field,
and build a literature network by means of metrology and
statistics (Thelwall, 2008), we can further accelerate the
process of research, development and application of
magnesium alloys for orthopedics (Ninkov et al., 1007).

Bibliometric analysis is based on the global literature, using
mathematics, statistics and other methods, to study the
distribution pattern, quantitative relationship and evolution
law of the literature, then to explore and demonstrate the
structure, characteristics, distribution and development trend
of research in the field (Zhao et al, 2022). Bibliometrics
research includes analysis of distribution of literatures by year,
co-citation analysis (Yang et al., 2019), co-authorship network
analysis, and text mining (Moral-Munoz et al., 2020).
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1.2 Research questions and intended
contribution of the study

Keeping in mind the research gap derived from the above
analysis, the study focuses on one of the essential research questions:

“Do we need any Bibliometric Analysis of the Biodegradable
Mg-based Alloy for Orthopedic Application?”

The answer to this research question is yes; as a rapidly
developing and promising field, the global trend of magnesium
alloy research is still unclear. So, it was of necessity to adopt
bibliometric methods to clearly show the development process,
current research status and future trend of this field from a
qualitative and quantitative point of view (Cobo et al, 2011;
Kumar et al., 2022). In this case, our research is committed to
helping young researchers gain an exhaustive picture of the current
research status in this field and enables them to determine their own
research directions, seek the support of research platforms and
institutions that may be helpful to them, and quickly retrieve classic
literature. Our research will increase the overall system output of
biodegradable Mg-based alloys for orthopedics to a certain extent.

1.3 Objectives of the present review

Based on the above research gap and the expected contribution,
our research is based on the following research objectives:

1) To
biodegradable Mg-based alloy for orthopedic application.

conduct an extensive bibliometric analysis of
2) To put forward the research prospect of biodegradable Mg
based alloy for orthopedic application, and describe its

possible application scope in the future.

With the help of the research tools and software discussed in the
“Materials and Methods” section, this study organized a
comprehensive bibliometric and statistical analysis of magnesium
alloys according to the trend of literature publication, the co-
authorship between countries, institutions, researchers, and the
co-citation of journals, references and keywords.

2 Materials and methods

The comprehensive search of data was conducted on the
Science Citation Index Expanded (SCI-Expanded) of the
Clarivate Analytics Web of Science Core Collection (WoSCC)
on a single day to avoid the discrepancies due to daily database
updates (Mongeon and Paul-Hus, 2016). WoSCC is an elaborate
collection of high-quality academic peer-reviewed literature
published worldwide (Mongeon and Paul-Hus, 2016), which
provides various retrieval methods and download paths for
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bibliometric analysis. The search phrase was shown in
Figure 1. Because there was almost no literature published in
this field before 2005, we set the search timespan as 2005-2021,
which is a long enough time period to reflect the development
trends. The present analysis was concerned with only two types
of documents, articles and reviews published in the English
language, and no species restrictions were imposed. Finally,
1921 records were finally retrieved. Then “Full Records and
Cited References” were selected in the exported content of the
WOS records, “Pure Text” was selected in the file format. The
detailed screening and work flow chart are shown in Figure 1.

3 Data analysis

We mainly employed four analytic softwares and Microsoft
Excel program to perform bibliometric analysis.

Briefly, we used the “bibliometrix” package (version 3.0.3,
http://www.bibliometrix.org) installed in R software 4.0.3, which
provides a web-interface for bibliometric analysis. (Aria and
Cuccurullo, 2017).

CiteSpace software (version 5.7 R5W, https://citespace.podia.
com/courses/download) and VOSviewer software were used for
the quantitative analysis and mapping knowledge domain so that
readers can directly visualize the evolution and development
process (van Eck and Waltman, 2010). More information about
the CiteSpace parameters and the mechanism of generation of
knowledge network is available in Professor Chen’s articles.
(Chen, 2004; Chen, 2020).

Generally speaking, the figures generated by the bibliometric
software consist of nodes and lines. Through the labels attached
to the nodes, we can identify the various elements represented by
the nodes, including articles, authors, institutions, keywords, etc.
Lines represent the connections within the elements, including
co-author analysis, co-citation analysis, co-occurrence analysis,
etc. And the size of the nodes represents the number of
publications, citations, or occurrences.

In addition, analysis of main research trajectories was conducted
by Pajek software (Mrvar and Batagelj, 2016), a software program
for the analysis and visualization of the main paths in large networks.
After carefully investigating these documents in the main paths (Liu
and Lu, 2012), we can efficiently comprehend the major research
trajectories in the field, which facilitates us to better grasp the current
hotspots and predict the future trends.

4 Results

4.1 Distribution of articles by publication
years

Accessibility to Web of science, one of the largest citation
databases in the world, was obtained through Peking University
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Extract Records from Web of Sciene Core Collection
#1: TS=(“magnesium alloy*"OR “Mg-based alloy*” OR“magnesium-based alloy*"OR “Mg-* alloy*")
« jum-b: fum-h fum-bi

#2: TS

sed biometal”OR

#3:TS=(* implant*’OR

#4:TS=("magnesium screw*"OR “magnesium hip stent*”
#5:((((TS=(bone)) OR TS=(orthopedic*)) OR TS=(osteo*)) OR TS=(orthopaedic*)

d implant*”
OR“magnesium pin*”

#6: (#1 OR #2 OR #3 OR #4) AND #5

sed metal”OR
OR“mg-based implant*”

sed material*”)

OR“magnesium-based orthopaedic implant*”)
OR“magnesium scaffold*”OR “magnesium rod*")

excluded

144 papers excluded, with selection criteria:
1. Document Types (Articles or Reviews)
2.Languages (English)
3.Publication Years(2005-2021)

1921 publications included in the
quantitive and visualized-based
bibliometric analysis

!

General Information

Analysis
of Countries/Regions, Analysis of Journals
Institutes and Researchers

( Analysis of References )

{

!

Analysis of Keywords

Most Prolific Countries/Regions,

Publication Trend Institutes and Researchers

Most influential Journals
and Co-cited journals

Co-citation analysis of references
and Main Research Trajectories

| Burst Detection of keywords |

Collaboration Networks of
Countries/Regions, Institutes and
Researchers

Dual-map overlay of Journals

Research Hotspots——Co-cited
Documents-based Clustering Analysis

FIGURE 1
The work flow diagram.
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FIGURE 2

Trends in publications from WOS (2005-2021) by year in the field of the biodegradable Mg-based alloy for orthopedic application and the

corresponding polynomial fitted curves.
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Collaboration network of institutions generated by the Citespace software.
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TABLE 1 The top 10 prolific countries from 2001 to 2021.

10.3389/fbioe.2022.940700

Rank Country Documents Citations Average article Total link
citations strength

1 Peoples R China 855 30,933 36.18 195

2 United States 268 9,109 33.99 204

3 Germany 256 17,266 67.45 139

4 India 120 2,574 21.45 37

5 Iran 107 2,338 21.85 81

6 Australia 89 5,269 59.20 70

7 SouthKorea 89 2,851 32.03 63

8 Japan 51 1946 38.16 48

9 Malaysia 51 1,225 24.02 60

10 Canada 40 2,168 54.20 50

TABLE 2 The top 20 prolific institutions from 2001 to 2021.

Rank Affiliations (affiliation name Number of publications Citations Total link strength
disambiguation)

1 Chinese Acad SCI 161 8,696 230

2 Peking Univ 99 7,747 175

3 Shanghai Jiao Tong Univ 84 3,857 83

4 Hannover Med SCH 68 10,674 114

5 Leibniz Univ Hannover 60 4,353 102

6 Helmholtz Zentrum Geesthacht 46 1,374 29

7 Cent S Univ 44 1,645 58

8 Univ Teknol Malaysia 38 838 37

9 Zhengzhou UNIV 38 1,578 37

10 City Univ Hong Kong 37 2,431 47

11 Harbin inst Technol 36 1,557 45

12 Isfahan Univ Technol 36 1,172 58

13 Islamic Azad Univ 34 581 41

14 Univ Pittsburgh 34 1945 19

15 Univ Vet Med Hannover 31 1,530 64

16 Jilin Univ 30 469 22

17 Chinese Univ Hong Kong 29 2,208 61

18 Tianjin Univ 29 589 45

19 China Med Univ 28 1,573 38

20 Med Univ Graz 28 1,391 36

library. We retrieved a total of 1921 documents related to Mg-
based alloy for orthopedic application. As is shown in Figure 2,
We can see that the number of articles is gradually increasing by
year. Polynomial model fitting revealed significant correlations
between the publication year and the publication output (the
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coefficients of determination (R2) were 0.98, 0.967, and 0.932 for
total documents, articles, and reviews, respectively). On the basis
of polynomial curve fitting, the publication output is expected to
reach approximately 400 in 2025, comprising 350 articles and
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TABLE 3 The top 10 prolific authors ranked by the citations.

Rank Author Documents Citations Total
link
strength

1 Zheng, Yufeng 85 7,421 238

2 Yang, Ke 63 3,696 190

3 Tan, Lili 45 1,694 134

4 Chu, Paul K 32 1866 86

5 Shuai, Cijun 32 1,283 126

6 Witte, Frank 31 6,789 21

7 Willumeit, Regine 30 673 41

8 Feyerabend, Frank 27 3,324 63

9 Zhang, Yu 27 618 121

10 Qin, Ling 25 1,523 73

11 Razavi, Mehdi 25 1,042 84

12 Reifenrath, Janin 25 1,032 98

13 Seitz, Jan-Marten 25 848 70

14 Yuan, Guangyin 25 795 89

15 Meyer-lindenberg, 23 1,086 91

Andrea

4.2 Active countries/regions, institutes
and researchers

Figure 3(A,B) and Table 1 show the cooperation networks
among countries and the details of the 10 most productive
countries, respectively. The articles published by China had
the most citations (30,933), followed by Germany (17,266),
the United States of America (United States) (9,109) and
Australia (5,269). It can be seen that the leading countries in
this field are strong manufacturing countries with solid industrial
systems. Since the research of magnesium alloys for orthopedics
is multidisciplinary research of medicine and material science,
the development of technology and engineering is of vital
importance to the progress of medicine and biology.

