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A B S T R A C T

The human placenta is a transient yet crucial organ that plays a key role in sustaining the relationship between 
the maternal and fetal organisms. Despite its historical classification as “biowaste," placental tissues have 
garnered increasing attention since the early 1900s for their significant medical potential, particularly in wound 
repair and surgical application. As ethical considerations regarding human placental derivatives have largely 
been assuaged in many countries, they have gained significant attention due to their versatile applications in 
various biomedical fields, such as biomedical engineering, regenerative medicine, and pharmacology. Moreover, 
there is a substantial trend toward various animal product substitutions in laboratory research with human 
placental derivatives, reflecting a broader commitment to advancing ethical and sustainable research method
ologies. This review provides a comprehensive examination of the current applications of human placental de
rivatives, explores the mechanisms behind their therapeutic effects, and outlines the future potential and 
directions of this rapidly advancing field.

1. Introduction

The human placenta plays a crucial role as an interface between the 
maternal and fetal systems. This organ supports fetal development by 
delivering nutrients and oxygen, eliminating waste, preventing immune 
rejection, and reducing the risk of infection, using the umbilical cord 
(UC) for exchanges between the mother and fetus [1,2]. In the 16th 
century, the medical use of the human placenta was described in China, 
and its application in modern medicine began in the early 20th century 
for skin grafting [3]. Subsequent decades saw numerous research in
vestigations and clinical trials, leading to advancements in placental 
tissue derivatives application in wound healing, surgical procedures, cell 
therapy, bioengineering, and regenerative medicine [4]. This variety of 
applications is due to the diverse functions and forms of placental tis
sues, as well as their composition rich in bioactive macromolecules, 
growth factors, extracellular matrix (ECM) proteins, glycosaminogly
cans (GAGs), and stem cells [5].

Despite its vital importance, this invaluable organ is designated as a 

natural post-childbirth biowaste and represents a significant untapped 
resource [2]. In 2023 alone, UNICEF reported 134,279,612 births 
worldwide, representing a vast repository of placenta. This easily 
accessible human tissue offers a cost-effective and xeno-free material for 
research and clinical applications. Furthermore, the lack of significant 
ethical barriers highlights a substantial opportunity for using placental 
derivatives to advance various areas in biomedical research, including 
tissue engineering, regenerative medicine, biotechnology, and thera
peutic development [1,6].

Moreover, the potential of using placenta-derived materials as an 
alternative to animal-derived products is particularly promising, as it 
addresses many of the challenges related to immunogenicity, contami
nation, and ethical concerns, offering a xeno-free, cost-effective, and 
readily available resource for advancing both biomedical research and 
clinical applications. Animal-derived biomaterials, such as bovine serum 
albumin (BSA), fetal bovine serum (FBS), fetal calf serum (FCS), bovine 
pituitary extract (BPE), various types of antibodies, and ECM proteins 
are widely utilized as consumables in different biomedical research 
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applications. Nonetheless, due to animal origin, these products’ utili
zation poses potential immunogenicity, contamination, biological vari
ability, and ethical considerations regarding animal welfare [7,8]. In 
addition, the utilization of these products presents a bottleneck in 
translating biomedical research to clinical applications [9,10]. Recog
nizing this impediment, numerous commercial xeno-free media have 
been specifically formulated, underscoring a concerted effort to over
come these limitations and enhance the feasibility of clinical applica
tions [11–13]. Due to its accessibility, placenta tissue is a promising 
source of base materials for biomedical research applications. Despite 
their potential, these derivatives have not undergone comprehensive 
characterization. This review aims to thoroughly analyze the current 
applications of human placental derivatives and present the most rele
vant perspectives.

2. Overview of placental development, structure, and function

2.1. Placenta development and morphology

The development of the placenta commences with the implantation 
of the blastocyst in the uterus. During this stage, the trophoblast cells, 
the outer cell layer of the blastocyst, undergo differentiation, giving rise 
to mononucleated cytotrophoblast and multinucleated syncytiotropho
blast cells, which respectively form the inner and outer layers of the 
placenta (Fig. 1a and b). Meanwhile, the inner cell mass of the blastocyst 
develops into the embryo [14]. Upon implantation, syncytiotrophoblast 
cells initially invade the maternal endometrium. Afterward, chorionic 
villi emerge from the layer of syncytiotrophoblast cells in the uterine 
wall, later covered by a layer of cytotrophoblast cells (CTCs), which also 
compose the outermost layer of the placenta, serving as a protective 
barrier. Fetal blood vessels develop within the chorionic villi, while 
maternal blood vessels encircle these villi in the intervillous spaces, 
known as lacunae. This structure facilitates the exchange of nutrients 
and gases between the maternal and fetal circulatory systems [15,16].

Around 3–4 weeks after implantation, the placenta’s overall orga
nization is established, reaching full functionality and maturity around 
10–12 weeks. This mature placenta features a maternal basal plate and a 
fetal chorionic plate, to which the UC is attached (Fig. 1c). A healthy and 
successful placental development is indispensable to prevent placenta- 

related diseases such as pre-eclampsia and recurrent miscarriage [17].

