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Abstract

Background: The perfect repair of damaged skin has always been a constant goal for
scientists; however, the repair and reconstruction of skin is still a major problem and
challenge in injury and burns medicine. Human amniotic membrane (hAM), with its
good mechanical properties and anti-inflammatory, antioxidant and antimicrobial ben-
efits, containing growth factors that promote wound healing, has evolved over the last
few decades from simple skin sheets to high-tech dressings, such as being made into
nanocomposites, hydrogels, powders, and electrostatically spun scaffolds. This paper
aims to explore the historical development, applications, trends, and research hotspots
of hAM in wound healing.

Methods: We examined 2660 publications indexed in the Web of Science Core Collec-
tion (WoSCC) from January 1, 1975 to July 12, 2023. Utilizing bibliometric methods,
we employed VOSviewer, CiteSpace, and R-bibliometrix to characterize general infor-
mation, identify development trends, and highlight research hotspots. Subsequently,
we identified a collection of high-quality English articles focusing on the roles of
human amniotic epithelial stem cells (hAESCs), human amniotic mesenchymal stem
cells (hRAMSCs), and amniotic membrane (AM) scaffolds in regenerative medicine and
tissue engineering.

Results: Bibliometric analysis identified Udice-French Research Universities as the
most productive affiliation and Tseng S.C.G. as the most prolific author. Keyword anal-

ysis, historical direct quotations network, and thematic analysis helped us review the
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historical and major themes in this field. Our examination included the knowledge
structure, global status, trends, and research hotspots regarding the application of
hAM in wound healing. Our findings indicate that contemporary research emphasizes
the preparation and application of products derived from hAM. Notably, both hAM and
the cells isolated from it - hADSCs and hAESCs are prominent and promising areas of
research in regenerative medicine and tissue engineering.

Conclusion: This research delivers a comprehensive understanding of the knowledge
frameworks, global dynamics, emerging patterns, and primary research foci in the
realm of hAM applications for wound healing. The field is rapidly evolving, and our find-
ings offer valuable insights for researchers. Future research outcomes are anticipated

to be applied in clinical practice, enhancing methods for disease prevention, diagnosis,

and treatment.

KEYWORDS

1 | INTRODUCTION

The human amniotic membrane (hAM) is derived from the inner layer
of the placentas.! It is very strong and elastic, which allows it to resist
the gradual elongation of the embryo, and both internal and external
trauma. AM is a semi-transparent membrane with a thickness ranging
from 0.02 to 0.05 mm. The hAM consists of five layers.?2 The amni-
otic epithelial layer contains an enormous number of human amniotic
epithelial stem cells (hAESCs), which are known for their remark-
able paracrine function and stem cell characteristics. These cells have
been studied in several areas of wound healing, especially in diabetic
wounds.? The basement membrane layer consists mainly of reticular
fibers, with abundant amounts of glycoproteins and collagen fibers
which form and maintain its structural and functional integrity.* The
amniotic basement membrane has been shown to be crucial for ocular
surface reconstructionin various studies, probably due to the similarity
of its composition to the corneal basement membrane.> The compact
layer is soft in texture and can be changed with increasing tension.®
The fibroblast layer is the main site of origin of human amniotic mes-
enchymal stem cells (hRAMSCs), and it is also the thickest layer of the
five-layer structure. The outermost layer, the sponge layer, contains
a collagen fibril network composed mainly of type Il collagen, which
facilitates the preservation of the natural ECM structure.” The sponge
layer is loosely attached to the chorion so that the hAM can be easily
and bluntly detached.

In addition, hAM is inexpensive and easily accessible for most
patients. The process of obtaining it is straightforward and virtually
unrestricted, eliminating the need for establishing large-scale tissue
banks.8 Secondly, hAM has no blood supply of its own, which under-
pins the widespread use of hAM as a dressing to promote wound
healing, while its necessary nutrients are usually sourced from the
surrounding environment, which ensures that hAM grafts in wounds
do not transmit blood-borne diseases.? Thirdly, hAM has many prop-

amniotic membrane, bibliometrics, tissue engineering, wound healing

erties as a natural wound healing dressing, such as anti-adhesion,
strong antimicrobial properties, pain relief, promotion of epithelial-
ization, and non-immunogenicity.!° Wound healing has always been a
complex and dynamic problem to be solved perfectly, and it is closely
related to the processes of cell proliferation, inflammation, and scar
reconstruction after injury. hAM contains growth factors, interleukins
(IL), and tissue inhibitors of metalloproteinases (TIMPs), and has been
shown the potential to positively influence unique key physiological
processes closely related to wound healing.!* The hAM has inspired
many researchers to use it as a biomaterial dressing due to its propri-
etary histological structure and properties. They not only conducted
more in-depth research into the properties of the hAM, but also made
it more suitable for certain specific wounds by altering its structure. In
summary, based on these characteristics, the hAM can promote more
perfect wound healing.

For more than 100 years, hAM has been used to contribute
wound healing. It was used in a highly pioneering way by Davis in
1910 for wound management. Subsequently, it was found to be a
useful discovery of surgical dressings.” A growing interest in hAM
has emerged since the 1960s, and many scholars have found struc-
tural similarities between hAM and the corneal basement membrane.
As a result, hAM has been used to restore the surface structure
and function of the eyes, including the treatment of glaucoma, cel-
lular carriers of cornea-deficient-related diseases, and conjunctival
reconstruction.’2-1> Until now, hAM has been widely studied and
applied in ocular reconstruction.’® Subsequently, other scientists
have explored the possibility of using hAM to effectively recon-

struct the oral cavity,'” bladder,'® and cervix*?

; repair urothelial
tissueZ?; tympanoplasty?!; arthroplasty?2; and so forth. In addition,
the resolution of difficult-to-heal wounds is a world-standard prob-
lem, and hAM has been used experimentally to treat such conditions.23
Different types of hAM products have also been successfully devel-

oped and applied for the healing of chronic cutaneous wounds,
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including diabetes,?* venous leg ulcers,?> burns?®, and various disor-
ders of the ocular surface.’? Until now, hAM has been recognized as
a good material for wound healing and has a variety of clinical appli-
cations covering ocular surface reconstruction, dermal applications,
regenerative medicine, and tissue engineering.

Although it has been studied for a long period, the effectiveness on
wound healing varies greatly due to differences in storage methods
and delivery, as well as subregional differences in hAM. In addition, in
recent years, emerging technologies and materials have made it pos-
sible to be utilized as an excellent resource for regenerative medicine
and tissue engineering. To get a fuller historical trajectory of hAM’s
development and the different effects it has had on wound healing in
the 21st century by combining with new materials and technologies,

we have conducted the following review.