The top 20 institutes are listed in Table 2. Collaborations
among these institutes were shown in Figure 3C. Chinese
academy of sciences had the most publications (161), followed
by Peking University (99), Shanghai Jiao Tong University (84)
and Hannover Medical School (68). Most of these institutions are
world-renowned research institutes, with prominent positions in
the history of biomaterial research and development. It can be
found that an effective international cooperation network has
been formed in this field. Chinese research institutions such as
Chinese Academy of Sciences, Peking University and Shanghai
Jiao Tong University have established close cooperative
relationship with German research institutions such as
Hannover University, Helmholtz-Zentrum Geesthacht and
American research institutions such as University of
Pittsburgh (Li et al, 2016), the University of Tennessee and

the Ohio State University (Jia et al, 2021). Focusing on the
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H-index Affiliation

84 Peking University

46 Chinese Academy of Sciences

39 Chinese Academy of Sciences

109 City University of Hong Kong

40 Central South University

34 Charite Universitatsmedizin Berlin

49 Helmholtz Association

33 Helmholtz Zentrum Geesthacht

32 Guangdong Academy of Medical Sciences
61 Chinese University of Hong Kong

23 University of Central Florida

23 Hannover Medical School

24 University of Hannover

40 Shanghai Jiao Tong University

97 League of European Research Universities/Hannover Medical School/

07

University of Munich

academic achievements of these prolific research institutions can
help us better understand the development of biodegradable Mg-
based alloys.

A total of 520 publications were from the top 15 authors,
accounting for 27.07% of all publications in this field. The most
influential author is Zheng Yufeng, with 85 papers and
7,421 citations, followed by Witte Frank from Charite
universitatsmedizin Berlin, who laid the foundation for the
development of this field in the early stage, as well as Yang
Ke from the Chinese Academy of Sciences and Feyerabend Frank
from Helmholtz Association. Table 3 and Figure 4C show the
details of the top active researchers in this field and their
productions over time, respectively. Collaborations among
these authors were shown in Figures 4A, B. It can be found
that the three most prolific researchers, namely Zheng Yufeng
from Peking University and Tan Lili, Yang Ke from the Institute
of Metals Research, CAS have close collaboration with each
other, and they have also continued to produce high-quality
research papers in recent years. From Figures 4B,C, it can be
found that Prof. Witte Frank was extremely prolific at the initial
stage of the Mg-based alloy research, laying a solid foundation for
the prosperity of the discipline. In addition, we found that the
international cooperation between top scholars has been
established. For example, Professor Qin Ling and Professor
Wang Jiali from the Chinese University of Hong Kong,
Professor Zheng Yufeng from Peking University, Professor
Witte Frank from Charite Universitatsmedizin Berlin and
Zhao
summarized the current situation of clinical transformation of

Dewei from Dalian University reviewed and

magnesium alloys in 2018, and obtained huge influence (Zhao
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TABLE 4 The top 15 journals with the most publications ranked by the H-index.

Rank Source titles Documents
1 Acta biomaterialia 145
2 Biomaterials 26
3 Materials Science Engineering C: Materials for 147
Biological Applications
4 journal of biomedical materials research part A 38
5 Applied Surface Science 49
6 Journal of Materials Science and Technology 35
7 Surface and Coatings Technology 78
8 Journal of Alloys and Compounds 52
9 Journal of the Mechanical Behavior of Biomedical 53
Materials
10 Materials 53
11 Journal of Biomedical Materials Research Part 37
b-Applied Biomaterials
12 Materials and Design 29
13 Journal of Materials Science-Materials in Medicine 37
14 Scientific Reports 21
15 Ceramics International 32

et al, 2017a). The cooperative relationship between more
researchers can be seen from Figure 4. In Figure 4A, the
researchers are divided into clusters of different colors, and
the researchers in each cluster have a relatively close
cooperative relationship. For example, the green cluster
mainly reflected the cooperative relationship between scholars
from the Institute of Metals Research, CAS and Chinese
University of Hong Kong (Yan et al, 2018). In addition, the
change of colors in the overlay visualization in Figure 4B reflects
the active time period of researchers (Carley et al., 2017). The
lighter the color, the more recent the researchers have been active
in this field. Equally non negligible is the significant role of female
researchers, with excellent contributions from Prof. Tan Lili from
the Institute of metals Research, CAS. (Tan et al., 2013).

4.3 Journals

The reference relationship of academic journals represents
the knowledge exchange in the research field, in which the
cited papers form the Frontier of knowledge, and the cited
papers form the basis of knowledge. The top 15 journals were
presented in Table 4. Visualization of the journal co-citation
analysis was shown in Figure 5 (Hu et al., 2011). The journal
with the largest total citations is Acta Biomaterialia (total
citations = 16,511) while the journal with the largest number
of publications is Materials Science & Engineering
C-Materials for Biological Applications (Number of

Publications = 147). The journals in the list of Table 4 may

Frontiers in Bioengineering and Biotechnology

Citations Total link Impact WoS H
strength factor quartiles Index

16,511 5,101 8.947 Q1 207
12,314 3,382 12.479 Q1 397
5,069 2,507 7.328 Q1 145
2,622 1,320 4396 Q 159
2,141 749 6.707 Q1 204
1,646 640 8.067 Q1 81

1,596 907 4158 Q2 182
1,511 794 5316 Q/Q1 185
1,497 703 3.902 Q2/Q3 99

1,351 693 3.623 Q/Q1 128
1,291 821 3.368 Q2/Q3 116
1,180 552 7.991 Q1 187
1,086 691 3.896 Q2/Q3 133
971 367 438 Q1 242
817 383 4527 Q1 126

09

be the main channels of publications for future discoveries in
this field.

The dual-map overlay of journals, a new method of publication
portfolio analysis invented by professor Chen Chaomei, was shown
in Figure 6, with the citing journals on the left side, cited journals on
the right side, and the colored paths indicate the citation
relationships. The width of the connecting paths is proportional
to the frequency of z-score-scale citation. The journals are grouped
into clusters by adopting the Blondel algorithm to identify the major
research disciplines. It can be found that studies, published in
Physics/Materials/Chemistry journals, usually cite the studies
which published in Chemistry/Materials/Physics and Molecular/
Biology/Genetics journals. This indicates that in the research of
biomaterial, the development of chemistry effectively supports the
progress of physics and materials science. And the development of
materials science, physics and chemistry has been oriented towards
molecular, physiology and genetics. And it is easy to find that the
third most enriched cluster of journals is Molecular/Biology/
Genetics, which is widely cited in the other clusters including
sports, rehabilitation, physics and materials. More information
about the representative citing and citied journals in each cluster
can be detected in Supplementary Table S2.

4.4 Reference
Analysis of references is one of the most important indicators

of bibliometrics. We mainly conduct the analysis of references
from two aspects.
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(A) Cluster visualization of the journal co-citation analysis generated by the VOSviewer software. Each node represents a journal, and the size of
each circle is determined by the co-citations of the journal. (B) Density visualization of the journal co-citation analysis generated by the VOSviewer

software.
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The dual-map overlay of journals on Mg-based alloy for orthopedic application.

1) Co-citation analysis of references and Main research
trajectories in the biological Mg-based alloy research field.

Frequently cited literatures usually have great influence in the
relevant research fields. As is shown in Figure 7A, A network of
co-cited references was constructed to demonstrate the most
significant studies. The parameters were set as follows: # Years
Per Slice = 1, Top N% = 1, pruning algorithm was adopted. A
network map with 175 nodes, and a network density of
0.0187 was obtained. The most cited articles are shown in
Supplementary Table S3. These articles are obviously the most
influential articles in this field. However, because of the snowball
effect of the accumulation of citations of the references, the
citation burst algorithm of Citespace was employed to show the
most influential documents cited frequently in different time
period, and show the top 30 references with the strongest citation
bursts as Figure 7B. These articles have had a significant impact
in their respective time periods. The time period represented by

Frontiers in Bioengineering and Biotechnology

1

the outer color circle of the nodes corresponding to each
reference in Figure 7A represents the burst time duration in
Figure 7B. It can be seen that the references with the strongest
citation bursts are Li Z], 2008 (Li et al., 2008a), Staiger, MP, 2006
(Staiger et al., 2006), Witte F, 2008 (Witte et al., 2008), Zhang SX,
2010 (Zhang et al,, 2010), Zheng YF, 2014 (Zheng et al.,, 2014).
Among the references with citation burst lasted until 2021, the
publication with highest strength was Zhao DW, 2017 (Zhao
et al, 2017a), Agarwal S, 2016 (Agarwal et al., 2016), Radha R,
2017 (Radha and Sreekanth, 2017) and Li LY, 2018 (Li et al.,
2018).