2.2. Anatomy and structural composition

The postpartum placenta is a disk-shaped organ with a diameter of 
16–20 cm and a weight of approximately 500 g and contains several 
distinct layers, each varying in thickness and function [18]. The outer
most layer, the amniotic epithelium, and basal lamina are 20–30 μm 
thick, followed by the amniotic mesoderm at 15–30 μm. The interme
diate zone has a variable thickness and is loosely structured. Beneath 
this is the chorionic mesoderm, 15–20 μm thick, and the trophoblast 
layer, which ranges from 10 to 50 μm (Fig. 1b). The innermost decidua 
layer can be up to 50 μm thick, completing the primary structural or
ganization [19]. Together, these layers facilitate the exchange of gases, 
nutrients, and waste between maternal and fetal blood, with the UC, 
consisting of one vein and two arteries, serving as the critical conduit for 
this exchange [20]. The chorionic villi, which extend from the chorionic 
plate, are essential for the exchange of nutrients, gases, and waste be
tween the maternal and fetal circulatory systems (Fig. 1b). These villi 
are lined by syncytiotrophoblasts, a multinucleated epithelial layer in 
direct contact with maternal blood. Beneath this surface, cytotropho
blasts provide structural integrity and help regenerate the syncytio
trophoblast layer as needed. Maternal blood enters the intervillous space 
via remodeled spiral arteries, allowing for the efficient exchange of 
essential substances before it is drained through uterine veins. The basal 
plate contains extravillous trophoblasts and decidual cells that are 
crucial for maintaining the placenta’s structure and function [21].

2.3. Immunological features and endocrine function

The immunological features of the placenta are essential to main
taining maternal-fetal tolerance and for successful pregnancy. The 
complex cross-communication of immune cells, trophoblast, and 
decidual stromal cells determines maternal-fetal immunotolerance and 
regulates fetal growth [22]. Placental derivatives, which carry immu
nomodulatory properties, may offer innovative solutions for controlling 
immune responses in tissue repair and regeneration [23]. Recognizing 
the immunological environment in the placenta could provide insight 
into how placental derivatives might be used to modulate immune 

Fig. 1. The early development and structure of the placenta. Placenta early development (a), After the blastocyst implantation, the placental development starts 
with the invasion of syncytiotrophoblast cells into the maternal uterine tissue. This invasion leads to the formation of chorionic villi, which are subsequently covered 
by CTCs to create the protective outer shell of the placenta, (b) the illustration of the layers of the placental membrane, and (c) the mature placenta structure, which 
exhibits both fetal and maternal blood circulation.
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responses in clinical applications, especially in the context of regener
ative therapies.

During early pregnancy, uterine natural killer (NK) cells and mac
rophages play critical roles in establishing immune tolerance within the 
decidua, protecting the fetus from maternal immune rejection. Their 
influence seems to decrease as pregnancy progresses. These immune 
cells, along with trophoblasts, ensure a non-inflammatory environment 
during critical processes such as implantation and trophoblast invasion, 
where typical inflammatory responses, such as mast cell activation or 
granulation tissue formation, are notably absent [24,25]. This unique 
immunotolerant state is primarily due to the absence of MHC Ia antigens 
on trophoblasts, which would otherwise activate maternal immune cells 
[26]. Uterine NK cells also play a crucial role in balancing immune 
tolerance and responsiveness. By inhibiting dendritic cell maturation, 
these cells prevent the activation of cytotoxic immune responses that 
could harm the developing fetus [22]. The immunomodulatory capa
bilities of these immune cells suggest that placental derivatives could be 
harnessed to suppress unwanted immune reactions and support tissue 
integration in regenerative therapies.

Moreover, the endocrine activities of placenta, mediated by hor
mones such as progesterone, estradiol, and human chorionic gonado
tropin (hCG), play a key role in modulating the immune system. 
Progesterone, in particular, regulates the differentiation of endometrial 
stromal cells into decidual cells. This process not only facilitates embryo 
implantation but also modulates the maternal immune response through 
the secretion of Glycodelin A, an immunomodulatory factor that inhibits 
T lymphocyte proliferation and NK cell activity [27–29]. hCG, secreted 
by the placenta, further enhances immune tolerance by promoting NK 

cell proliferation and regulating dendritic cell function at the 
maternal-fetal interface [30]. The interaction between hormonal fluc
tuations and immune system regulation during pregnancy reveals a 
complex and dynamic system. Estradiol and progesterone exert direct 
and indirect effects on immune cell activity, either promoting or 
inhibiting specific immune responses depending on the needs of the 
maternal-fetal interface [28–33]. The immunological and endocrine 
dynamics of the placenta create a specialized microenvironment that 
prevents immune rejection while supporting fetal development. These 
properties, particularly the placenta’s ability to modulate immune re
sponses, position placental derivatives as promising candidates for 
regenerative medicine.

3. Placenta-derived stem cells

3.1. Stem cells derived from placenta and fetal membranes

According to the “first international workshop on placenta-derived 
stem cells”, various cells with a stemness potential can be derived 
from the different parts of the placenta. The most common cells include 
mesenchymal stem cells (MSCs) [34,35], amniotic epithelial cells 
(AECs), and trophoblastic cells (TCs) [35]. Fig. 2 provides an overview 
of the various sources of placenta-derived stem cells and their potential 
applications.