2 | METHODS

2.1 | Data source and search strategy

For identifying the application of hAM in wound healing in the past
few decades, the Web of Science Core Collection (WoSCC) was uti-
lized to comprehensively search for publications in this field. And to
eliminate deviations resulting from the update of the database, we con-
ducted and completed the retrieval on July 12, 2023. The retrieval
strategy was ((TS = Amnion) OR (TS = Amniotic Membrane) OR
(TS = Amnia)) AND ((TS = Wound Healing) OR (TS = Regeneratsx)
OR (TS = Tissue Engineerx) OR (TS = Repair)). All time points were
reserved, but only research articles and reviews were retrieved. We
downloaded information for 2660 relevant articles as TXT files. Sub-
sequently, all downloaded records were imported into bibliometric
tools for statistical analysis and visualization. Based on research trends
and hotspots, we found several high-quality articles in English focus-
ing on the roles played by hAESCs, hAMSCs, and hAM scaffolds in

regenerative medicine and tissue engineering, respectively.

2.2 | Statistical analysis

R version 4.2.0 was used to analyze and visualize the literature.?”
The modeling and visualization process, based on Java applications,
is implemented in CiteSpace?® and VOSviewer,2? and by visualizing
the salient trends and key points in the network, we can discuss the
practical implications of this work to identify some of the challenges
and opportunities for future research. We use a series of bibliomet-
ric indicators to conduct overview analysis including country analysis,
affiliation analysis, author analysis, source analysis, article analysis, his-
torical direct citation analysis, reference analysis, keyword analysis,
and thematic analysis to assess and summarize the developing trends
and hotspots in the applications of hAM in wound healing research
field. For the inferential analysis, Braford’s Law3® was used to iden-
tify the core cluster of sources. In the authors’ analysis, Lotka’s Law®!

can determine the core cluster of sources. In addition, the H Index

can assess the importance, significance, and wider impact of authors’
cumulative research contributions.?? Finally, synthesizing the results
of article analysis, especially keyword analysis and thematic analysis,
combined with historical citation networks, we analyzed and sum-
marized the trends and hot spots related to hAM in wound healing.
Afterward, some high-quality literature was identified and discussed
based on relevant trends and hotspots.

3 | RESULTS

3.1 | hAMis attracting increasing interest in
promoting wound healing since 2002

In the current search, we ultimately required 2660 documents from
830 sources by 10801 authors with 75537 references from WoSCC
from January 1, 1975 to July 12, 2023. According to Figure 1, although
the number of publications has sometimes risen and sometimes fallen,
the overall trend has continued to increase distinctly. The amount of
production before 2000 shows no obvious change until 2001, when
the number of publications increased to more than 25. Since then,
researchers have become increasingly interested in the study of hAM.
The explosive growth began in 2002 and peaked in 2020, suggesting
that hAM has clinical significance and development potential. U.S. Food
and Drug Administration approval of processed hAM for ocular sur-
face reconstruction may be responsible for this outbreak,3® and after
that there has been an increasing number of developments regard-
ing commercial-derived products of hAM.3* Additionally, the average
annual citations for hAM wound healing from 1975 to 2023 are dis-
played in Figure S1(A) and we can see from the graph that the number
of citations reaches its highest in 1989 and 2001, respectively. Besides,
a three-field plot presented an overview of key references cited by
various key authors with multiple keywords in Figure S1(B).

3.2 | In hAM for wound healing research, the U.S.,
and China have the most attention

Based on Table 1, the top 20 countries most prolific for hAM applica-
tions in trauma are the United States (n = 605, 22.7%), China (n = 378,
14.2%), IRAN (n = 164, 6.2%), and Germany (n = 164, 6.2%). However,
although the USA had both the highest single-country publications
(SCP, N = 496) and multiple-country publications (MCPs, N = 91), the
ratio of MCPs (15.5%) was quite low, much lower than United King-
dom (40.6%). In addition, the countries’ collaboration map is portrayed
in (Figure 2A). In the red line, two countries are collaborating. The
darker the color, the more documents are published in the country.
As we can see from the map, international partnerships are strongest
in the United States. Thus, the USA was recognized to be the most
productive and cooperative country in the study of the applications
of hAM in wound healing. In (Figure 2B), on this histogram, we can
see the top 20 countries/regions with the most collaborations, and the

number of multi-country publications (MCPs) and single-country pub-
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FIGURE 1 Anannual number of publications on human amniotic membrane (hAM) in wound healing globally from 1975 to 2023. The number
of papers in this area peaked in 2020.

TABLE 1 Top 20 countries for hAM research in wound healing.

Proportion of Proportion of

Rank Country Publications publications (%) SCP MCP MCP (%)
1 USA 605 22.74% 508 97 22.74%
2 CHINA 378 14.21% 340 38 14.21%
3 IRAN 164 6.17% 127 37 6.17%
4 JAPAN 133 5.00% 107 26 5.00%
5 INDIA 132 4.96% 117 15 4.96%
6 ITALY 125 4.70% 93 32 4.70%
7 UNITED KINGDOM 125 4.70% 77 48 4.70%
8 GERMANY 115 4.32% 86 29 4.32%
9 KOREA 101 3.80% 88 13 3.80%
10 AUSTRALIA 65 2.44% 49 16 2.44%
11 FRANCE 65 2.44% 53 12 2.44%
12 TURKEY 65 2.44% 61 4 2.44%
13 SPAIN 58 2.18% 48 10 2.18%
14 BRAZIL 57 2.14% 45 12 2.14%
15 CANADA 33 1.24% 27 6 1.24%
16 SWITZERLAND 88 1.24% 17 16 1.24%
17 AUSTRIA 30 1.13% 21 9 1.13%
18 POLAND 28 1.05% 24 4 1.05%
19 MALAYSIA 27 1.02% 23 4 1.02%
20 INDONESIA 22 0.83% 20 2 0.83%

Abbreviations: hAM, human amniotic membrane; MCP, multiple country publications; SCP, single country publications.
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FIGURE 2 Collaboration and production of countries/regions. The USA is the leading countries. (A) Countries/Regions collaboration and
production world map for the field of hAM in wound healing research. The blue color intensity represents proportionally the number of
publications. The red lines refer to the collaborations between countries/regions, and the thickness of the lines is proportional to the strength of
global collaborations. (B) Top 20 countries/regions collaboration histogram in the field of hAM in wound healing research. hAM, human amniotic
membrane; MCP, multiple-country publications; SCP, single-country publications.

lications (SCPs) based on the country of the author. Additionally, as
was shown in Figure S2(A), which illustrated the top twenty most cited
countries, USA (N = 21981, China (N = 7574), Japan (N = 6275), the
United Kingdom (N = 5225), and Germany (N = 4640) rank in the top
five. The influence of the United States was clear, cited three times
more often than China (ranked 2). In addition, the total citations (TCs)

and the average article citations (AACs) of the top 20 most cited coun-

tries were demonstrated clearly. The USA and China have remained
steadily in the top two positions in TCs, but the average article cita-
tions lag far behind, especially China, which has dropped to 17th place
(n = 20.0), and the AAC of the USA is also only in the seventh place
(n = 36.3). In contrast, Singapore ranked 15th in total cited countries
but first in the AAC, which represents the high quality of articles from

Singapore.