In Figure 7B, the 10 papers with the strongest citation bursts
are five reviews and five original researches. Staiger, MP, 2006
(Staiger et al., 2006), Witte Frank, 2008 (Witte et al., 2008), Witte
Frank, 2010 (Witte, 2010) summarize and prospect this industry
in the initial stage of magnesium alloy research from the
perspective of the properties,

biological  performance,
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Top 30 References with the Strongest Citation Bursts
n  Tnd

References Year  Stenath  Begis 20052021
B WiteF, 2005, V26,3557, D01 10, 00409049, DO 2005 4578 2007 2010
Stiger MP, 2006, BIOMATERIALS, V27, PI728, DOI 10,1016 bomateias 2005.10.003, DOI M6 6534 2008 200,
WiteF, 2006, 27, P1013,D01 10, Dol W6 4299 2000 2011
Li2J, 2008, BIOMATERIALS, V29, P1329, DOI 10, 12021, 001 08 628 200 2003
WiteF, 200 V28, 2163, 01 10 12027, D01 007 2008 2000 2012
Zhang SX, 2010, ACTA BIOMATER, V6, P626, DOI 10.1016/.acti0 2009.06.028, DOI 00 5546 20 2015
WiteF, 2008, CURR OPIN SOLID ST M, V12, P63, DO 10,1016/ cossms 2009.04.001, DOI W8 4% 0 2013
N, 2009, BIOMATERIALS, V30, P44, DOI 10. 10.021,001 M9 407 201 204
Song GL. 2007, CORROS SCI, V49, PI636, DOI 101016 corei.2007.01,001, DO 000 2398 201 202
F, 2010, ACTA BIOMATER, V6, PI630, DOI10. Dot 200 5175 202 2015
Wong HM, 2010, BIOMATERIALS, V31, P2084,DOI 10,1016/, bomaterias 2009.11.111, DOI 0 2809 2013 2015
XinY, 2011, ACTA BIOMATER, V7, P1452, DOI 10 12,004, D01 01 2608 2013 2006
XuLP, 2009, BIOMATERIALS, V30, P1512, DOI 10,1016/ biomaterials2008.12.001, DOI 009 2598 013 2014
Zherg B, 2009, NAT MATER, V8, P357 09 18 203 2014
WiteF, 2010, ACTA BIOMATER, V6, PI752, DOI 10,1016/ ctbio 2009.10.012, DOI 00 1544 2013 201
Homberger H, 2012, ACTA BIOMATER, V8, P2442, DOI 10.1016/acibio 201204 012, DOI 012 B8 014 2007
Shadanbaz $, 2012, ACTA BIOMATER, V8, P20, DOI 10,1016 actbio 201110.016, DOT 02 2509 2014 2017
Gu XN, 2012, ACTA BIOMATER, V8, P2360, DOI 10,1016/ ctbio 2012.02.018, DOI 00 219 2014 2017
Feyerabend F, 2010, ACTA BIOMATER, V6, PIS34, DO 10.1016/jctbio 2009.09.024, DOI 0 1834 2014 2005
Gu XN, 2011, ACTA BIOMATER, V7, PI880, DOI 10.1016/jactbio 2010.11.034, DOI 01 182 2014 2006
Zheng YE, 2014, MAT SCIENG R, V77, P1, DOI 10,1016/ msr2014.01.001, DOI 04 4902 2005 209 mm—
Kraus T, 2012, ACTA BIOMATER, VS, P1230, DOI 10,1016/ actbio 2011.11.008, DO 02 w705 201
Kirkland NT, 2012, ACTA BIOMATER, V8, P925, DOI 10.1016/3ctbio 2011.11.014, DOI 02 1635 2005 207
Chen Y1,2014, ACTA BIOMATER, V10, 4561, DOI 10,1016.clbio 2014.07.005, DO 04 242 206 209 N
Windhagen i, 2013, BIOMED ENG ONLINE, V12, PO, DOI 10.1186/1475-925X-12-62, DOI 08 2% 206 208 e —
LiN,2013, ] MATER SCI TECHNOL, V29, P489, DOI 10,1016/ jms.2013.02.005, DOI 08 1755 206 2018 —
Zhao DV, 2017, BIOATERIALS, V112, P2§7, DOI 10 10017,001 w7 379 08 20 e
Agarwal 5, 2016, MAT SCIENG C-MATER, V68, P945, DOI 10.1016mses.2016.06.020, DOI 006 1834 208 2021 ——
Radha R, 2017, ) MAGNES ALLOY. V5, P286, DOI 10,1016/ ma 2017.08.003, DOI 07 1694 209 2021 ——
c LLY, 2018, ACTA BIOMATER, V19, P23, DOI 10 Dot 08 1631 2010 2021 —
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FIGURE 7

(A) Intellectual base of research on Mg-based alloy for
orthopedic application. This figure is arranged in chronological
order from left to right. It can be seen that the influential literature
has gradually increased in recent years, and more links have
been generated. (B) The top 30 references with the strongest
citation bursts. The red bars indicate the duration of the burst,
namely, the time period when the keyword is highly frequently
cited, while the green bars represent the time period when the
keyword is less infrequently cited. (C) The research main path
during 2005-2021. (D) Cluster visualization of the co-citation
network of references via Citespace, together with the
representative references of the generated clusters.
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challenges and future directions of Mg-based biomaterials, which
plays a fundamental role in this field. In addition, Zheng YF, 2014
(Zheng et al., 2014) summarized the achievements and problems
at the end of the first decade of rapid development of magnesium
alloys.

In addition, the corrosion resistance and biocompatibility of
Mg-based alloys have always been a problem that researchers are
committed to solving. In the initial stage of this field, the
mainstream solution to this problem is to test binary alloys
in vitro and in vivo, which is the focus of the five original
articles of the 10 references with the strongest citation burst
(Witte et al., 2005; Gu et al., 2009a; Zhang et al., 2010).

The most cited articles are often the profound reviews or
breakthrough experimental results published by famous scholars
in the early stage of the development of the industry, which have
received a large number of citations and laid the foundation for
the subsequent vigorous development of this field.

Tracing the main research trajectories in a small research
domain may be an easy task as scholars do not have to devote
great efforts to review a large amount of literature. However,
when the research domain grows even larger, the difficulty of
tracing the main research trajectories increases significantly.
Professor Liu (Liu and Lu, 2012) introduced a quantitative
approach, namely, main path analysis, to simplify a large and
complicated research domain to one or several main trajectories
(paths) consisting of several key nodes and the links, as shown in
Figure 7C. These figures were generated by using Pajek software
(Mrvar and Batagelj, 2016).

2) A co-cited documents-based clustering analysis.

A co-cited documents-based clustering analysis may present
subfields which represent the main research hotspots in this field.
Figure 7D presents the clusters of the co-citation network of
references: “osteogenic differentiation (cluster #0),” “cytotoxicity
(cluster #1),” “zinc (cluster #2),” “corrosion resistance (cluster
#3),” “mpuCT (cluster #4),” “mg-based alloys (cluster #5),”

»
>

» «

“microstructure (cluster
(cluster #9),”
corrosion fatigue (cluster

“additive manufacturing (cluster #6)

#7),“coating  (cluster #8),”“nanocomposites

» o«

“corrosion behavior (cluster #10),
#11),” “calcium phosphate (cluster #12),” “mechanical properties
(cluster #13),” #14),”
“mineralized collagen (cluster #15).” The Modularity Q score

was 0.6967, >0.5, indicating the network was reasonably divided

“atomic layer deposition (cluster

into loosely coupled clusters. The Weighted Mean silhouette
score was 0.8724, more than 0.5, meaning that the homogeneity
was acceptable. Index items extracted from articles were used as
cluster markers. Apparently, the corrosion of biodegradable Mg-
based body, three

dimensions——corrosion resistance, corrosion behavior and

alloys in  human containing
corrosion fatigue, is an extremely significant research hotspot.
We speculate that many academic achievements will continue to

emerge in these subfields for a long time in the future, so as to
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TABLE 5 The top keywords with the strongest citation bursts.

Top keywords with the strongest citation bursts

10.3389/fbioe.2022.940700

Keywords Year Strength Begin End 2005-2021
Stage | (2005-2010)
cartilage/cartilage repair 2005 2.63 2006 2014 —r——
electrochemical behavior 2005 1.14 2006 2008 e e—
calcium phosphate coating/ca-p coating 2005 7.84 2007 2018 N —
apatite 2005 5.14 2007 2012 J—
metal matrix composite 2005 4.11 2007 2013 L ——
rat 2005 241 2007 2011 — —
tissue 2005 137 2007 2015 e T
in vivo corrosion 2005 25.12 2008 2015 e T
simulated body fluid 2005 6.39 2008 2017 —————ee
ion implantation 2005 6.29 2008 2014 e
bone/bone implant application 2005 4.49 2008 2010 F—
fatigue 2005 2.42 2008 2011 e e
tensile property 2005 1.68 2008 2012 B e S
stress corrosion cracking 2005 1.29 2008 2011 L —
az91d 2005 076 2008 2011 ——
pure magnesium 2005 2.8 2009 2010 e —
surface machining treatment 2005 3.75 2010 2014 —————————
Stage Il (2011-2015)
silicate 2005 322 2011 2014 —
ca/mgca0.8 2005 318 2011 2013 ——
bone resorption 2005 2.7 2011 2015 ——
animal model 2005 2.16 2011 2015 S
amorphous alloy 2005 1.84 2011 2014 ——
rare earth alloy 2005 1.59 2011 2013 —— —
beta-TCP 2005 1.19 2011 2012 ————
osseointegration 2005 0.81 2011 2012 —— —
rabbit model 2005 0.81 2011 2012 ————
vitro/vitro corrosion/vitro degradation 2005 6.4 2012 2016 —
o 2005 6.17 2012 2014 ——
sol gel coating 2005 0.98 2012 2014 ———
st/sr alloy 2005 10.71 2013 2019 — e
microarc oxidation 2005 6.14 2013 2017 N
cell adhesion 2005 4.89 2013 2017 e
zn alloy 2005 221 2013 2018 ——————
interference screw 2005 1.4 2013 2014 ——
biomedical application 2005 7.12 2014 2018 ————————
internal fixation 2005 3.12 2014 2017 ——
aluminum 2005 2.1 2014 2015 ————
proliferation 2005 1.2 2014 2017 S
Stage 111(2016-2021)
screw 2005 356 2016 2021 — —
powder metallurgy 2005 1.54 2016 2019 e
mesenchymal stem cell 2005 33 2017 2018 ———
high strength 2005 227 2017 2018 ——
osteogenic differentiation 2005 2.02 2017 2021 ———
(Continued on following page)
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TABLE 5 (Continued) The top keywords with the strongest citation bursts.

Top keywords with the strongest citation bursts

Keywords Year Strength
heat treatment 2005 1.25
extrusion 2005 2.34
fabrication 2005 8.01
design 2005 5.02
graphene oxide 2005 4.86
antibacterial property 2005 4.17
bioactive glass 2005 4.1
cytocompatibility 2005 3.83
nanocomposite 2005 1.05

The bold values represent the starting time of keywords citation burst.

better improve the biological properties of Mg-based alloy for
better clinical application.