Placenta MSCs are multipotent cells that can be isolated from the 
amniotic membrane, the chorionic plate/villi, or the decidua basalis/ 
parietalis of the placenta [36]. Placental MSCs isolated from the decidua 
parietalis/basalis are of maternal origin, while those from the remainder 

Fig. 2. Schematic representation of placenta-derived stem cells and potential applications. The sources of placenta-derived stem cells, various isolation 
techniques, and potential therapeutic applications. Abbreviations: Amniotic epithelial cells, AECs; Cord lining epithelial cell, CLEC; Endothelial progenitor cell, EPC; 
Mesenchymal stem cells, MSCs; Hematopoietic stem cell, HSC; Trophoblastic cells, TCs.
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layers are of fetal origin [34,37]. Isolation of MSCs out of these tissues 
can be performed using enzymatic [34,38,39] or non-enzymatic tech
niques [40]. Enzymatic digestion protocols utilize various proteolytic 
enzymes, including Collagenase I or IV, dispase, Trypsin, ethyl
enediaminetetraacetic acid (EDTA), and these protocols may vary 
depending on the placental layer from which the cells are isolated [41]. 
Non-enzymatic techniques, such as the culture explant method, though 
more time-consuming, are known to improve the integrity preservation 
of the isolated MSCs. After isolation, placenta-derived MSCs must un
dergo characterization using flow cytometry, in vitro differentiation and 
must be plastic-adherent when maintained in standard culture condi
tions to ensure they meet standard MSC criteria as determined by the 
International Society of Cellular Therapy [42].

Placenta-derived MSCs offer several advantages over other sources, 
primarily due to their high cellular yield, making them particularly 
valuable in clinical practice [38]. A full-term placenta typically weighs 
500–700g, from which a substantial yield of MSCs can be obtained, 
ranging between 5.19-6.60 x 109 cells per gram. Hence, 
placenta-derived MSCs are abundantly available and can be produced on 
a large scale [38].

Due to their ability to migrate, adhere, and engraft into target tissues, 
placenta-derived MSCs hold significant potential for treating various 
diseases. Their primary mechanism of action involves enhancing the 
body’s endogenous repair processes [43]. Nowadays, clinical trials are 
exploring their use in treating pulmonary conditions, with results 
varying in efficacy and safety outcomes. A trial on idiopathic pulmonary 
fibrosis using allogeneic placenta-derived MSCs showed improved lung 
function and walking distance, while another on acute respiratory 
distress syndrome (ARDS) with bone marrow MSCs showed no benefits 
[44]. Studies also suggest that allogeneic MSCs can be just as effective as 
autologous MSCs in disease treatment [45].

AECs are multipotent cells that derive from the epithelial layer of the 
amnion of term placenta [46]. They express pluripotent stem cell 
markers but also have MSC-like phenotypes [47]. These cells can 
differentiate into different tissue types, such as pancreatic, hepatic, and 
neuronal tissues in both in vitro and in vivo conditions [35] as well as in 
vaginal epithelium for a vaginal reconstruction for the treatment of 
vaginal atresia [48,49] or Mayer-Rokitansky-Küster-Hauser syndrome. 
Besides their plasticity, these cells have low immunogenicity and 
non-tumorigenicity, which makes them also candidate starting material 
for tissue engineering or transplantation [50].

TCs derive from the trophectoderm layer of the blastocyst and can be 
isolated from placental villi [51]. Depending on the term of the preg
nancy, the composition of the TC types is different. First of all, the tro
phectodermal cells are responsible for the implantation of the blastocyst 
in the uterine wall, whereafter the cells are named as cytotrophoblast 
cells or CTC [52]. These CTCs differentiate further in syncytiotropho
blast or extravillous trophoblasts [53,54]. Due to ethical challenges, our 
understanding of trophoblast differentiation is limited. To address this, 
researchers use trophoblast stem cells (TSCs) and trophoblast organoids, 
both derived from first-trimester placentas, as models to study placental 
development [55]. In 2018, Okae et al. were the first to derive and 
maintain proliferative human villous CTCs—later identified as TSCs —in 
long-term culture [56]. These TSCs [57], along with enriched CTC sus
pensions from placental villi [58–60], have been successfully used to 
create trophoblast organoids.

3.2. Stem cells derived from umbilical cord

The UC is a rich and accessible source of various stem and progenitor 
cells, holding significant promise for regenerative medicine and thera
peutic applications [61]. Therefore, the potential to utilize UC as an 
alternative source of stem cells holds great value and could significantly 
contribute to advancements in biomedical research, particularly 
regenerative medicine and tissue engineering [62]. Following the bi
opsy, stem cells can be isolated using manual, semi-automated, or 

automated purification methods [63]. In addition, UC stem cells require 
less stringent antigen typing, exhibit greater tolerance to HLA mis
matches [64], and pose a lower risk of infection transmission compared 
to bone marrow, underscoring their significance as valuable alternative 
sources. Moreover, the UC is readily available without adverse effects 
for donors, as it is essentially a medical waste product [65]. Among the 
diverse cellular populations retrievable from the UC are hematopoietic 
stem cells (HSCs), the endothelial progenitor cells (EPCs) [61], the cord 
lining epithelial cells (CLECs) [61,66], and the MSCs [61,67].

The inaugural successful transplantation with UC-derived HSCs was 
conducted on a child diagnosed with Fanconi’s Anemia in 1988 [68]. 
Subsequently, UC cell banking facilities have been established world
wide to facilitate the efficient selection and transportation of UC-derived 
HSCs [69,70]. Furthermore, these cells exhibit a superior capacity for in 
vitro and in vivo proliferation and expansion, compared to bone marrow 
HSCs [71]. UC-derived HSCs offer a viable alternative for patients 
requiring human leukocyte antigen (HLA)-matched donors for HSC 
transplantation due to reduced HLA-similarity requirements [69,70,72]. 
Collecting UC blood at birth is advantageous as it poses no harm to the 
mother or child [69]. Optimal ex vivo expansion of UC-derived HSCs 
necessitates careful consideration of the cell density (1 × 104 up to 1 ×
106 cells/ml) as well as the addition of several cytokines. For instance, 
interleukin-3, interleukin-6, stem cell factor, thrombopoietin, and fetal 
liver tyrosine kinase 3 ligand and granulocyte colony-stimulating factor 
are frequently used during the expansion of UC HSCs. The presence of 
feeder cells, such as MSC from mice, human bone marrow or human UC 
and placenta also appeared to be beneficial for cell expansion. Notably, 
MSC feeder cells generate low quantities of cytokines such as the ones 
that are used to expand the UC HSCs [73]. Currently, Omidubicel is an 
FDA-approved drug designed to shorten neutrophil recovery time in 
adult and pediatric patients undergoing myeloablative conditioning 
followed by umbilical cord blood transplantation for the treatment of 
hematological malignancies [74]. Furthermore, a clinical trial is un
derway in the United States and Europe to evaluate the safety and 
relapse-free survival of umbilical cord blood expanded with ECT-001-CB 
technology (UM171 molecule) for treating high-risk hematologic ma
lignancies in adults and children.