GUOETAL.

2 | WILEY

3.3 | Udice-French Research University had the
most achievements in the field of hAM in wound
healing

In Figure S2(B), the 20 most relevant affiliations are shown. Udice-
French Research University leads the way in terms of publications
(N = 124), followed by Shahid Beheshti University of Medical Sci-
ences (N = 88), University College London (N = 87), Harvard University
(N =82), and University of London (N = 79).

34 | Tseng S.C.G. contributed a predominant
influence to the research related to hAM in wound
healing

The discovery of influential and prolific authors can help researchers
learn more about active research teams, gain a more intuitive overview
of developments in this research field, and establish direct collabo-
rations with potential research teams. Totally, 10801 authors con-
tributed to the research related to hAM repair trauma since 1975. The
top 20 most productive authors for this study were demonstrated in
Figure S3(A). We discovered that Tseng S.C.G. had the highest publica-
tions (N = 52), followed by Parolini O. (N = 29), Kinoshita S. (N = 23),
Nakamura T. (N = 23) and Yoshida T. (N = 21). Figure S3(B) shows
the authors’ local citations, which showed that Tseng S.C.G. (N = 997),
Niknejad H. (N = 448), Kim J.C. (N = 421), Parolini O. (N = 386), and
Selfalian H.A.M. (N = 382) ranked the top five. The h-index is used to
evaluate the impact level of an author, visualized in Figure S3(C). We
discovered that Tseng S.C.G. has the highest H-index (N = 33), well
ahead of the second place. According to Lotka’s law (Figure S3D), only
20 percent of authors published more than one article in the field.
Figure S3(E) shows the production of the most productive authors from
1995 to 2023. Generally speaking, author Tseng S.C.G., who ranked 1st
with 52 publications, also had the highest LCs (n = 997) and H-index
(n = 33). His research spans from 1995 to 2020, with six articles pub-
lished in 2001. However, the most locally cited publication of Tseng
S.C.G. was in 1995, but before 1995, research on hAM had stagnated
for many years. Using transplanted hAM as an effective scaffold for the
restoration of ocular surface function in a rabbit model, Tseng S.C.G.
et al. provide valuable insight for future research.® So, it is reasonable
to assume that Tseng S.C.G. contributed a predominant influence to the

research related to hAM in wound healing.3¢-38

3.5 | The journal of CORNEA is an important
access to acquire cutting-edge information on hAM
for wound healing research

The top 20 most productive sources for the research related to hAM
repair trauma were demonstrated in Figure S4(A), which showed
that CORNEA ranked first with 67 publications, followed by INVES-
TIGATIVE OPHTHALMOLOGY & VISUAL SCIENCE (N = 46) and

WOUNDS-A COMPENDIUM OF CLINICAL RESEARCH AND PRACT
(N = 39). Moreover, Figure S4(B) presents various sources, INVES-
TIGATIVE OPHTHALMOLOGY&VISUAL SCIENCE had the highest LCs
(N = 4750), followed by BIOMATERIALS (N = 3349) and CORNEA
(N = 3194). In addition, the top 20 sources with the highest H-index
are depicted in Figure S4(C). According to Bradford’s law, we finally
obtained 32 core sources as shown in (Figure 3A), which demonstrates
that one-third of the articles in this field come from 3.85 percent of
the total sources. Ultimately, the top five most productive journals’
production growth over time was demonstrated in (Figure 3B), which
clearly showed the cumulating trend of occurrences of these journals.
CORNEA has been leading the publications in this field since 1994,
compared to others. Based on the above data, we determined that the

percentage of hAM in wound healing is highest in ophthalmology.

3.6 | Relationship between highly influential
literature clusters and historical evolution

Table 2 and Figure S5(A) show the most relevant articles in this field
globally, while Table 3 and Figure S5(B) present the citation status
of local articles. According to the Normalized TCs, we found that the
article published in PHYSIOLOGICAL by Gerald Gimpl in 2001 had
the highest GCs (N = 2141) with the second highest GCs per year
(N=93.09).3 Then the article by Robert G. Frykberg from Advances in
Wound Care in 2015 ranked 2nd with 1032 GCs and first with 114.67
TCs per year.*° This article highlights the urgent need to develop new
treatments for chronic wounds. Following closely the article from the
Journal of Wound Repair and Regeneration by Gregory S. Schultz in
200941 acquired 726 TCs and 48.40 TCs per year. It discusses the
interaction and therapeutic mechanisms of extracellular matrix and
growth factors in difficult-to-heal wounds in detail. These crucial arti-
cles provided a relatively definite molecular mechanism and laid the
substantial foundation for subsequent extensive research and appli-
cation of hAM in this field. Additionally, in (Figure 4A), all the papers
were coupled into red and blue clusters measured by references in a
four-quadrant diagram.

The blue cluster had the highest impact in this field, which includes

»u

the main keywords “transplantation,” “repair,” and “epithelial-cells.” In
this cluster, the representative was the comprehensive review pub-
lished by Quan-Wen Liu et al. (2021), which not only reviews the prop-
erties of hAM-derived stem cells(hADSCs) as promising cells for cell
therapy but also focuses on the therapeutic applications and advances
of hADSCs in preclinical studies and clinical trials.*2 In addition,
researchers have paid much attention to the application of hADSCs
in regenerative medicine as these cells not only possess endogenous
mechanisms that can activate tissue regeneration through paracrine
secretion but also possess the potential to trans-differentiate into
cardiomyocytes,*® hepatocytes,3? endothelial cells,** neuronal cells.*>

The Red Cluster had the best centrality. A systematic
review of preparation techniques and methods for ocular sur-

face reconstruction using hAM and the impact on bioactivity
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TABLE 2 The 20 most popular articles on hAM in wound healing research all around the world.

Rank Title Author Journal Year

1 The oxytocin receptor system: structure, GIMPL G PHYSIOL REV 2001
function, and regulation

2 Challenges in the Treatment of Chronic FRYKBERG RG ADV WOUND CARE 2015
Wounds.

3 Interactions between extracellular matrix and SCHULTZ GS WOUND REPAIR 2009
growth factors in wound healing REGEN

4 Whole-organ tissue engineering: BADYLAK SF ANNU REV BIOMED 2011
decellularization and recellularization of ENG
three-dimensional matrix scaffolds

5 Advancing biomaterials of human origin for CHEN FM PROG POLYM SCI 2016
tissue engineering

6 Antigenicity and Immunogenicity of Collagen LYNN AK JBIOMED MATER 2004

RESB

7 Transplantation of preserved human amniotic KIM JC CORNEA 1995
membrane for surface reconstruction in
severely damaged rabbit corneas.