4.5 Keywords

Keywords in the retrieved publications were extracted and
analyzed. The top keywords with the strongest citation bursts were
listed in Table 5. We conducted keyword burst analysis to show the
keywords whose occurrence frequency increased significantly in a
short time (Zou et al, 2018). These keywords can reflect sudden
changes and emergent trends in the progress of scientific literature,
which can be attributed to new scientific discoveries and technological
breakthroughs in this field.

The keywords with strongest citation burst are divided into
three stages according to the starting time, namely stage 1, stage
2 and stage 3. The keywords with strongest burst in stage 1 are “in
vivo corrosion” (2008-2015), “Ca-P coating” (2007-2013),
“simulated body fluid” (2008-2017) and “ion implantation”
(2008-2014). The key words that broke out in phase 2 were
“Sr/Sr alloy”  (2013-2019), “biomedical  application”
(2014-2018), “Zr” (2012-2014) and “microarc oxidation”
(2013-2017). The key words of phase three outbreak are
“fabric”,

“graphene oxide”, “antimicrobial property”, “bioactive glass”,

“screw”, “osteogenetic differentiation”, “design”,
“cytocompatibility” and “nanocomposite”. The citation bursts
of these keywords continue are still ongoing, indicating that they
have received great attention in recent years and may become the

research frontiers in the next few years.

5 Discussion

Compared with traditional alloys, degradable Mg-based
alloys solve the problems of stress shielding and secondary
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Begin End 2005-2021

2017 2018 e B
2018 2019 ——
2019 2021 —
2019 2021 —
2019 2021 —
2019 2021 ——
2019 2021 ——
2019 2021 —
2019 2021 —

surgery. (Yang et al, 2020).And compared to degradable
polymer products such as poly (r-lactic acid) (PLLA),
magnesium alloy has a more bone-like mechanical strength
and brittleness, which allows it to avoid the risk of re-fracture
to a certain extent. (Zhao et al., 2017b).

Systematic bibliometrics analysis including main path
analysis, co-cited documents-based clustering analysis,
research Frontier analysis can help us review a large number
of literatures emerging in this domain since the first article
appeared, so as to better understand the development process,
hot spots and future trend of the field.

According to the main path analysis and the co-cited
documents-based clustering analysis, improving corrosion
resistance of Mg-based alloys and revealing the mechanisms
underlying the osseointegration and osteoconduction have
long been the research hotspot. There are two ways to
the of Mg-based alloys:

microstructure modification and surface modification.

improve corrosion  resistance

1) As is shown in Figure 7D, cluster #7 is Microstructure:

Microstructure modification includes adjustment of alloy
heat
improvement of alloy purity. Newly

composition, amorphization, grain refinement,
treatment and
developed microstructures include porous structure,
magnesium metal matrix composites (MMCs) and Mg-
based bulk metallic glasses (BMGs) (Gu et al., 2010). From
Li ZJ, 2008, Gu XN, 2009, Hort N, 2010 to Gu XN, 2012,
researchers studied the mechanical properties, corrosion
(cytotoxicity
hemocompatibility) of a variety of different binary Mg-
based alloys including Mg-RE alloys (Li et al.,, 2008b; Gu
et al., 2009b; Hort et al., 2010; Gu et al., 2012). They found it

was difficult to cast binary Mg-based alloys that could fully

(=W

resistance and  biocompatibility an

meet the requirements. Witte Frank firstly confirmed that the

biodegradable magnesium-hydroxyapatite metal matrix
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composites (MMC-HA) is a cytocompatible biomaterial with
adjustable mechanical and corrosive properties. (Witte et al.,
2007a).

2) As is shown in Figure 7D, cluster #8 is coating: surface
modification includes chemical conversion coatings (Li
et al, 2013), micro-arc oxidation coatings, calcium-

(cluster #12) and biodegradable

polymer coatings. Ca-P compound is similar to the

phosphorus  coatings
inorganic composition of human hard tissue and has
excellent biocompatibility. It is one of the most promising
biological modified coating materials (Staiger et al., 2006).
Though many coatings have been proved to have good
biocompatibility, such as the microarc oxidation coating in
the core study (Gu et al.,, 2011), there is still no coating that
have been put into clinical application.

The largest cluster in the co-cited documents-based
clustering analysis is osteogenic differentiation (cluster #0).
From Witte F 2007 to Kraus T, 2012, Chaya A 2015 and
Zhang YF 2016, the mechanism in osteoconduction and
osseointegration has been a long-standing research hotspot,
and in recent years with the application of microfocus CT
(mpCT) (muCT (cluster #4), the research on osseointegration
mechanisms has gradually progressed in depth. (Witte et al.,
2007b; Witte et al., 2007¢; Kraus et al., 2012; Chaya et al., 2015;
Zhang et al., 2016).

In addition, analytical methods used in studying the
corrosion rate of magnesium alloys in vivo and in vitro have
been stressed by researchers since the early stage. Witte Frank
pointed out that the results obtained by adopting in vitro
measurement could not be directly used to predict in vivo
corrosion rates (Witte et al., 2006). And in 2008, Witte Frank
summarized various analytical methods both in vitro and in vivo,
and prospectively proposed the necessity of establishing effective
in vitro models that can simulate in vivo corrosion, which was
deepened by Professor Zhao in 2017 (Witte et al., 2008). Zhao
proposed that it was essential to establish a sufficiently
complicated animal model that can mimic clinical indications
(Zhao et al, 2017b). Sezer summarized the application of
computer science in Mg-based alloy research in 2018,
including Finite element models (FEM), boundary element
method (BEM), CFD model, etc (Sezer et al, 2018). This
exhibits a process that is deepening continuously from in vitro
to in vivo and in silico, from animal models to clinical trial.

According to the keyword burst analysis, the research of
magnesium alloy is divided into three stages:

1) Inthe first stage, the research mainly focused on the corrosion
and electrochemical mechanism of magnesium alloy in vivo
(Witte et al., 2005) and in vitro, that is, simulated body fluid
(Li et al, 2008a), as well as the test of its mechanical
properties, including tensile property and stress corrosion
cracking (Zhang et al., 2009a). In addition, the research on the
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optimization of magnesium alloy properties, especially
surface machining treatment (Uddin et al,, 2015), has also
made preliminary progress, including the application of ion
implantation (Wan et al., 2008) for surface modification, the
application of calcium phosphate coating (Yang et al., 2008)
and metal matrix composite (Witte et al., 2007d).

2) Inthe second stage, the research on alloy composition has
become a hot spot, including the addition of various
elements: Ca (2011-2013), Zr (2012-2014) (Li et al.,
2012), Sr (2013-2019) (Guan et al., 2013), Zn
(2013-2018) (Guan et al., 2012), Al (2014-2015) and
rare earth elements (2011-2013) (Remennik et al.,
2011). In addition, the research on Beta-TCP (Khanra
et al., 2010) and the application of sol gel coating (Tang
et al., 2013) and micro-arc oxidation layer (Gao et al,
2011) also further improves the properties of magnesium
alloy. The research on the cytocompatibility of the
magnesium alloy has also been further deepened,
including its role in bone resorption, osseointegration
(Castellani et al., 2011) and cell adhesion (Zhang et al.,
2009b). At this
magnesium alloy has been gradually emphasized by

application

stage, the clinical application of

scholars, including its in orthopedic
surgery as an interference screw (Ezechieli et al., 2016)
in internal fixation.

3) The keywords emerging in the third stage represent advanced
research directions and hotspots, including the application of
mesenchymal stem cells combined with magnesium alloy in
orthopedic therapy and the application of graphene oxide
(Zhao et al,, 2018), bioactive glass (Yin et al, 2019) and
nanocomposite (Mousa et al., 2018) in magnesium alloy
manufacturing. In addition, the fabrication and design

of alloy

manufacturing have also been emphasized by researchers,

strategies magnesium production  and
including the application of additive manufacturing (Wang
et al, 2016) to produce biocompatible metals to provide
patient specific, site specific, morphology specific and

function specific implants.

Methods to improve the performance of magnesium based
orthopedic implants in three stages are summarized as follows,
which is also the main means to solve the inherent problems of
magnesium alloys at present:

1 Alloying

1) Binary Mg-based alloys: Mg-Al, Mg-Mn, Mg-Zn, Mg-Ca,
Mg-Sr alloys, etc.

2) Ternary Mg-based alloys: Mg-Zn-Ca, Mg-Zn-Sr alloys, etc.

3) Quaternary magnesium alloy: Mg-Zn-Zr-Y, Mg--Zn--Sn--Sr
alloys, etc.

2 Mg-based composites: Mg-Hydroxyapatite composites,
Mg-Bioactive glass composites, etc.
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3 Coatings: HA coatings, Micro-arc oxidation (MAO)
coating; Chemical conversion coating; Polymeric coatings;
fluoride coatings; Bone morphogenetic proteins (BMP)
coatings; Self-assembly Monolayer (SAM) coatings, etc.

4 Methods to fabricate porous implants

1) Powder metallurgy (PM), Titanium wire space holder
(TWSH) technique.

2) Additive manufacturing (AM) techniques: Powder bed fused
(PBF) technique, Wire arc additive manufacturing (WAAM),
Three-Dimensional (3D) jet printing, Paste extrusion
deposition (PED).

3) Electric discharge drilling (EDD).

4) Melting techniques.

According to our keyword analysis, screws have a stronger citation
burst in recent years, which is inseparable from the increase in clinical
trials and in vivo testing of magnesium alloys in recent years.

In 2015, Ajou University Hospital (Suwon, Korea) conducted a 1-
year postoperative follow-up of magnesium alloy screws in surgical
fixation of distal radius. It was found that magnesium alloy screws
have excellent biocompatibility and bone integrity (Lee et al., 2016). At
Hannover Medical University, a clinical study on the application of
Mg-Y-RE-Zr screws produced by Syntellix company in Germany in
2010 confirmed that it had a good effect in hallux valgus surgery
(Windhagen et al., 2013). In addition, the Medical College of Dalian
University from China applied pure magnesium screws to free iliac
bone transplantation for femoral head necrosis in a randomized
controlled trial (Zhao et al., 2016), and achieved significantly better
osteogenic performance than the control group. These findings
preliminarily confirmed the osteogenesis of magnesium alloy
screws in the non-weight-bearing area. The performance of
magnesium alloy implants in the load-bearing area and high
torsion area needs more tests to confirm. With more clinical trials,
the research of biodegradable magnesium alloy implants will be
further promoted.