In addition to the UC HSCs, EPCs can be derived from the UC blood as 
well as from peripheral blood and the bone marrow [75]. However, a 
study by Ingram et al. established a hierarchy of EPCs based on clono
genic and proliferative potential assays. Their analysis revealed that 
UC-derived EPCs formed more rapidly and abundantly colonies, 
exhibited higher telomerase activity, and retained this activity over 
culture time, compared to adult peripheral EPCs [76]. Moreover, 
UC-derived EPCs have been utilized for tissue engineering of micro
vessels [77]. Studies have shown that administering human UC-derived 
EPCs in rats can reduce intimal damage following the use of stent re
trievers [78].

CLECs are multipotent epithelial stem cells found in the UC lining 
membrane, which is an extension of the placenta to the fetus [66]. 
Studies suggest that CLECs are likely to be immunoprivileged, as evi
denced by their extended survival in immunocompetent BALB/c mice 
following transplantation compared to xenotransplanted keratinocytes 
[79]. Additionally, mucin-expressing CLECs, a specific subtype of 
epithelial stem cells, can express both epithelial and mesenchymal 
markers and exhibit efficient proliferation in a low serum-supplemented 
medium [80]. Not much is known about these cells; however, they can 
be used as feeder cells to culture human limbal epithelial cells instead of 
mouse 3T3 feeder cells, which carry the risk of transmitting zoonotic 
diseases [81]. Additionally, these cells were used to engineer a 
CLEC-derived corneal epithelium, which was successfully transplanted 
into a rabbit’s eye [82]. Furthermore, CLECs accelerated wound healing 
in a porcine model, demonstrating their potential for tissue regeneration 
and therapeutic applications [83].

Notably, the UC lining membrane contains a 1:1 ratio of the multi
potent UC lining MCSs and the CLECs [66]. Interestingly, MSCs from the 
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UC have the best proliferation rate in vitro compared to placental MSCs 
[36]. Furthermore, compared to the MSCs derived from the Wharton 
jelly, placental disk, and UC blood, the UC lining MSCs have superior 
proliferation, survival, and migration capabilities 
post-xenotransplantation in immunocompetent BALB/c mice, and 
overall low in vitro immunogenicity in xenogeneic and allogenic settings 
[84]. Additionally, another study showed the lower immunogenicity of 
UC lining MSCs compared to bone marrow-derived MSCs in both 
xenogeneic in vitro and in vivo environments, as well as in allogenic in 
vitro scenarios [85]. Up to now, the regenerative capabilities of 
UC-derived MSCs have sparked considerable interest and have shown 
potential in regenerating various tissues, such as retinal nerve cells and 
corneal tissue [86], in the treatment of knee osteoarthritis [87], rheu
matoid arthritis [88], liver cirrhosis [89,90], premature ovarian failure 
[91] and diverse lung diseases [92]. In addition, allogenic human UC 
blood MSCs are an approved treatment (Medipost) in South Korea for 
treating acute osteoarthritis, offering a promising therapeutic option for 
patients seeking relief from joint pain and inflammation [44].

3.3. Cell therapy using umbilical cord/placenta-derived stem cells

HSC transplantation, commonly known as a bone marrow transplant, 
is a procedure used to treat cancers such as leukemia. It involves 
introducing healthy HSCs, either from the patient (autologous) or a 
donor (allogeneic), to restore or replace dysfunctional or depleted bone 
marrow [93].

The UC is an excellent alternative source of HSCs, notably for pa
tients with hematologic diseases where there are no available donors 
who are HLA identical. UC-derived stem cells have demonstrated the 
ability to enhance bone marrow function, facilitating the eradication of 
malignant cells and replacing dysfunctional cells in immune-deficient 
patients, depending on the specific disease [94]. Since 1988, over 40, 
000 UC blood transplantations have successfully been performed 
worldwide for more than 80 different diseases [95–97]. Additionally, an 
estimated 800,000 cord blood units are cryopreserved in public UC 
banks, with an additional 5 million units stored in private banks [95,96]. 
At the research level, UC blood has also been established as a preferable 
source material for the generation of induced pluripotent stem cells 
[98], especially with HLA homozygous units for allogeneic cell therapies 
[99,100]. An example of this is the successful derivation of iPSCs from 
human UC blood which were further differentiated into functional car
diomyocytes, though not being further characterized in vivo [101]. The 
ongoing progress of this research and the potential use of UC in this field 
present an intriguing area for future exploration.