8 Properties of the amniotic membrane for NIKNEJAD H EUR CELLS MATER 2008
potential use in tissue engineering

9 Concise Review: Role of Mesenchymal Stem MAXSON S STEM CELL TRANSL 2012
Cells in Wound Repair MED

10 Corneal transplantation TAN DTH LANCET 2012

11 Growth factor mRNA and protein in preserved KOIZUMIN CURREYE RES 2000
human amniotic membrane

12 Functional bioengineered corneal epithelial NISHIDA K TRANSPLANTATION 2004
sheet grafts from corneal stem cells expanded
ex vivo on a temperature-responsive cell
culture surface.

13 Suppression of transforming growth factor-beta TSENG SCG JCELL PHYSIOL 1999
isoforms, TGF-beta receptor type Il, and
myofibroblast differentiation in cultured human
corneal and limbal fibroblasts by amniotic
membrane matrix

14 Identification and characterization of limbal SCHLOTZER- EXP EYE RES 2005
stem cells. SCHREHARDT

U

15 Biomechanics and wound healing in the cornea DUPPSWJ EXP EYE RES 2006

16 Advances in Skin Regeneration Using Tissue Komal Vig Int J Mol Sci 2017
Engineering

17 Hyaluronic Acid in Inflammation and Tissue Matgorzata WOUNDS 2016
Regeneration Litwiniuk

18 Stem cells: a revolution in therapeutics-recent MIMEAULT M CLIN PHARMACOL 2007
advances in stem cell biology and their THER
therapeutic applications in regenerative
medicine and cancer therapies.

19 Amniotic membrane transplantation for ocular SHIMAZAKI J OPHTHALMOLOGY 1997
surface reconstruction in patients with
chemical and thermal burns.

20 Term Amniotic membrane is a high throughput ALVIANO F BMC DEV BIOL 2007

source for multipotent Mesenchymal Stem
Cells with the ability to differentiate into
endothelial cells in vitro

Abbreviation: TCs, total citations.
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TCs
2141

1032

726

690

610

529

526

525

524

507
473

447

395

358

353
350

316

316

315

308

TC per
Year
93.09
114.67

48.40

53.08

76.25

26.45

18.14

32.81

43.67

42.25
19.71

22.35

15.80

18.84

19.61
50.00

39.50

18.59

11.67
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FIGURE 3 Source analysis suggests that CORNEA is the most impact journal. (A) Source analysis by Bradford’s law for the field of human
amniotic membrane (hAM) in wound healing research. (B) Top five most relevant sources’ dynamic growth curves over time for the field of hAM in

wound healing.

was conducted by Andri K. Riau et al. (2010).*” Subsequently,
the hAM has been increasingly explored for applications in
ophthalmology.

In (Figure 4B), the historiography displayed the historical direct
citation network, which included 16 articles from Figure S5(B). In
the historical direct citation network, the connection between ele-
ments was represented by the connecting line, and the contribution
degree of each factor was represented by the size of the circle, which
provided us with an important reference for reviewing the develop-
ing trends and hotspots for the research related to hAM in wound

healing.

3.7 | Current status of research in highly cited
literature related to hAM for wound healing

Locally cited references in the top 20 for the research related to hAM
repair trauma were illustrated in Figure S6(A), and the reference pub-
lication year spectroscopy was displayed in Figure S6(B). The most
locally cited reference was by Hassan Niknejad in 2008 from the Jour-
nal of European Cell Materials with 305 local citations’, followed by
Yanxia Hao in 2000 from the Journal of Cornea with 227 citations*®
and the article by Noriko Koizumi in 2000 from the Journal of Current

Eye Research with 224 citations.*? Noriko Koizumi et al. determined
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(A)
transplantation - conf 72%
repair - conf 82.5%
epithelial-cells - conf 82.1%
i
transplantation - conf 28%
amniotic membrane transplantation - conf 90.9%
ocular surface reconstruction - conf 70.4%
(B)

solomona, 2001
shimazaki j, 1997

talmi yp, 1991

azuara-blanco a, 1999

kim js, 2000

wilshaw sp, 2006 5, ak, 2010

fgirbairn ng, 2014

=+ 2004 Wilshaw sp, 2008 mamede ac, 2012

zelencm, 2013 jirsova k, 2017

toda a, 2007 meller d, 2011

koob tj, 2014

grueterich m, 2003

t1, 2007
mermett, koob tj, 2013

FIGURE 4 According to document Analysis, human amniotic membrane (hAM)-derived stem cells are the central research to be focused in
these papers. (A) Clusters by documents coupling. (B) Historical direct citation network for the field of hAM in wound healing.

the mRNA expression of various growth factors in preserved hAM
by RT-PCR and the protein concentration of seven growth factors in
decellularized amnion by ELISAs to analyze the different effects of
amniotic epithelium and amniotic matrix on corneal re-epithelialization
and the different functions for ocular surface reconstruction. Yanxia
Hao et al. demonstrated that hAESCs and hAMSCs express a variety
of anti-inflammatory proteins and anti-angiogenic proteins, which con-
firms the anti-angiogenic and anti-inflammatory effects of the hAM.
Hassan Niknejad et al. discussed the various excellent properties of
hAM in detail, summarized and prospected its potential use in tissue
engineering.

3.8 | Examination of high-frequency keywords and
three significant hotspots through co-occurrence
analysis

With their finely tuned ability to encapsulate a certain article topic,

keywords can give readers a thorough picture of the body of literature.

Therefore, to demonstrate the fundamental challenges in a subject
and to pinpoint possible research hot spots in the chosen topic, high-
frequency keywords were selected from current publications using
bibliometric approaches. In a word cloud (Figure S7A) and a tree map
(Figure S7B), we show the related keywords. (Figure 5A) shows the top
10 most frequent keywords, which were “transplantation” (n = 514),
“amniotic membrane” (n = 466), “repair” (n = 351), “in-vitro” (n = 296),
“differentiation” (n=271), “stem-cells” (= 267) “expression” (n = 266),
“amniotic membrane transplantation” (n = 221), “management”
(n = 216), and “reconstruction” (n = 213). What’s more, their growth
of occurrences employed by word dynamics analysis was shown in
Figure S7(C), which revealed a steady upward trend for all keywords in
the top 10. Moreover, trend topics analysis presented the occurrence
trend of the top 46 keywords in (Figure 5B), which suggested that

» o«

“drug delivery”,

» o« » o«

ophthalmology”, “proteomic analysis”,

» o« » o« Y

, “decellularization”, “delivery”,

hydrogel”,
“exosomes outcomes” and “endothelial
growth-factor” were the most popular topics in the last 3 years. More
importantly, the keyword co-occurrence network was depicted in

(Figure 5C), which categorized keywords into two clusters as follows:
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amniotic membrane”, and “repair” are the top three keywords. (A) Top 10 most frequent keywords for the field of

human amniotic membrane (hAM) in wound healing. (B) Trend topics analysis showing the occurrences trend of the top 40 keywords for the field of

hAM in wound healing. (C) Keywords co-occurrence network for the field of hAM in wound healing.
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FIGURE 6 Recent shifts and trends in research focus: A thematic analysis map. The map displays four quadrants of themes including motor
themes, niche themes, emerging or declining themes, and basic themes for the field of human amniotic membrane (hAM) in wound healing.