According to the above discussion based on reference and
keyword analysis, we clearly show the global research trends
and progress in this field. Researchers will be committed to
optimizing the microstructure by improving manufacturing
methods and process parameters in the future. In addition,
the
composites will still be a hot spot for a long time. If

research on alloying, coating and Mg-bioglass
researchers are committed to the research to improve the
performance of implants and the research on clinical
translational achieve

breakthroughs.

applications, they may greater

5.1 Managerial implications of the study

This study shows that the research on biodegradable
magnesium alloys is still in full swing, and the citation and
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keyword bursts are used to speculate on the future hot spots and
research trends. This study provides managerial implication for
academia, scholars and medical researchers.

industry,

Researchers and relevant institutions can utilize our
conclusions and the massive information contained in tables
and pictures according to their own requirements. This study
helps researchers in industry and medicine clarify their own
research direction faster, choose scholars and institutions that
can cooperate, so as to accelerate the research progress of medical
magnesium alloys and obtain stable clinically available medical

magnesium alloy products as soon as possible.

5.2 Limitations

There are certain limitations in our study. Firstly, in our
study, we only searched the Web of Science Core Collection
(WoSCC) and did not incorporate other databases, such as
PubMed, Scopus or Embase. However, it may be unscientific
to merge and analyze the data from multiple databases, because
different databases have different measurement of citation
frequency counting and classification of publications (Wu
et al., 2021/10; Wu et al,, 2021).

Besides, there may exist differences between the real world
and the present results. For example, the latest publications may
not be emphasized enough because of lower citation frequency
due to the lack of temporal accumulation (Sangwal, 2014).

Therefore, we need to pay continued attention to non-
English studies as well as the latest high-quality studies in our
daily scientific research work.

6 Conclusion

This is the first bibliometric analysis to comprehensively
evaluate the general aspects and future trends in the field of
the biodegradable Mg-based
applications.

We collected 1921 articles from 2005 to 2021 from Web of
Science database to carry out this research work. The paper “The

alloy for orthopedic

development of binary Mg-Ca alloys for use as biodegradable
materials within bone” by Li et al. (2008) was the article with the
strongest citation burst. The paper “Magnesium and its alloys as
orthopedic biomaterials: a review” is the most cited article. The
most influential journals in this field are Acta Biomaterialia and
Biomaterials, with 16,511 and 12,314 total citations, respectively.
Zheng Yufeng ranked first with 85 articles and 7,421 citations,
followed by Witte Frank and Yang Ke. The corresponding
institutions with the highest production are Chinese Academy
of Sciences, Peking University and Shanghai Jiao Tong
University.

According to the keyword burst analysis, we divide the
development and application of biodegradable magnesium
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alloys into three stages: the first is the research of mechanical
properties and degradation characteristics of magnesium alloys,
the second is the research on the composition and coating of
magnesium alloys, and this research hotspot has continued to the
present, and then enter the “pre-clinical application stage”,
focusing more on clinical use, including the application of
nano materials and mesenchymal stem cells, exploration of
angiogenesis promotion and antibacterial ability, etc.

It is observed that the research on biodegradable magnesium
alloy has been gradually deepened, and scientists and clinical
researchers have tried to use it for clinical use, but there is still a
gap between its basic research and development and clinical
practical application. So far, there is still no biodegradable
magnesium alloy product that can be stably used in clinic.
This bibliometric research shows a broad field for future
young researchers, which helps them shorten the threshold of
entering this field and quickly comprehend the development
status and pattern.

Author contributions

QX: project administration, validation data curation and
7Z: data
curation, formal analysis, and writing—original draft. WX:

supervision. conceptualization, methodology,

methodology, writing—review, and editing. YX: writing and

References

Agarwal, S., Curtin, J., Duffy, B., and Jaiswal, S. (2016). Biodegradable magnesium
alloys for orthopaedic applications: A review on corrosion, biocompatibility and
surface modifications. Materials science ¢ engineering C-Materials for biological
applications. Mater. Sci. Eng. C 68, 948-963. d0i:10.1016/j.msec.2016.06.020

Aria, M., and Cuccurullo, C. (2017). bibliometrix: An R-tool for comprehensive
science mapping analysis. J. Informetr. 11 (4), 959-975. doi:10.1016/.joi.2017.
08.007

Azadani, M. N., Zahedi, A., Bowoto, O. K., and Oladapo, B. I. (2022). A review of
current challenges and prospects of magnesium and its alloy for bone implant
applications. Progress in Biomaterials. Mar 11 (1), 1-26. doi:10.1007/s40204-022-
00182-x

Bezwada, R. S., Jamiolkowski, D. D., Lee, I. Y., Agarwal, V., Persivale, J., Trenka-
Benthin, S., et al. (1995). Monocryl® suture, a new ultra-pliable absorbable
monofilament suture. Biomaterials 16 (15), 1141-1148. doi:10.1016/0142-
9612(95)93577-z

Bottger, B., Eiken, J., and Steinbach, 1. (2006). Phase field simulation of equiaxed
solidification in technical alloys. Acta Mat. 54 (10), 2697-2704. doi:10.1016/j.
actamat.2006.02.008

Carley, S., Porter, A. L., Rafols, I, and Leydesdorff, L. (2017). Visualization of
disciplinary profiles: Enhanced science overlay maps. J. Data Inf. Sci. 2 (3), 68-111.
doi:10.1515/jdis-2017-0015

Castellani, C,, Lindtner, R. A, Hausbrandt, P., Tschegg, E., Stanzl-Tschegg, S. E.,
Zanoni, G., et al. (2011). Bone-implant interface strength and osseointegration:
Biodegradable magnesium alloy versus standard titanium control. Acta Biomater. 7
(1), 432-440. doi:10.1016/j.actbio.2010.08.020

Chaya, A., Yoshizawa, S., Verdelis, K., Myers, N., Costello, B. J., Chou, D. T, et al.
(2015). In vivo study of magnesium plate and screw degradation and bone fracture
healing. Acta Biomater. 18, 262-269. doi:10.1016/j.actbio.2015.02.010

Chen, C. (20202020). A glimpse of the first eight months of the COVID-19
literature on Microsoft academic graph: Themes, citation contexts, and
uncertainties. Front. Res. Metr. Anal. 5, 607286. do0i:10.3389/frma.2020.607286

Frontiers in Bioengineering and Biotechnology

17

10.3389/fbioe.2022.940700

revision. All authors contributed to the article and approved
the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.
940700/ full#supplementary-material

Chen, C. M. (2004). Searching for intellectual turning points: Progressive
knowledge domain visualization. Proc. Natl. Acad. Sci. U. S. A. 101, 5303-5310.
doi:10.1073/pnas.0307513100

Chen, J. X,, Tan, L. L, Yu, X. M,, Etim, L. P., Ibrahim, M., Yang, K., et al. (2018).
Mechanical properties of magnesium alloys for medical application: A review.
J. Mech. Behav. Biomed. Mat. 87, 68-79. doi:10.1016/j.jmbbm.2018.07.022

Cobo, M. J., Lopez-Herrera, A. G., Herrera-Viedma, E., and Herrera, F. (2011).
An approach for detecting, quantifying, and visualizing the evolution of a research
field: A practical application to the fuzzy sets theory field. J. Informetr. 5 (1),
146-166. doi:10.1016/j.joi.2010.10.002

El-Ghannam, A., Ducheyne, P., and Shapiro, I. M. (1999). Effect of serum
proteins on osteoblast adhesion to surface-modified bioactive glass and
hydroxyapatite. J. Orthop. Res. 17 (3), 340-345. doi:10.1002/jor.1100170307

Ezechieli, M., Ettinger, M., Konig, C., Weizbauer, A., Helmecke, P., Schavan, R.,
et al. (2016). Biomechanical characteristics of bioabsorbable magnesium-based
(MgYREZr-alloy) interference screws with different threads. Knee Surg. Sports
Traumatol. Arthrosc. 24 (12), 3976-3981. doi:10.1007/s00167-014-3325-6

Gao, J. H,, Guan, S. K, Chen, J., Wang, L., Zhu, S., Hu, J,, et al. (2011). Fabrication
and characterization of rod-like nano-hydroxyapatite on MAO coating supported
on Mg-Zn-Ca alloy. Appl. Surf. Sci. 257 (6), 2231-2237. doi:10.1016/j.apsusc.2010.
09.080

Gu, X, Zheng, Y., Cheng, Y., Zhong, S., and Xi, T. (2009). In vitro corrosion and
biocompatibility of binary magnesium alloys. Biomaterials 30 (4), 484-498. doi:10.
1016/j.biomaterials.2008.10.021

Gu, X. N, Li, N,, Zhou, W. R,, Zheng, Y., Zhao, X., Cai, Q., et al. (2011). Corrosion
resistance and surface biocompatibility of a microarc oxidation coating on a Mg-Ca
alloy. Acta Biomater. 7 (4), 1880-1889. d0i:10.1016/j.actbio.2010.11.034

Gu, X. N,, Xie, X. H., Li, N,, Zheng, Y. F., and Qin, L. (2012). I vitro and in
vivo studies on a Mg-Sr binary alloy system developed as a new kind of
biodegradable metal. Acta Biomater. 8 (6), 2360-2374. doi:10.1016/j.actbio.
2012.02.018

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.940700/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.940700/full#supplementary-material
https://doi.org/10.1016/j.msec.2016.06.020
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1007/s40204-022-00182-x
https://doi.org/10.1007/s40204-022-00182-x
https://doi.org/10.1016/0142-9612(95)93577-z
https://doi.org/10.1016/0142-9612(95)93577-z
https://doi.org/10.1016/j.actamat.2006.02.008
https://doi.org/10.1016/j.actamat.2006.02.008
https://doi.org/10.1515/jdis-2017-0015
https://doi.org/10.1016/j.actbio.2010.08.020
https://doi.org/10.1016/j.actbio.2015.02.010
https://doi.org/10.3389/frma.2020.607286
https://doi.org/10.1073/pnas.0307513100
https://doi.org/10.1016/j.jmbbm.2018.07.022
https://doi.org/10.1016/j.joi.2010.10.002
https://doi.org/10.1002/jor.1100170307
https://doi.org/10.1007/s00167-014-3325-6
https://doi.org/10.1016/j.apsusc.2010.09.080
https://doi.org/10.1016/j.apsusc.2010.09.080
https://doi.org/10.1016/j.biomaterials.2008.10.021
https://doi.org/10.1016/j.biomaterials.2008.10.021
https://doi.org/10.1016/j.actbio.2010.11.034
https://doi.org/10.1016/j.actbio.2012.02.018
https://doi.org/10.1016/j.actbio.2012.02.018
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.940700

Zheng et al.