UC blood contains valuable multipotent stem cells and has become a 
focal point in regenerative medicine research due to its therapeutic 
potential [102]. It is currently utilized in the treatment of various dis
orders, including cardiovascular [103], hepatic [104], ophthalmic 
[105], neurological [106], and endocrine disorders [96,107]. Recent 
studies have highlighted its promise in addressing hypoxic-ischemic 
encephalopathy [108,109], ischemic stroke in adults [110], and Par
kinson’s disease [111], attributing its efficacy to new blood vessel 
generation and nerve cell regrowth support [112]. In 2009, Moodley 
et al. demonstrated that the administration of UC-derived MSCs leads to 
reduced inflammation in patients with bleomycin-induced lung injury. 
This effect was attributed to the role of UC-derived MSCs in suppressing 
pro-inflammatory cytokines [113].

UC-derived stem cells exhibit self-renewal capabilities, effuse 
angiogenic factors, and immunomodulatory properties, rendering them 
well-suited for addressing wound healing [114,115]. Research has 
underscored the efficacy of UC-derived stem cells in attenuating scar 
tissue formation and mitigating the risk of infection, demonstrated both 
in vivo through inhibited collagen deposition and in vitro through 
enhanced re-epithelialization and collagen synthesis in hypoxic condi
tioned medium (CM) compared to conventional antibiotic treatment 
[116,117]. Moreover, after treatment with these cells, augmenting 

vascular density and substantially reducing wound size by over 80 % has 
been observed [118,119]. Notably, the therapeutic potential of UC 
blood has extended to addressing diabetic foot, exemplified in a 2022 
clinical trial demonstrating favorable tolerance, accelerated healing 
within 1.5 months, and a noteworthy 3-year amputation-free survival 
rate compared to standard conservative treatments [120]. This 
compelling clinical evidence supports the viability and clinical efficacy 
of UC-derived stem cells in wound healing applications, indicating a 
promising avenue for further exploration and application in regenera
tive medicine.

Furthermore, UC-derived cells and the tissue itself have also been 
demonstrated to be valuable sources for bioengineering purposes. 
Recently, a protocol was published resulting in the efficient removal of 
the cellular and nuclear content while retaining the ECM components. 
This decellularized gel was further used to support the chondrogenic 
differentiation of umbilical MSCs [121]. Placental MSCs are superior to 
bone-marrow-derived MSCs in terms of proliferation and differentiation 
capacities [122,123]. They have demonstrated the ability to regulate 
macrophage polarization, thereby reducing lipopolysaccharide-induced 
macrophage inflammation [124]. These cells have also been widely 
studied as potential treatment options for diseases, including multiple 
myeloma, lymphoma, and leukemia. Notably, when injected into the 
bone marrow of a severe combined immunodeficiency rat model, 
placenta-derived MSCs were shown to promote bone formation and 
inhibit both myeloma bone disease and tumor growth in a 
dose-dependent manner [125].

In addition to their therapeutic potential, modified placenta-derived 
cells, such as human AEC primed with paclitaxel, have been explored as 
efficient drug delivery systems for cancer treatment. These human am
niotic membrane-derived primed AECs showed no cytotoxicity in vitro to 
paclitaxel after 24h priming and their CMs could reduce proliferation, 
and viability and increase the proportion of apoptotic cells of cultured 
human HeLa and human MCF-7 cancer cells. Thus, these modified cells 
retain their inherent anticancer properties when primed, making them 
promising candidates for targeted therapies [126].

Placenta-derived MSCs are increasingly recognized for their poten
tial to treat various diseases, including autoimmune and inflammatory 
disorders, cancer, cardiovascular and neurodegenerative diseases, and 
aging [127]. Their therapeutic benefits stem from key attributes such as 
the ability to differentiate into multiple cell types, low immunogenicity, 
strong immunomodulatory effects, and the secretion of growth factors, 
cytokines, and chemokines that support tissue repair, promote angio
genesis, and reduce cell death [36,128].

Placental MSCs have demonstrated multifaceted therapeutic effects 
in various models. In chronic skin wounds of diabetic rats, these cells 
improved wound closure by enhancing microvessel formation through 
the secretion of proangiogenic factors such as VEGF (vascular endo
thelial growth factor), HGF (hepatocyte growth factor), bFGF (basic 
fibroblast growth factor), TGF-β (transforming growth factor beta), and 
IGF-1 (insulin-like growth factor 1). Consistent with these findings, Li 
et al. combined placental MSCs with a bioengineered dermal scaffold 
and observed enhanced healing effects, particularly improved vascu
larization in tendon-exposed wounds in rabbits, compared to the scaf
fold alone [129]. In diabetic foot ulcer models, similar findings have 
been reported. A hydrogel matrix composed of polyethylene glycol 
(PEG) diacrylate and sodium alginate, combined with collagen I, has 
been shown to enhance the viability and function of MSCs, thereby 
creating a more favorable environment for their activity. The combi
nation of a gel loaded with MSCs resulted in accelerated wound closure, 
enhanced re-epithelialization, increased collagen deposition, and 
improved in vivo vascularization [130]. Additionally, in a model of 
carbon tetrachloride-induced liver injury in rats, placental MSCs 
reduced leukocytic infiltration and increased secretion of 
anti-inflammatory cytokines, underscoring their diverse therapeutic 
potential across different physiopathological contexts [131]. In repro
ductive medicine, transplantation of placental MSCs has been utilized 
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for several applications, including rejuvenating the aging or damaged 
ovaries [132], alleviating endometrial fibrosis, and promoting endo
metrial cell proliferation after ethanol-induced damaged endometrium 
in rats [133,134]. Studies have demonstrated that transplanted 
placental MSCs spheroids can increase estrogen production and enhance 
folliculogenesis in ovariectomized rats [135]. In a mouse model of in
trauterine adhesions, placental MSCs improved endometrial thickness, 
angiogenesis, and stromal cell activity, resulting in higher pregnancy 
rates and increased litter size [136]. Moreover, the transplantation of 
MSCs in damaged testes enhanced spermatogenesis and testosterone 
production by modulating markers related to proliferation, antioxi
dants, autophagy, apoptosis, and oxidative stress [137–139].