Cluster 1 (blue): The most important keywords in this cluster include

» o«

“amniotic membrane”,

»n o«

transplantation”,

» o«

stem-cells”, “expression”, and
“differentiation”. These keywords exhibit research on amniotic stem
cells for differentiation and expression in vitro models.

» oo«

Cluster 2 (red): “repair”,

»n o«

reconstruction”, “amniotic membrane

transplantation”, “matrix”’, and “management”. Those keywords
depicted the reconstructive role of the matrix of the amniotic

membrane in transplantation and repair

3.9 | Thematic analyses of trends

Generally speaking, the theme and trend topics are indicative of the
changing research foci and evolutionary trends in recent years. A the-
matic map demonstrated four quadrants of themes about the research
of hAM. The results of the analysis show that the five keyword clusters
are distributed in a coordinate system and are displayed in different
locations based on their centrality and density. There are two clus-
ters just located on the coordinate axes. As shown in Figure 6, the
X-axis (centrality) indicates the strength of linkage between a topic
and other topics, and the Y-axis (density) measures the strength of the
connections between different knowledge units within a topic.

» o«

As we can see, “amniotic membrane transplantation” “reconstruc-
tion” and “ocular surface” were noted as a cluster, which achieves a
high density, so it is easy to notice that the research of hAM trans-
plantation applied to reconstruct ocular surface is extensive. On this
topic, a recent noteworthy study by Minglei Zhao et al. demonstrated

that transplantation of stem cells isolated from peripheral blood

mononuclear cells onto the hAM sheet significantly restored corneal
damage due to corneal limbal stem cell deficiency, they provided a
new strategy.”® The cluster includes the keywords “transplantation”
“amniotic membrane” and “repair” which are of high centrality. It indi-
cates that the relevant themes are close to the core themes. This
theme discussed the mechanisms and roles of novel grafts incorpo-
rating hAM in a variety of traumatic injuries. For example, Kamak-
shi Bankoti found in 2020 that reactive oxygen species-modified
bioactive hydrogels loaded with hAM-derived stem cells had signifi-
cant pro-epithelialization effects in chronically wounded skin such as
diabetes.”! Emerging or declining themes (left lower quadrant): “man-

» o«

agement” “graft” and “surgery” were recognized to have both little
relevance and development in this field.

Moreover, Figure S8(A), which depicted the development of top top-
ics from 1975 to 2023 in this research area and showed a thematic
evolution with three cutting pointsin this field in 2000, 2010, and 2017.
The conceptual structure map through MCA is displayed in Figure
S8(B). In this figure, the top 50 keywords were distributed in the coor-
dinate system. Furthermore, their more specific hierarchical clustering
was revealed, supplemented in the topic dendrogram map in Figure

S8(C).

4 | DISCUSSION
HAM possesses a variety of excellent properties and is rich in bioac-
tive factors, making it a logical choice to promote wound healing.’2 To

investigate the mechanism, historical development, and application of
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TABLE 4 High-quality articles focus on hAESCs, hAMSCs, and hAM scaffolds in regenerative medicine and tissue engineering.

Component Year Author Journal
hAESCs 2018 Bin Zhao et al. Stem Cells
International
hAESCs 2020 Pei Wei et al. Burns & Trauma
hAESCs 2017 Bin Zhao et al. Journal of Molecular
Histology
hAMSCs 2019 Jing-Yuan Liet al. Stem Cell Research &
Therapy
hAMSCs 2020 Dan Heet al. Aging (Albany NY)
hAMSCs 2022 Seong-Ho Han International Journal
etal. of Molecular Sciences
hAM scaffold 2021 Hamid Reza Drug Delivery and
Aghayan Translational
Research
hAM scaffold 2022 International
EbrahimMirzade- Immunopharmacol-
gan ogy
hAM scaffold 2023 Davood Nasiry Tissue and Cell
hAM scaffold 2019 SeanV Murphy Stem Cells Medicine

Country
China

Target

Local injection of exosomes derived from hAESCs into
skin wounds accelerates wound healing by stimulating
the proliferation and migration of fibroblasts.

China Exosomes derived from hAESCs promote diabetic

wound healing through the PI3BK-AKT-mTOR pathway.

China Exosomes derived from hAESCs inhibit scar formation

and improve wound healing.

China HAMSCs and their paracrine factors inhibit skin cell
apoptosis through activation of the PISK/AKT signalling

pathway to promote wound healing.

China hAMSCs and their secreted factors interact with
keratinocytes to promote wound healing through
activation of the c-Jun N-terminal kinase (JNK)

signalling pathway.

Korea Improvement of inflammatory regulation and angiogenic
properties of hAMSCs by gene editing and testing in vivo

for its efficacy.

Iran Inoculation of different mesenchymal stem cells on
decellularized hAM scaffolds for wound treatment helps
to restore the epidermal layer back to its normal
thickness and regeneration of skin appendages.

Iran Inoculation of transdermal stem cells on a bilayer
scaffold composed of hAM and filipin proteins promotes
healing of diabetic wounds.

Iran Microporous three-dimensional decellularized hAM
scaffolds contribute to diabetic wound healing.

USA hAM hydrogel and hAM powder accelerate wound

healing in a full thickness.

Abbreviation: hAESCs, human amniotic epithelial stem cells; hAMSCs, human amniotic mesenchymal stem cells; hAM, human amniotic membrane.

hAM in promoting wound healing, we conducted a comprehensive bib-
liometric analysis to explore the developmental trends and hotspots
of scientific research on hAM for wound healing. The search results
showed 2532 relevant publications. The results show that the annual
publications scales and cited frequencies have almost been steadily
on the rise these years, which indicates that the research in this field
is arousing increasing attention. In this research area, the USA is
the most prolific and cited country. In addition, the USA, China, and
Japan had the strongest collaboration relationship with other coun-
tries. Tseng S.C.G. is considered to be the most influential author who
has made outstanding contributions to research in the treatment of
corneal diseases by applying hAM to reduce pain, inflammation and
promote healing. CORNEA, INVESTIGATIVE OPHTHALMOLOGY &
VISUAL SCIENCE, PLOS ONE were the three most published journals
in this field. Subsequently, by integrating the results of the histori-
cal citation network, the keyword analysis, and the thematic analysis,
we summarized and reviewed the knowledge structure, global status,
trends, and research hotspots of research in hAM for wound healing.
We then summarized the three hotspots as follows and we identi-
fied some high-quality articles in English focusing on the roles played
by hAESCs, hAMSCs, and hAM scaffolds in regenerative medicine

and tissue engineering, respectively. Relevant information is shown in
Table 4.