Gu, X. N, Zheng, Y. F., Cheng, Y., Zhong, S. P., and Xi, T. F. (2009). In vitro
corrosion and biocompatibility of binary magnesium alloys. Biomaterials 30 (4),
484-498. doi:10.1016/j.biomaterials.2008.10.021

Gu, X. N, Zheng, Y. F,, Zhong, S. P., Xi, T. F., Wang, J. Q., Wang, W. H., et al.
(2010). Corrosion of, and cellular responses to Mg-Zn-Ca bulk metallic glasses.
Biomaterials 31 (6), 1093-1103. doi:10.1016/j.biomaterials.2009.11.015

Guan, R. G, Cipriano, A. F., Zhao, Z. Y., Lock, ., Tie, D., Zhao, T., et al. (2013).
Development and evaluation of a magnesium-zinc-strontium alloy for biomedical
applications - alloy processing, microstructure, mechanical properties, and
biodegradation. Mater. Sci. Eng. C 33 (7), 3661-3669. doi:10.1016/j.msec.2013.
04.054

Guan, R. G, Johnson, I, Cui, T., Zhao, T., Zhao, Z. Y., Li, X,, et al. (2012).
Electrodeposition of hydroxyapatite coating on Mg-4.0Zn-1.0Ca-0.6Zr alloy and
in vitro evaluation of degradation, hemolysis, and cytotoxicity. J. Biomed. Mat. Res.
A 100A (4), 999-1015. doi:10.1002/jbm.a.34042

Harzing, A-W.Google Scholar (2016). Google scholar, Scopus and the web of
science: A longitudinal and cross-disciplinary comparison. Scientometrics 106 (2),
787-804. doi:10.1007/s11192-015-1798-9

Hench, L. L. (1991). Bioceramics - from concept to clinic. J. Am. Ceram. Soc. Jul
74 (7), 1487-1510. doi:10.1111/j.1151-2916.1991.tb07132.x

Holzapfel, B. M, Reichert, J. C., Schantz, J. T., Gbureck, U., Rackwitz, L., Noth, U., et al.
(2013). How smart do biomaterials need to be? A translational science and clinical point
of view. Adv. Drug Deliv. Rev. 65 (4), 581-603. doi:10.1016/j.addr.2012.07.009

Hort, N, Huang, Y., Fechner, D., Stormer, M., Blawert, C., Witte, F,, et al. (2010).
Magnesium alloys as implant materials - principles of property design for Mg-RE
alloys. Acta Biomater. 6 (5), 1714-1725. doi:10.1016/j.actbio.2009.09.010

Hu, C-P.,, Hu, J-M,, Gao, Y., and Zhang, Y-K. (2011). A journal co-citation
analysis of library and information science in China. Scientometrics 86 (3), 657-670.
doi:10.1007/s11192-010-0313-6

Jia, B, Yang, H. T., Zhang, Z. C, Qu, X, Jia, X, Wu, Q. et al. (2021).
Biodegradable Zn-Sr alloy for bone regeneration in rat femoral condyle defect
model: In vitro and in vivo studies. Bioact. Mat. 6 (6), 1588-1604. doi:10.1016/j.
bioactmat.2020.11.007

Khanra, A. K, Jung, H. C, Yu, S. H, Hong, K. S,, and Shin, K. S. (2010).
Microstructure and mechanical properties of Mg-HAP composites. Bull. Mat. Sci.
33 (1), 43-47. doi:10.1007/s12034-010-0006-z

Kraus, T., Fischerauer, S. F.,, Haenzi, A. C., Uggowitzer, P. J., Loeffler, J. F.,
Weinberg, A. M., et al. (2012). Magnesium alloys for temporary implants in
osteosynthesis: In vivo studies of their degradation and interaction with bone.
Acta Biomater. 8 (3), 1230-1238. doi:10.1016/j.actbio.2011.11.008

Kumar, R, and Goel, P. Exploring the domain of interpretive structural
modelling (ism) for sustainable future panorama: A bibliometric and content
analysis. Arch. Comput. Methods Eng. doi:10.1007/s11831-021-09675-7

Kumar, R, Rani, S., and Al Awadh, M. (2022). Exploring the application sphere of
the internet of things in industry 4.0: A review, bibliometric and content analysis.
Sensors 22 (11), 4276. doi:10.3390/s22114276

Lee, J. W, Han, H. S, Han, K. ., Park, J,, Jeon, H., Ok, M. R,, et al. (2016). Long-term
clinical study and multiscale analysis of in vivo biodegradation mechanism of Mg alloy.
Proc. Natl. Acad. Sci. U. S. A. 113 (3), 716-721. doi:10.1073/pnas.1518238113

Li, H., Zheng, Y., and Qin, L. (2014). Progress of biodegradable metals. Prog. Nat.
Sci. Mater. Int. 24 (5), 414-422. doi:10.1016/j.pnsc.2014.08.014

Li, H. F., He, W, Pang, S. J., Liaw, P. K., and Zhang, T. (2016). In vitro
responses of bone-forming MC3T3-E1 pre-osteoblasts to biodegradable Mg-
based bulk metallic glasses. Materials Science & Engineering C-Materials for
Biological Applications. Mater. Sci. Eng. C 68, 632-641. doi:10.1016/j.msec.
2016.06.022

Li, L. Y, Cui, L. Y,, Zeng, R. C,, Li, S. Q,, Chen, X. B., Zheng, Y., et al. (2018).
Advances in functionalized polymer coatings on biodegradable magnesium alloys -
a review. Acta Biomater. 79, 23-36. doi:10.1016/j.actbio.2018.08.030

Li, N, Li, Y. D., Wang, Y. B,, Li, M., Cheng, Y., Wu, Y. H,, et al. (2013). Corrosion
resistance and cytotoxicity of a MgF2 coating on biomedical Mg-1Ca alloy via

vacuum evaporation deposition method. Surf. Interface Anal. 45 (8), 1217-1222.
doi:10.1002/sia.5257

Li, Y. C, Wong, C.S., Wen, C., and Hodgson, P. D. (2012). Biodegradable Mg-Zr-
Ca alloys for bone implant materials. Materials Technology. Mat. Technol. (N. Y. N.
Y). 27 (1), 49-51. doi:10.1179/175355511x13240279339482

Li, Z,, Gu, X,, Lou, S,, and Zheng, Y. (2008). The development of binary Mg-Ca
alloys for use as biodegradable materials within bone. Biomaterials 29 (10),
1329-1344. doi:10.1016/j.biomaterials.2007.12.021

Li, Z.]., Gu, X. N,, Lou, S. Q., and Zheng, Y. F. (2008). The development of binary
Mg-Ca alloys for use as biodegradable materials within bone. Biomaterials 29 (10),
1329-1344. doi:10.1016/j.biomaterials.2007.12.021

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.940700

Liu, J. S, and Lu, L. Y. Y. (2012). An integrated approach for main path analysis:
Development of the hirsch index as an example. Journal of the American Society for
information Science and technology. J. Am. Soc. Inf. Sci. Technol. 63 (3), 528-542.
doi:10.1002/asi.21692

Luo, Q, Guo, Y. L, Liu, B, Feng, Y., Zhang, ], Li, Q, et al. (2020). Thermodynamics
and kinetics of phase transformation in rare earth-magnesium alloys: A critical review.
J. Mater. Sci. Technol. 44, 171-190. doi:10.1016/j,jmst.2020.01.022

Mongeon, P., and Paul-Hus, A. (2016). The journal coverage of web of science
and Scopus: A comparative analysis. Scientometrics 106 (1), 213-228. doi:10.1007/
s11192-015-1765-5

Moral-Munoz, J. A., Herrera-Viedma, E., Santisteban-Espejo, A., and Cobo, M. J.
(2020). Software tools for conducting bibliometric analysis in science: An up-to-
date review. Prof. De. La Inf. 29 (1), €290103. doi:10.3145/epi.2020.ene.03

Mousa, H. M., Abdal-hay, A., Bartnikowski, M., Mohamed, I. M. A,, Yasin, A. S,,
Ivanovski, S., et al. (2018). A multifunctional zinc oxide/poly(lactic acid)
nanocomposite layer coated on magnesium alloys for controlled degradation
and antibacterial function. ACS Biomater. Sci. Eng. 4 (6), 2169-2180. doi:10.
1021/acsbiomaterials.8b00277

Mrvar, A., and Batagelj, V. (2016). Analysis and visualization of large networks
with program package Pajek. Complex adapt. Syst. Model. 4, 46. doi:10.1186/
540294-016-0017-8

Navarro, M., Michiardi, A., Castano, O., and Planell, . A. (2008). Biomaterials in
orthopaedics. J. R. Soc. Interface 5 (27), 1137-1158. doi:10.1098/rsif.2008.0151

Ninkov, A., Frank, J. R., and Maggio, L. A. Bibliometrics: Methods for studying
academic publishing. Perspectives on medical education. doi:10.1007/s40037-021-
00695-4

Radha, R., and Sreekanth, D. (2017). Insight of magnesium alloys and composites
for orthopedic implant applications - a review. J. Magnesium Alloys 5 (3), 286-312.
doi:10.1016/j.jma.2017.08.003