As another potential application, multiple injections of placenta- 
derived MSCs have been shown to retard the aging process in aged fe
male mice, as evidenced by opposite trends in body weight evolution, 
increased serotonin levels, higher liver proliferation, and elevated 
mitochondrial biogenesis compared to naturally aging female mice 
[140]. Moreover, Yin et al. genetically modified human 
placenta-derived MSCs to express FGF2 and PDGF-BB genes to treat 
ischemic limbs in mice. A significantly increased collateral vessel for
mation and increased capillary and arteriole density were observed 4 
weeks after cell therapy [141].

4. Umbilical cord blood serum

The umbilical cord blood serum (UCBS) is abundant in various 
bioactive substances that facilitate the healthy and rapid development of 
fetal tissues and organs. Research indicates that UCBS contains elevated 
levels of growth factors, including epidermal growth factor (EGF), 
fibroblast growth factor (FGF), vascular endothelial growth factor 
(VEGF), hepatocyte growth factor (HGF), platelet-derived growth 
factor-BB (PDGF-BB), granulocyte colony-stimulating factor (G-CSF), 
transforming growth factor (TGF), and nerve growth factor (NGF), along 
with stem cell factor (SCF), chemokines such as monocyte chemo
attractant protein-1 (MCP-1) and stromal cell-derived factor (SDF-1), 
and cytokines such as interleukin-1B, interleukin-4, interleukin-5, 
interleukin-6, interleukin-7, interleukin-10, and interleukin-15, in 
comparison to adult serum [142–144]. The presence of these plentiful 
bioactive substances endows UCBS with outstanding biological func
tions, including immune modulation, promotion of cell proliferation, 
angiogenesis, and tissue repair. Due to its rich content of bioactive 
substances, ability to facilitate cell growth, and low immunogenicity, 
UCBS has applications in regenerative medicine and tissue engineering 
[145]. Table 1 shows the biological function of the key bioactive sub
stances in UCBS.

4.1. UCBS in ophthalmology

The UCBS application in ophthalmology represents a significant 
advancement in managing various pathological conditions affecting the 
ocular surface. These conditions include dry eye syndrome, recurrent 
corneal erosions, graft versus host disease, persistent epithelial defects, 
limbal stem cell deficiency, and neurotrophic keratopathy [161,162]. 
Research has shown that UCBS eye drops outperform peripheral blood 
serum (PBS) and artificial tears (AT) in promoting corneal healing and 
reducing haze in murine models of ocular chemical injury. Huang. et al. 
reported that UCBS and umbilical cord platelet-rich plasma (UCPRP) 
induce substantial axonal regeneration in benzalkonium 
chloride-induced corneal injury in mice through the regulation of the 
Il-17 signaling pathway and neuropeptide Y [163]. A multicenter trial 
also found improvements in dry eye disease (DED) with both CBS and 
PBS, with CBS offering greater relief of symptoms and corneal protec
tion. The therapeutic efficacy of umbilical cord serum (UCS) eye drops in 
DED was supported by a meta-analysis, highlighting notable improve
ments in Schirmer I test, tear break-up time (TBUT), ocular surface 
disease index (OSDI), and corneal fluorescein staining scores. 

Nevertheless, larger randomized controlled trials (RCTs) with prolonged 
follow-up durations are necessary to comprehensively assess the 
long-term safety and efficacy of UCS in managing DED [164].

The UCBS application is a safe and effective adjunctive treatment for 
resistant corneal ulcers, helping to improve healing and visual outcomes 
[165]. UCBS exhibits a bacteriostatic effect due to the presence of 
components like lysozyme, immunoglobulin G (IgG), and complement. 
This formulation is safe and effective in treating corneal epithelial de
fects in diabetic patients after vitrectomy. Additionally, the use of 
preservative-free serum reduces the risk of toxic reactions on the ocular 
surface [86,166]. UCBS eye drops contain key neurotrophic and growth 
factors, including nerve growth factor (NGF) and insulin-like growth 
factor 1 (IGF-1), which support corneal nerve regeneration and promote 
epithelial healing. This formulation significantly aids in the recovery of 
patients with corneal epithelial defects [167]. Additionally, UCBS 
treatment has shown superior efficacy compared to artificial tears and 
autologous serum eye drops in restoring the ocular surface after acute 
chemical injuries [168,169].

4.2. UCBS as a replacement for animal-derived serum in cell culture

The use of FBS raises concerns about potential disease transmission 

Table 1 
Key bioactive substances, including growth factors, cytokines, and chemokines, 
in UCBS and their biological functions.

Bioactive 
substance

Biological Function Ref.

EGF Regulating the proliferation, migration, and 
differentiation of various cells; Epidermal 
regeneration.

[146]

FGFs Promoting cell proliferation, migration, 
differentiation, survival, and angiogenesis; 
Supporting tissue repair; Facilitating tissue 
regeneration.

[147,
148]

VEGF Enhancing vascular permeability; Promoting 
angiogenesis; Supporting tissue repair; Regulating 
inflammatory responses.