4.1 | HAESCs in regenerative medicine
Stem cells (SCs) therapy is becoming a popular area of research due to
its powerful effects on tissue regeneration.’® HAESCs are derived from
the epiblast layers of amnion after 8 days of fertilization and have a very
high capacity for induced differentiation.”* hAESCs not only have pow-
erful proliferation and differentiation capacity and excellent paracrine
function but also have many unique and excellent properties. Over the
past two decades, hAESCs have gained much attention as emerging
seed cells in the field of wound healing.

hAESCs have many good properties. (1) hAESCs have stem cell-like
properties. Firstly, hAESCs express surface markers of embryonic stem
cells, suggesting that it also possess some degree of self-renewal and
pluripotent properties, including stage-specific embryonic antigens-3
and, TRA1-60 and TRA1-80 as well as important transcription fac-
tors that maintain stem cell pluripotency and self-renewal capacities
such as Nanog.3?°5 (2) The construction of a serum-free culture
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environment for hAESCs makes it more feasible to be used for
basic medical research and clinical applications.”® Initially, hAESCs
were pioneered by Akle et al. for isolation and culture from full-
term placenta.’” Over a long period, detailed protocols for in vitro
isolation and culture of hAESCs have been described in multiple stud-
ies by multiple investigators.374358 These protocols optimized the
conditions for hAESCs to maintain their proliferative, differentiation
capacities and preserve the pluripotency characteristic in vitro, which
encouraged the development of hAESCs as seed cells in the wound
healing area, especially in transplantation. (3) hAESCs can exhibit
extremely high differentiation plasticity. Several studies have shown
that hAESCs can differentiate into ectoderm, mesoderm, and endo-
derm after being treated in different methods in vitro.’? A study
demonstrated that exposure to air-to-liquid boundary could prompt
differentiation of hAESCs into epidermal cells.?© Studies have also
shown that hAESCs can mediate corneal epithelial reconstitution by
differentiating into corneal epithelial-like cells upon induction and
stimulation.®2:62 The powerful differentiation of hAESCs helps them fit
different wounds and form necessary cells, enhancing tissue regenera-
tion. (4) Non-tumorigenicity of hAESCs. Since hAESCs lack telomerase
activity, they do not proliferate indefinitely in vivo, which makes the
risk of tumourigenesis zero. This lays the foundation for subsequent
basic research and clinical trials with large numbers of skin grafts.
In addition, studies by Niknejad have found that AESCs have some
antitumor effects by inducing apoptosis, stimulating cell cycle arrest,
inhibiting angiogenesis, and expressing cytotoxic factors to target
the tumor and inhibit his growth.63¢* (5) Besides their encourag-
ing results in wound healing models, the immunosuppressive activity
and anti-inflammatory properties of hAESCs have gained power in
inflammation-associated diseases. Transplanted hAESCs modulate the
inflammatory state by inducing macrophage differentiation towards
the M2 phenotype, thereby modulating the healing of diabetic ulcers
and other chronic clinical wounds.® In addition, key antigens involved
in the immune rejection response were expressed at relatively low
levels in hAESCs,%> which makes it less difficult to be used as a skin
substitute afterward. (6) Abundant sources and lack of ethical con-
cerns make it a relative alternative to the clinical cell transplantation
method.

The migration and functioning of transplanted hAESCs towards the
injured tissue are considered to be one of the main repair mechanisms
for wound healing. It has been reported that hAESC regulates signal-
ing networks altering the proliferation and migration of keratinocytes
to promote wound healing.®® However, limited research reported the
long-term integration of transplanted hAECs within target organs.
There are many obstacles in the process of cell transplantation, such as
low survival and limited repair capacity. As of now, much research evi-
dence suggests that the large therapeutic effect of hAESCs is retained
in their derived conditioned medium (CM) and extracellular vesicles
(ECVs), which is directly related to the fact that hAESCs have a potent
paracrine effect.®” The activation of endogenous mechanisms that pro-
mote tissue regeneration through the secretion of these bioactive
substances provides a beneficial microenvironment for cell survival

during wound healing. Studies have shown that hAESCs secrete a

large amount of biologically active substances that are essential in
skin and tissue healing.¢®-79 Following that, in a rat full-thickness skin
defects model, it is of great importance to find inhibitory effect of
hAESCs-Exosome on scar formation.”? In addition, hAESCs-Exosome
have been considered to serve as a new window in the promotion
of diabetic wound healing.”? hAESCs-CM were shown to inhibit the
senescence process of keratinocytes and fibroblasts by suppressing the
RAGE/P21 signal pathway. In addition, intradermal injection of trans-
planted hAESCs into diabetic wounds promotes re-epithelialization
and granulation tissue formation. However, these cells cannot survive
long periods in the wounds, which reinforces that HAESCs-Exosome
are expected to replace hAECs in regenerative medicine to perform
the biological functions of stem cell therapy and be applied as new
therapeutic vectors for clinical research.3? Not only like that, research
in vivo by Wei Pei et al. hAESCs- Exosome were shown to promote
angiogenesis and fibroblast function in full-thickness skin wounds of
diabetic (db/db) mice. However, the progress of wound healing per-
formed worse when the PI3K-AKT-mTOR pathway was blocked, which
provides a new strategy for the treatment of difficult-to-heal wounds
in diabetes.”® To determine which molecules in hAESCs-Exos medi-
ate wound healing, scientists applied purified hAESC-Exos to skin
wounds to explore the effects. They found that hAESCs-Exos-derived
microRNAs improve wound healing and induce well-reorganized col-
lagen fibers after that.”* In addition, it has been shown that hAESCs
undergo epithelial-mesenchymal transition (EMT) during proliferation
and migration and the mesenchymal-epithelial transition (MET) pro-
gresses at the damage site to promote wound healing.”> Figure 7
visualizes the properties and mechanisms of hAESCs in wound healing.

The role of hAESCs and their CM in promoting wound healing has
been demonstrated in a multitude of basic experiments, but may be
compromised by improper methods of preservation and delivery to
a certain degree. However, the emergence of several new technol-
ogy and materials related to hAESCs are gradually attracting great
interest to ameliorate this dilemma. A fabrication system and strat-
egy of hAESCs and while Wharton'’s jelly derived mesenchymal stem
cells-laden alginate/gelatin composite hydrogels through 3D bioprint-
ing provides promising potential for future skin engineering.”® Overall,
hAESCs have great potential for application in clinical cell therapy,
but there are still plenty of details that need to be modified. Not
much research has been done on materials that bind to hAESCs and
are applied to wound healing. Additionally, clinical trials on hAESCs
should be conducted more often in the future to determine safety,

effectiveness, and utility.