Remennik, S., Bartsch, I., Willbold, E., Witte, F., and Shechtman, D. (2011). New,
fast corroding high ductility Mg-Bi-Ca and Mg-Bi-Si alloys, with no clinically
observable gas formation in bone implants. Mater. Sci. Eng. B 176 (20), 1653-1659.
doi:10.1016/j.mseb.2011.07.011

Sangwal, K. (2014). Distributions of citations of papers of individual authors
publishing in different scientific disciplines: Application of Langmuir-type function.
J. Inf. 8 (4), 972-984. doi:10.1016/j.j0i.2014.09.009

Sezer, N., Evis, Z., Kayhan, S. M., Tahmasebifar, A., and Koc, M. (2018). Review of
magnesium-based biomaterials and their applications. Journal of Magnesium and
Alloys. J. Magnesium Alloys 6 (1), 23-43. doi:10.1016/j.jma.2018.02.003

Shuai, C., Wang, B., Yang, Y., Peng, S., and Gao, C. (2019). 3D honeycomb
nanostructure-encapsulated magnesium alloys with superior corrosion resistance
and mechanical properties. Compos. Part B Eng. 162, 611-620. doi:10.1016/j.
compositesb.2019.01.031

Staiger, M. P, Pietak, A. M., Huadmai, J., and Dias, G. (2006). Magnesium and its
alloys as orthopedic biomaterials: A review. Biomaterials. Biomaterials 27 (9),
1728-1734. doi:10.1016/j.biomaterials.2005.10.003

Stanford, N., Atwell, D., Beer, A., Davies, C., and Barnett, M. R. (2008). Effect
of microalloying with rare-earth elements on the texture of extruded
magnesium-based alloys. Scr. Mater. 59 (7), 772-775. doi:10.1016/j.
scriptamat.2008.06.008

Tan, L., Yu, X,, Wan, P., and Yang, K. (2013). Biodegradable materials for bone
repairs: A review. J. Mater. Sci. Technol. 29 (6), 503-513. doi:10.1016/j.jmst.2013.
03.002

Tang, H., Xin, T. Z,, Luo, Y., and Wang, F. P. (2013). In vitro degradation of
AZ31 magnesium alloy coated with hydroxyapatite by sol-gel method. Mater. Sci.
Technol. 29 (5), 547-552. doi:10.1179/1743284712y.0000000180

Thelwall, M. (2008). Bibliometrics to webometrics. J. Inf. Sci. 34 (4), 605-621.
doi:10.1177/0165551507087238

Uddin, M. S., Hall, C., and Murphy, P. (2015). Surface treatments for controlling
corrosion rate of biodegradable Mg and Mg-based alloy implants. Sci. Technol. Adv.
Mater. 16 (5), 053501. doi:10.1088/1468-6996/16/5/053501

van Eck, N. J., and Waltman, L. (2010). Software survey: VOSviewer, a computer
program for bibliometric mapping. Scientometrics 84 (2), 523-538. doi:10.1007/
s11192-009-0146-3

Wan, Y. Z,, Xiong, G. Y., Luo, H. L,, He, F., Huang, Y., Wang, Y. L., et al. (2008).
Influence of zinc ion implantation on surface nanomechanical performance and
corrosion resistance of biomedical magnesium-calcium alloys. Appl. Surf. Sci. 254
(17), 5514-5516. doi:10.1016/j.apsusc.2008.02.117

Wang, L. ], Deng, H. X,, Furukawa, H., Gandara, F., Cordova, K. E., Peri, D, et al.
(2014). Synthesis and characterization of metal-organic framework-74 containing 2,
4, 6, 8, and 10 different metals. Inorg. Chem. 53 (12), 5881-5883. do0i:10.1021/
ic500434a

frontiersin.org


https://doi.org/10.1016/j.biomaterials.2008.10.021
https://doi.org/10.1016/j.biomaterials.2009.11.015
https://doi.org/10.1016/j.msec.2013.04.054
https://doi.org/10.1016/j.msec.2013.04.054
https://doi.org/10.1002/jbm.a.34042
https://doi.org/10.1007/s11192-015-1798-9
https://doi.org/10.1111/j.1151-2916.1991.tb07132.x
https://doi.org/10.1016/j.addr.2012.07.009
https://doi.org/10.1016/j.actbio.2009.09.010
https://doi.org/10.1007/s11192-010-0313-6
https://doi.org/10.1016/j.bioactmat.2020.11.007
https://doi.org/10.1016/j.bioactmat.2020.11.007
https://doi.org/10.1007/s12034-010-0006-z
https://doi.org/10.1016/j.actbio.2011.11.008
https://doi.org/10.1007/s11831-021-09675-7
https://doi.org/10.3390/s22114276
https://doi.org/10.1073/pnas.1518238113
https://doi.org/10.1016/j.pnsc.2014.08.014
https://doi.org/10.1016/j.msec.2016.06.022
https://doi.org/10.1016/j.msec.2016.06.022
https://doi.org/10.1016/j.actbio.2018.08.030
https://doi.org/10.1002/sia.5257
https://doi.org/10.1179/175355511x13240279339482
https://doi.org/10.1016/j.biomaterials.2007.12.021
https://doi.org/10.1016/j.biomaterials.2007.12.021
https://doi.org/10.1002/asi.21692
https://doi.org/10.1016/j.jmst.2020.01.022
https://doi.org/10.1007/s11192-015-1765-5
https://doi.org/10.1007/s11192-015-1765-5
https://doi.org/10.3145/epi.2020.ene.03
https://doi.org/10.1021/acsbiomaterials.8b00277
https://doi.org/10.1021/acsbiomaterials.8b00277
https://doi.org/10.1186/s40294-016-0017-8
https://doi.org/10.1186/s40294-016-0017-8
https://doi.org/10.1098/rsif.2008.0151
https://doi.org/10.1007/s40037-021-00695-4
https://doi.org/10.1007/s40037-021-00695-4
https://doi.org/10.1016/j.jma.2017.08.003
https://doi.org/10.1016/j.mseb.2011.07.011
https://doi.org/10.1016/j.joi.2014.09.009
https://doi.org/10.1016/j.jma.2018.02.003
https://doi.org/10.1016/j.compositesb.2019.01.031
https://doi.org/10.1016/j.compositesb.2019.01.031
https://doi.org/10.1016/j.biomaterials.2005.10.003
https://doi.org/10.1016/j.scriptamat.2008.06.008
https://doi.org/10.1016/j.scriptamat.2008.06.008
https://doi.org/10.1016/j.jmst.2013.03.002
https://doi.org/10.1016/j.jmst.2013.03.002
https://doi.org/10.1179/1743284712y.0000000180
https://doi.org/10.1177/0165551507087238
https://doi.org/10.1088/1468-6996/16/5/053501
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1016/j.apsusc.2008.02.117
https://doi.org/10.1021/ic500434a
https://doi.org/10.1021/ic500434a
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.940700

Zheng et al.

Wang, T. X, Jia, S. Q, Xu, Y. C, Dong, Y., Guo, Y., Huang, Z, et al. (2022).
Improving the corrosion resistance and biocompatibility of magnesium alloy via
composite coatings of calcium phosphate/carbonate induced by silane. Prog. Org.
Coatings 163, 163106653. doi:10.1016/j.porgcoat.2021.106653

Wang, X. ], Xu, S. Q., Zhou, S. W., Xu, W,, Leary, M., Choong, P., et al. (2016).
Topological design and additive manufacturing of porous metals for bone scaffolds
and orthopaedic implants: A review. Biomaterials. Biomaterials 83, 127-141. doi:10.
1016/j.biomaterials.2016.01.012

Windhagen, H., Radtke, K., Weizbauer, A., Diekmann, J., Noll, Y., Kreimeyer, U.,
et al. (2013). Biodegradable magnesium-based screw clinically equivalent to
titanium screw in hallux valgus surgery: Short term results of the first
prospective, randomized, controlled clinical pilot study. Biomed. Eng. OnLine
12, 62. doi:10.1186/1475-925x-12-62

Witte, F., Feyerabend, F., Maier, P., Fischer, J., Stormer, M., Blawert, C., et al.
(2007). Biodegradable magnesium-hydroxyapatite metal matrix composites.
Biomaterials 28 (13), 2163-2174. doi:10.1016/j.biomaterials.2006.12.027

Witte, F., Feyerabend, F., Maier, P., Fischer, J., Stormer, M., Blawert, C., et al.
(2007). Biodegradable magnesium-hydroxyapatite metal matrix composites.
Biomaterials 28 (13), 2163-2174. doi:10.1016/j.biomaterials.2006.12.027

Witte, F., Fischer, J., Nellesen, J., Crostack, H. A., Kaese, V., Pisch, A, et al. (2006).
In vitro and in vivo corrosion measurements of magnesium alloys. Biomaterials 27
(7), 1013-1018. doi:10.1016/j.biomaterials.2005.07.037

Witte, F., Hort, N., Vogt, C., Cohen, S., Kainer, K. U., Willumeit, R., et al. (2008).
Degradable biomaterials based on magnesium corrosion. Curr. Opin. Solid State
Mat. Sci. 12 (5-6), 63-72. doi:10.1016/j.cossms.2009.04.001

Witte, F., Kaese, V., Haferkamp, H., Switzer, E., Meyer-Lindenberg, A., Wirth, C.,
et al. (2005). In vivo corrosion of four magnesium alloys and the associated bone
response. Biomaterials 26 (17), 3557-3563. doi:10.1016/j.biomaterials.2004.09.049

Witte, F. (2010). The history of biodegradable magnesium implants: A review.
Acta Biomater. 6 (5), 1680-1692. doi:10.1016/j.actbio.2010.02.028

Witte, F., Ulrich, H., Palm, C., and Willbold, E. (2007). Biodegradable magnesium
scaffolds: Part II: Peri-Implant bone remodeling. J. Biomed. Mat. Res. A 81A (3),
757-765. doi:10.1002/jbm.a.31293

Witte, F., Ulrich, H., Rudert, M., and Willbold, E. (2007). Biodegradable
magnesium scaffolds: Part 1: Appropriate inflammatory response. J. Biomed.
Mat. Res. A 81A (3), 748-756. doi:10.1002/jbm.a.31170