[149]

IGF-I Promoting cellular proliferation, differentiation, and 
the growth of bones, muscles, and other tissues

[150]

PDGF-A/B Promoting cell proliferation and differentiation; 
Vascularization, cell migration, and embryonic 
development

[151]

NGF Supporting the survival and development of neurons; 
Repair and regeneration of nerves; Playing roles in 
pain perception and inflammatory responses

[152]

HGF Promoting cell regeneration and anti-fibrotic 
properties

[153]

TGF Playing roles in tissue repair and immune regulation; 
Promoting tissue fibrosis

[154]

ILs Regulating different cellular immune and 
inflammatory responses

[155]

TNF-α Pro-inflammatory factor; Enhancing the bactericidal 
and tumoricidal functions of T cells and macrophages

[156]

SCF Promoting the survival and migration of HSCs and 
progenitor cells; and facilitating their proliferation 
and differentiation.

[156]

Chemokines Playing role in immune regulation by facilitating 
migration and localization to mediate immune 
responses; Antiviral mediation

[157]

Retinoic Acid Crucial in cellular differentiation; Having functions in 
promoting cell proliferation and immune regulation

[158]

Fibrinogen Supporting the migration of inflammatory cells 
within damaged tissues; Providing a matrix 
framework; Supporting tissue reconstruction

[159]

Prealbumin Binding to and transporting thyroid hormones and 
vitamin A; Playing a regulatory role in metabolism

[160]

Abbreviations: Epidermal growth factor, EGF; Fibroblast growth factors, FGFs; 
Hepatocyte growth factor, HGF; Hematopoietic stem cells, HSCs; Interleukins, 
ILs; Insulin-like growth factors, IGF; Nerve growth factor, NGF; Platelet-derived 
growth factor, PDGF; Stem cell factor, SCF; Transforming growth factor, TGF; 
Tumor necrosis factor-α, TNF-α; Vascular endothelial growth factor, VEGF.
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from animals to humans, necessitating the establishment of animal 
serum-free culture, particularly in cell therapy [170]. MSC exhibits 
significant potential for cell-based therapies. A major obstacle to their 
clinical application is the safety risk associated with FBS; an essential 
component of all media currently employed for MSC culture. Research 
indicates that UCBS has the potential to demonstrate comparable 
effectiveness to FBS in culturing human amnion-derived stem cells 
[171]. It has been reported that the CM generated by culturing human 
UC-MSCs with human cord blood serum improves stem cell stemness 
and secretome profiles [172]. Furthermore, Afzal et al. have demon
strated that human UCBS can effectively substitute FBS in routine MSC 
culture, making it well-suited for application in the manufacturing 
process of UC-derived MSCs within the cell therapy industry [170]. 
Dendritic cell therapy is an encouraging treatment strategy for cancer. 
However, while previous methods have relied on FBS for inducing and 
expanding monocytes, the resulting cells have limited clinical applica
bility. Viet et al. have demonstrated that human UCBS or UCPRP can 
serve as substitutes for FBS in generating dendritic cells for clinical 
applications, offering low immunogenicity [173]. Furthermore, Sandra 
et al. found that human UCBS exhibits a greater capacity to stimulate 
fibroblast proliferation than FBS [174]. Therefore, UCBS presents a 
promising alternative to FBS in biomedical research. However, further 
comprehensive studies are necessary to explore its potential 
applications.

4.3. UCBS in biomedical engineering

The utilization of cord serum in conjunction with synthetic bio- 
scaffold materials has been instrumental in the regeneration of various 
tissue types, such as tympanic membrane, bone, and nerve [145].

The research by Jang et al. revealed that the UCBS application on a 
three-dimensional (3D) porous collagen scaffold significantly improved 
the regeneration of chronic tympanic membrane perforation and led to 
an early-stage acoustic-mechanical recovery, surpassing the outcomes of 
the paper patch method. The healed tympanic membrane exhibited 
comparable thickness to a normal tympanic membrane [175]. More
over, data from Jang et al. [176] suggest the use of a 3D porous poly
caprolactone (PCL) scaffold coated with human UCBS in mastoid 
obliteration enhances osteogenesis. Furthermore, a novel fibrous nerve 
conduit, incorporating PCL microfibers supported by collagen and 
human UCBS, provides an enhanced micro-environmental for the 
regeneration of facial nerves and demonstrates greater therapeutic po
tential for regenerating facial nerve transection damage compared to the 
autograft technique [177].

5. Placental conditioned medium

Placental CM contains a variety of bioactive molecules, including 
cytokines and growth factors, which are secreted from isolated placental 
cells. The specific composition and effects of the CM are closely tied to 
the type of placenta cell isolated, as well as the gestational age at which 
the isolation occurs. The CM from mesenchymal stem cells (MSCs-CM) is 
the predominant type currently in use, mediums from cytotrophoblasts, 
syncytiotrophoblasts, and decidual cells also show promise for various 
applications.