4.2 | hAMSCs in regenerative medicine

Different from hAESCs, the hAMSCs are found in the amniotic meso-
derm, deeper than hAESCs. But similarly, hAMSCs are also the most
studied for their excellent characteristic, which will be the focus of
this part. Although preclinical trials and clinical researches of hAM-
SCs in the field of wound healing are not well established, it remains

aworthwhile goal.
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FIGURE 7 Characterization and mechanism of amniotic epithelial stem cells and amniotic mesenchymal stem cells in wound healing.

hAMSCs possess a number of advantages. (1) The hAMSCs are
genetically stable, and many studies have shown that isolation
and culture protocols are relatively mature and suitable for mass
production.3? (2) HAMSCs are positive for the mesenchymal-specific
markers including CD44, CD73, CD29, CD105, and CD90, which
showed high differentiation potential.? Like hAESCs, they also express
Oct4 and SSEA-4.42 (3) HAESCs have low immunogenicity.”” By
inhibiting the proliferation of different immune cell subsets, inflam-
matory cytokine production, the ability of hAMSCs and their CM to
acquire high immunomodulatory functions to suppress inflammatory
conditions has been widely demonstrated.3? (4) Anti-inflammatory and
anti-fibrotic properties. Amniocytes have also been shown to modulate
anti-inflammatory and wound healing-promoting M2 macrophages, by
facilitating the transition of wounds from the inflammatory phase to
the tissue repair phase.”® In vivo research showed that hRAMSCs have
anti-inflammatory and tissue remodeling properties and are effec-
tive in corneal wound healing by significantly inhibiting inflammatory
cell infiltrate and decreasing corneal myofibroblast differentiation.”?
(5) Pro-angiogenic properties. hAMSCs-CM significantly promotes
the proliferative capacity of the vascular endothelium compared to
hAESCs-CM.%8 |n addition, hAMSCs secreted a large number of angio-
genic factors, as determined by ELISA kits, which proved therapeutic
significance for chronic wounds.3? Separately, it was demonstrated
that the pro-angiogenic effect of hAMSC-CM on HUVECs was depen-

dent on circ-100290 via the miR-449a/eNOS and miR-449a/VEGFA
axes or the circ:ABCB10/miR-29b-3p/VEGFA pathway.8%8! In pro-
moting diabetic wound healing, hAAMSC-Exos offers a promising strat-
egy by promoting angiogenesis and secretion-associated exosomal
IncRNAs.3?

Comparing the paracrine activity of hAMSCs with umbilical cord
derived mesenchymal stem cells (UCMSCs) and adult adipose tissue-
derived mesenchymal stem cells (ADMSCs), hAMSCs had a sizable
pro-angiogenic generative effect and produced high levels of TGF-3.22
These paracrine effects are highly relevant to the four processes of
wound healing. A group of cytokines secreted from hAMSCs (including
PAI-1, C-GSF, osteoprotegerin and TIMP-1) may contribute to ame-
lioration of heat stress-induced skin injury through activation of the
PIBK/AKT signal pathway in vitro.3? Activated stem cells are cru-
cial in the wound healing process as they coordinate cells for repair
responses, including keratinocytes, fibroblasts, vascular endothelial
cells, etc. hAAMSCs-CM is enriched with molecules that regulate wound
healing, including lysyl oxidase-2 (LOXL2), which promotes wound
healing by interacting with keratinocytes through activation of the c-
Jun N-terminal kinase (JNK) signaling pathway.3? Another study found
that human dermal fibroblasts treated with human amniotic stem
cell-CM had been enhanced proliferation and migration capacity.83
Improvement of inflammatory regulation and angiogenic properties of
hAMSCs by gene editing and testing in vivo for its efficacy.3%84 Figure 7
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visualizes the properties and mechanisms of hAMSCs in wound healing.
On July 3,2022, five clinical trials of “hAMSCs” were listed in the Clin-
ical Trials Database (ClinicalTrials.gov), and although lacked studies of
their application to wound healing, the results of these clinical trials will
provide strong evidence for the subsequent research in wound healing,
once the safety and efficacy of hAMSCs have been established.

In order to better preserve and enhance the therapeutic proper-
ties of hAMSCs, several emerging construction and materials combined
with hAMSCs are coming into view in the field of promoting wound
healing. A novel double-layered tissue-engineered skin established by
hAMSCs and hAESCs achieves satisfactory repair results when applied
to athymic mice as a skin equivalent.® Tuca et al. found that hAM-
SCs in combination with collagen/elastin scaffolds (Matriderm) applied
to local wounds promoted wound healing in vivo.8¢ Subsequently,
another research compared the suitability of Matriderm as carriers
for hAMSCs with electrostatically spun poly (e-caprolactone)/poly (I-
propylene cross-lactone) (PCL/PLA) scaffolds, which showed better
cell adhesion and certain anti-shrinkage properties.8” Overall, the
prospects for the use of hAMSCs are quite attractive, but the mecha-
nism and clinical research of hAMSCs are not sufficiently investigated.
From the existing studies, hAAMSCs-CM is powerful, which provides a
new idea for hAMSCs to exert the biological function in regenerative

medicine afterward.

4.3 | hAM as an appropriate scaffold for tissue
engineering

The components of TE primarily include cells, scaffolds, and growth fac-
tors or biomolecules to induce tissue growth.28 hAM is enriched with
extracellular matrix and growth factors that provide an environment
for various cells’ growth and proliferation, and its basement membrane
and dense layers contain collagens Ill, 1V, and V as well as other glyco-
proteins such as laminin and fibronectin, which facilitate the formation
of specialized ECM.33 Secondly, hAM is also extremely biocompatible
and has a certain degree of biodegradability and fluidity. These benefits
make it ideally suited to act as scaffolds for tissue engineering, acting
as a vehicle to deliver stem cells, fibroblasts or other cells into the local
tissue environment for repair and regeneration.®?

Conventional and natural hAM has gradually failed to meet the
needs of people due to the content of growth factors and modulators
of ECM remodeling, the area of the hAM, and the mode of delivery
between donors.?® Glycerol-preserved, frozen, or air-dried hAM may
completely eliminate its cytokine content. Jana Dragunova et al. devel-
oped a method using polyester mesh for deep freezing (cryopreser-
vation) of hAM and demonstrated that this technique facilitates the
culture of keratin-forming cells in vitro.”! However, refrigerated trans-
port is costly and difficult to realize in less economically developed
areas. Therefore, the development of tissue analogs using innovative
techniques or combining amniotic scaffolds with different types of cells
to support the regeneration of damaged tissue is a promising aspect in
the field of tissue engineering. It has been proved that transplantation
of adipose MSCs and placental MSCs into decellularized-hAM has been

shown to help promote skin regeneration in vivo.”? Another clinical
trial demonstrated that inoculation of dermal fibroblasts and Whar-
ton’s Jelly Mesenchymal Stem Cells on decellularized-hAM scaffolds
accelerated the restoration of chronic wounds in diabetic.”?> These
studies represent a good transition from basic experiments to clinical
applications of decellularized scaffolds. In addition, Shi-zhao Ji et al.
described the preparation of 3D micronized hAM as a novel natural
microcarrier, which not only facilitates the rapid expansion of epider-
mal stem cells, but also enables the construction of dermal scaffolds
carrying epidermal stem cells for the repair of full-layer skin defects.”*