Wu, G., Chan, K. C, Zhu, L. L, Sun, L. G, and Lu, J. (2017). Dual-phase
nanostructuring as a route to high-strength magnesium alloys. Nature 545 (7652),
80-83. doi:10.1038/nature21691

Wu, H, Sun, Z, Tong, L, Wang, Y., Yan, H, Sun, Z, et al. (2021/10/11 2021).
Bibliometric analysis of global research trends on male osteoporosis: A neglected field
deserves more attention. Arch. Osteoporos. 16 (1), 154. doi:10.1007/s11657-021-01016-2

Wu, H. Y., Zhou, Y., Wang, Y. L., Tong, L., Wang, F., Song, S., et al. (2021).
Current state and future directions of intranasal delivery route for central nervous
system disorders: A scientometric and visualization analysis. Front. Pharmacol. 12,
12717192. doi:10.3389/fphar.2021.717192

Yan, X. D., Wan, P, Tan, L. L., Zhao, M. C,, Qin, L, Yang, K,, et al. (2018).
Corrosion and biological performance of biodegradable magnesium alloys
mediated by low copper addition and processing. Mater. Sci. Eng. C 93,
565-581. doi:10.1016/j.msec.2018.08.013

Yang, J. X,, Guo, J. L., Mikos, A. G., He, C. Y., and Cheng, G. (2018). Material
processing and design of biodegradable metal matrix composites for biomedical
applications. Ann. Biomed. Eng. 46 (9), 1229-1240. doi:10.1007/s10439-018-2058-y

Yang, J. X,, Jiao, Y. P., Cui, F. Z, Lee, L. S, Yin, Q. S,, Zhang, Y., et al. (2008).
Modification of degradation behavior of magnesium alloy by IBAD coating of
calcium phosphate. Surf. Coat. Technol. 202 (22-23), 5733-5736. doi:10.1016/j.
surfcoat.2008.06.035

Frontiers in Bioengineering and Biotechnology

19

10.3389/fbioe.2022.940700

Yang, L., Li, X. Y,, and Lu, K. (2017). Making materials plain: Concept, principle
and applications. Acta Metall. Sin. Nov. 53 (11), 1413-1417. doi:10.11900/0412.
1961.2017.00316

Yang, L. J.,, Han, L. X,, and Liu, N. X. (2019). A new approach to journal co-
citation matrix construction based on the number of co-cited articles in journals.
Scientometrics 120 (2), 507-517. doi:10.1007/s11192-019-03141-9

Yang, Y., He, C, Yang, E. D,, Yang, W, Qi, F,, Xie, D, et al. (2020). Mg bone
implant: Features, developments and perspectives. Mater. Des. 185, 185108259.
doi:10.1016/j.matdes.2019.108259

Yin, Y., Huang, Q. L,, Liang, L. X., Hu, X, Liu, T., Weng, Y., et al. (2019). In vitro
degradation behavior and cytocompatibility of ZK30/bioactive glass composites
fabricated by selective laser melting for biomedical applications. J. Alloys Compd.
785, 38-45. doi:10.1016/j.jallcom.2019.01.165

Yoshizawa, S., Brown, A., Barchowsky, A., and Sfeir, C. (2014). Magnesium ion
stimulation of bone marrow stromal cells enhances osteogenic activity, simulating
the effect of magnesium alloy degradation. Acta Biomater. 10 (6), 2834-2842.
doi:10.1016/j.actbio.2014.02.002

Zhang, E. L., Yin, D. S,, Xu, L. P,, Yang, L., and Yang, K. (2009). Microstructure,
mechanical and corrosion properties and biocompatibility of Mg-Zn-Mn alloys for
biomedical application. Mater. Sci. Eng. C29 (3), 987-993. d0i:10.1016/j.msec.2008.
08.024

Zhang, S. X,, Li, J. A, Song, Y., Zhao, C., Zhang, X., Xie, C,, et al. (2009). In vitro
degradation, hemolysis and MC3T3-El1 cell adhesion of biodegradable Mg-Zn alloy.
Mater. Sci. Eng. C 29 (6), 1907-1912. doi:10.1016/j.msec.2009.03.001

Zhang, S. X., Zhang, X. N., Zhao, C. L, Li, J., Song, Y., Xie, C,, et al. (2010).
Research on an Mg-Zn alloy as a degradable biomaterial. Acta Biomater. 6 (2),
626-640. doi:10.1016/j.actbio.2009.06.028

Zhang, Y., Xu, J., Ruan, Y. C, Yu, M. K,, O’Laughlin, M., Wise, H., et al. (2016).
Implant-derived magnesium induces local neuronal production of CGRP to
improve bone-fracture healing in rats. Nat. Med. 22 (10), 1160-1169. doi:10.
1038/nm.4162

Zhao, D., Huang, S., Lu, F,, Wang, B., Yang, L., Qin, L., et al. (2016).
Vascularized bone grafting fixed by biodegradable magnesium screw for
treating osteonecrosis of the femoral head. Biomaterials 81, 84-92. doi:10.
1016/j.biomaterials.2015.11.038

Zhao, D., Witte, F., Lu, F,, Wang, ], Li, ], Qin, L., et al. (2017). Current status on
clinical applications of magnesium-based orthopaedic implants: A review from
clinical translational perspective. Biomaterials 112, 287-302. doi:10.1016/j.
biomaterials.2016.10.017

Zhao, D. W., Witte, F.,, Lu, F. Q,, Wang, J. L., Li, ]. L., Qin, L,, et al. (2017). Current
status on clinical applications of magnesium-based orthopaedic implants: A review
from clinical translational perspective. Biomaterials 112, 287-302. doi:10.1016/j.
biomaterials.2016.10.017

Zhao, M., Dai, Y. K,, Li, X. B, Li, Y., Zhang, Y., Wu, H,, et al. (2018). Evaluation of
long-term biocompatibility and osteogenic differentiation of graphene nanosheet
doped calcium phosphate-chitosan AZ91D composites. Mater. Sci. Eng. C 90,
365-378. doi:10.1016/j.msec.2018.04.082

Zhao, R. Y., Li, D. Y., Wei, M. K., and Li, X. L. (2022). The contents and methods
of knowledge network from the perspective of bibliometrics. Technology Analysis &
Strategic Management. Technol. Anal. Strateg. Manag. 34 (3), 245-257. doi:10.1080/
09537325.2021.1894329

Zheng, Y. F,, Gu, X. N,, and Witte, F. (2014). Biodegradable metals. Materials
science & engineering R-reports. Mater. Sci. Eng. R Rep. 77, 1-34. doi:10.1016/j.mser.
2014.01.001

Zou, X., Yue, W. L, and Vu, H. L. (2018). Visualization and analysis of mapping
knowledge domain of road safety studies. Accid. Analysis Prev. 118, 131-145. doi:10.
1016/j.2ap.2018.06.010

frontiersin.org


https://doi.org/10.1016/j.porgcoat.2021.106653
https://doi.org/10.1016/j.biomaterials.2016.01.012
https://doi.org/10.1016/j.biomaterials.2016.01.012
https://doi.org/10.1186/1475-925x-12-62
https://doi.org/10.1016/j.biomaterials.2006.12.027
https://doi.org/10.1016/j.biomaterials.2006.12.027
https://doi.org/10.1016/j.biomaterials.2005.07.037
https://doi.org/10.1016/j.cossms.2009.04.001
https://doi.org/10.1016/j.biomaterials.2004.09.049
https://doi.org/10.1016/j.actbio.2010.02.028
https://doi.org/10.1002/jbm.a.31293
https://doi.org/10.1002/jbm.a.31170
https://doi.org/10.1038/nature21691
https://doi.org/10.1007/s11657-021-01016-2
https://doi.org/10.3389/fphar.2021.717192
https://doi.org/10.1016/j.msec.2018.08.013
https://doi.org/10.1007/s10439-018-2058-y
https://doi.org/10.1016/j.surfcoat.2008.06.035
https://doi.org/10.1016/j.surfcoat.2008.06.035
https://doi.org/10.11900/0412.1961.2017.00316
https://doi.org/10.11900/0412.1961.2017.00316
https://doi.org/10.1007/s11192-019-03141-9
https://doi.org/10.1016/j.matdes.2019.108259
https://doi.org/10.1016/j.jallcom.2019.01.165
https://doi.org/10.1016/j.actbio.2014.02.002
https://doi.org/10.1016/j.msec.2008.08.024
https://doi.org/10.1016/j.msec.2008.08.024
https://doi.org/10.1016/j.msec.2009.03.001
https://doi.org/10.1016/j.actbio.2009.06.028
https://doi.org/10.1038/nm.4162
https://doi.org/10.1038/nm.4162
https://doi.org/10.1016/j.biomaterials.2015.11.038
https://doi.org/10.1016/j.biomaterials.2015.11.038
https://doi.org/10.1016/j.biomaterials.2016.10.017
https://doi.org/10.1016/j.biomaterials.2016.10.017
https://doi.org/10.1016/j.biomaterials.2016.10.017
https://doi.org/10.1016/j.biomaterials.2016.10.017
https://doi.org/10.1016/j.msec.2018.04.082
https://doi.org/10.1080/09537325.2021.1894329
https://doi.org/10.1080/09537325.2021.1894329
https://doi.org/10.1016/j.mser.2014.01.001
https://doi.org/10.1016/j.mser.2014.01.001
https://doi.org/10.1016/j.aap.2018.06.010
https://doi.org/10.1016/j.aap.2018.06.010
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.940700

	Mapping knowledge structure and themes trends of biodegradable Mg-based alloy for orthopedic application: A comprehensive b ...
	1 Introduction
	1.1 The implication of the state-of-art review
	1.2 Research questions and intended contribution of the study
	1.3 Objectives of the present review

	2 Materials and methods
	3 Data analysis
	4 Results
	4.1 Distribution of articles by publication years
	4.2 Active countries/regions, institutes and researchers
	4.3 Journals
	4.4 Reference
	4.5 Keywords

	5 Discussion
	5.1 Managerial implications of the study
	5.2 Limitations

	6 Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