Another promising orientation in healing is exosomes rather than
stem cells on hAM scaffold dressings. The results of the research show
that exosome-conjugated hAM scaffolds significantly improve then
diabetic skin wounds.”>

In addition, due to the constant changes and improvements in
science and technology, new high-tech materials are being devel-
oped and applied. Materials such as hydrogels, electrostatic spinning,
and new polymers have been combined with hAM for wound heal-
ing applications. Hydrogels are used as scaffolds because they have
a hydrophilic polymeric mesh structure, which compensates for the
weak mechanical strength of the hAM and maximizes wound exposure
to the beneficial substances within it.? The hAM matrix was pow-
dered and injected into a mucoadhesive hydrogel solution and later
lyophilized by chemical cross-linking to create a bioengineered micro-
porous three-dimensional (3D) hAM scaffold, which was applied to
the wound to help promote healing of ischemic diabetic wounds.?”
Furthermore, in another research, the hAM collagen matrix was decel-
lularized and combined with methacrylic anhydride (MA) and then
photo-crosslinked with methacrylic gels to form GeIMA-dHAMMA
composite hydrogels, which are not only have the porous structure of
a two-component polymer network, but also contribute to the expres-
sion of a-smooth muscle actin (a-SMA), and are reasonably considered
to be a promising material for skin tissue engineering.”® Electro-
static spinning is a biotechnology that can mimic natural extracellular
matrices and able to generate nanometer diameter fibrous polymer
scaffolds, such as collagen (500 nm) and elastin (400 nm), which pro-
motes wound healing, by using high applied voltages.?” Moghaddam
et al. developed an electrospun skin scaffold based on hAM using
fibroin nanofibers and CM11 peptide which is a kind of antimicrobial
peptide, and it exhibited better power of wound healing in the mouse
full-thickness wound model.2%° In another pre-clinical study, by com-
bining a bilayer scaffold consisting of hAM and electrospun silk protein
nanofibers, and equipped with menstrual blood-derived mesenchymal
stem cells, the evaluation showed that this skin substitute material
could modulate impaired chronic wound healing, offering a new solu-
tion to the current situation of difficult healing of diabetic ulcers.10?
Additionally, the combination of hAM electrostatic spinning scaffolds
and a new polymer(polycaprolactone) is also a promising candidate for
the bioengineering of wound healing.102

3D printing technology is becoming increasingly powerful and used
in the medical field, making it a valuable area of research that can be
identified in the future. 3D printing technology is a favorable option

for controlling the morphology and appearance of scaffolds through
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FIGURE 8 Human amniotic membrane (hAM) scaffolds in tissue engineering for wound healing.

layer-by-layer deposition of polymers.88 Dehghani et al. fabricated
specific 3D printed membranes for conjunctival reconstruction using
a mixture of gelatin, elastin, and sodium hyaluronate. The 3D mem-
brane comparison with the commonly used hAM transplantation in
terms of surgical management and clinical applicability, has a lower
pro-inflammatory response and anti-scarring effect in a male albino
rabbit model.2%3 In another clinical study, polylactic acid (PLA) amni-
otic fornix rings (AFR) were fabricated by 3D printing technology for
patient ocular surface reconstruction, significantly outperforming tra-
ditional hAM grafts in terms of operating time and cost-effectiveness,
with no significant side effects produced.%* However, as far as the cur-
rent researchis concerned, the technology of direct 3D printing of hAM
has not yet been established, which may be a direction that scientists
need to work on in the future.

hAM can also be utilized as a delivery system and reservoir of cells
and drugs. The potential of the amnion as an effective drug delivery
system was first reported by Kim et al.1%°> They removed the corneal
epithelial layer in a New Zealand white rabbit model and compared it
with the hAM graft group and found that the concentration of ofloxacin
was significantly higher in the corneas with hAM coverage. Since then,
there has been an increasing amount of research on Ham in this area.
Yelchuri et al. found that thick and thin hAM have different ability to
encapsulate the drug (moxifloxacin), and histological evidence suggests
that the phenomenon is due to the different thickness of the amni-
otic stroma layer that helps them to trap more of the drug.1% In an in
vitro research study, sustained release of voriconazole was observed

for up to 5 weeks when voriconazole was incubated with hAM. This

provides strong evidence that voriconazole-impregnated hAM may be
considered as a tool for sustained delivery in fungal keratitis.’%” These
discussions help provide clues to the role of hAM as a sustained-release
drug delivery system for wound healing.

Research on hAM in promoting tissue regeneration and wound
healing has led to far-reaching potential for tissue engineering. To bet-
ter demonstrate the functionality of hAM in tissue engineering, we
have created Figure 8. However, the mechanical properties of hAM
limit his application. Some approaches to improve scaffold properties
have been combined with hAM, but clinical studies are far from suffi-
cient. Therefore, multicenter, randomized controlled clinical trials are
necessary to determine hAM'’s safety and efficacy.

At present, the research on hAM in tissue-engineered skin has made
initial progress, but the construction of artificial skin in the true sense
has not yet been completed. There are still many defects in the research
process. First, although amniotic stem cells have been studied in wound
healing and they have been shown to be excellent seed cells, it is a
challenge to preserve these cells. Improper preservation can alter their
critical properties. Second, hAM tissue-engineered dressings contain
a variety of cells, growth factors and scaffolding structures, and the
mechanisms of their interactions have not been fully elucidated, espe-
cially the mechanisms related to binding with stem cells to induce
skin tissue regeneration still need more investigation. Third, amniotic
tissue-engineered skin is costly to manufacture and is notoriously diffi-
cult to scale up for clinical use. Its efficacy in different types of wounds
has not yet been rigorously demonstrated, and multi-centric, random

controlled clinical studies need to be conducted in the future. Although
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there are still a lot of problems in the current technology, perfor-
mance, and promotion of application, with the continuous development
and improvement of science and technology, management and regu-
lations, the prospect of regenerative medicine and tissue engineering
application of hAM will be broader.

5 | CONCLUSION

In this study, to explore the research on hAM in the field of wound
healing, bibliometric analysis was used to summarize and visualize the
global situation, research hotspots, and trends. In addition to identify-
ing the most productive and influential authors, countries, institutions,
and core journals in the field, we focused on three hot and trending
research topics, including hAESCs in regenerative medicine, hAMSCs
inregenerative medicine, and hAM as suitable scaffolds for tissue engi-
neering. Here, developments and advances in the integration of hAM
with regenerative medicine and tissue engineering for wound healing
have been more comprehensively demonstrated. This research field
is developing rapidly, and we contribute to providing a valuable ref-
erence for scientific researchers. More research achievements will be
hopefully applied to clinical practice to expand the method of diseases’

diseases prevention, diagnosis and treatment.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.
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