5.1. CM from human placenta-derived MSCs

The application of MSCs-based treatments has been extensively 
investigated for their functions in various diseases. However, the direct 
administration of MSC has been associated with a potential risk of a 
protumorigenic effect [178]. Alternatively, using MSCs-derived CM, 
enriched in extracellular vesicles (EVs) and immunomodulatory factors 
including cytokines, chemokines, and growth factors, has emerged as a 
cell-free bioengineering approach to modulate immune responses and 
regulate the cell cycle. Notably, the use of human placenta-derived 

MSCs-CM (hPMSCs-CM) has demonstrated favorable regenerative and 
therapeutic effects across a wide array of pathological conditions, 
particularly in the fields of oncology, gynecology, and obstetrics, car
diology, and fibrotic diseases, with outcomes comparable to direct MSC 
administration [179]. Studies revealed that hPMSCs-CM can induce cell 
cycle arrest and increase apoptosis in cervical cancer cells and that CM 
from hypoxic hPMSCs-CM exhibited enhanced anti-cancer effects [180]. 
Similarly, experiments conducted in hepatocellular carcinoma cell lines 
have shown that hPMSCs-CM can regulate the cell cycle, induce 
apoptosis, and reduce cancer cell migration [181]. These findings sug
gest the potential of hPMSCs-CM in treating cervical and liver cancers, 
although further in vivo research is warranted. Moreover, in rat models, 
hPMSCs-CM has demonstrated the ability to mitigate radiation-induced 
premature ovarian failure by attenuating reticulum stress-related 
apoptosis [182].

In cardiovascular bioengineering, the administration of hPMSCs-CM 
has shown promise in improving the repair of acute myocardial infarc
tion in experimental rat models, presenting a potential advancement in 
treating this critical condition [183]. Furthermore, the detection of 
several enzymes involved in ECM-remodeling, along with cytokines, and 
miRNAs possessing anti-fibrogenic and anti-inflammatory properties in 
hPMSCs-CM, has prompted studies to evaluate its potential in mitigating 
conditions such as intestinal fibrosis and Duchenne muscular dystrophy 
[184,185]. Additionally, research has indicated that the hPMSCs-CM 
may offer a novel therapeutic approach to wound healing by protect
ing against scar formation [186]. The findings underscore the diverse 
therapeutic possibilities associated with hPMSCs-CM, offering a 
compelling area for further exploration and development in the medical 
field (Fig. 3).

5.2. CM from other human placenta-derived cells

Primary trophoblasts, including cytotrophoblasts and syncytio
trophoblasts, secrete a vast array of bioactive molecules. However, their 
potential applications remain largely unexplored, partly due to their 
limited availability. Recent studies have revealed that the CM from the 
choriocarcinoma cell line (BeWo, CCL-98) changes HSCs transcriptome 
in vitro, including the upregulation pathways associated with stem cell 
maintenance, proliferation, and immune responses [187]. 
Trophoblast-derived CM treatment has been found to promote the 
osteogenic differentiation of MSCs while inhibiting adipogenesis, thus 
showcasing potential clinical interventions for bone regeneration and 
related bioengineering therapies including bioprinting, 
biomaterial-based scaffolds, bioactive implants, and tissue-engineered 
bone grafts [188]. In addition, in vitro research has highlighted the 
protective effects of CM derived from human AECs against 
chemotherapy-induced ovarian damage by promoting angiogenesis and 
tube formation. This may lead to innovative approaches in fertility 
preservation and ovarian tissue engineering and bioengineered ovarian 
constructs [189]. However, the applications of these findings remain 
constrained, likely attributable to the inherent challenge of isolating 
primary trophoblasts from the human placenta.

The bioengineering potential of placental CM is extensive, presenting 
a cell-free and regenerative therapeutic platform applicable to a diverse 
range of areas, including oncology, cardiovascular repair, fibrosis 
treatment, and reproductive medicine. As advancements in biotech
nology continue and in vivo validation is achieved, placental CM has the 
capacity to transform regenerative medicine and precision bioengi
neering, facilitating significant progress across various clinical 
applications.

6. Placental extracts

Placental extracts have been studied and used in clinical treatments 
for centuries, particularly in East Asia, with growing interest in recent 
decades due to their remarkable ability to regulate cell behavior, 
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promote tissue regeneration, and enhance bioengineering applications. 
The process of producing placental extracts involves collecting the 
placenta, cleaning, homogenizing, extracting, filtering, purifying, and 
sterilizing the product. The final efficacy and composition are signifi
cantly influenced by the gestational weeks of the placenta and the 
extraction method employed. Moreover, standardized bioengineering 
protocols for placental extract production are still lacking, resulting in 
data heterogeneity. Placental extract-based formulations, including 
biomedical-grade creams, injectables, and oral liquids, are widely used 
in regenerative medicine, tissue engineering, and therapeutic cosmetics.

6.1. Components

Tissue processing is designed to concentrate essential nutrients (such 
as vitamins, trace elements, and amino acids), nucleic acids, and 
bioactive proteins and peptides (including collagen, elastin, laminin, 
cytokines, and growth factors). This process plays a crucial role in 
regulating various cellular functions, including proliferation, adhesion, 
migration, and differentiation [1,190–192].

6.1.1. Nutrients
The placental extracts are rich in diverse types of vitamins, especially 

the vitamin B family. High concentrations of vitamins B1, B2, B5, B6, B7, 
B9, and B12 have been identified in human placental extracts, along 

with the presence of calcium, copper, iron, magnesium, manganese, 
phosphorus, potassium, silicon, sodium, and zinc [193,194]. Further
more, essential and non-essential amino acids such as alanine, aspartic 
acid, histidine, arginine, phenylalanine, proline, tryptophan, lysine, 
tyrosine, leucine, and valine have been detected in the placental ex
tracts, which are also associated with regulating the expression of 
collagen, elastin, and fibronectin [195–197].

6.1.2. Nucleic acids
One of the key bioactive components derived from the placenta is 

polydeoxyribonucleotide (PDRN), a mixture of deoxyribonucleotide 
polymers of varying lengths. It plays a crucial role in activating the 
salvage pathway, supporting the synthesis of nucleosides, nucleotides, 
and nucleic acids [198]. This gene-modulating ability shows promise for 
DNA repair, regenerative medicine, and strategies for neurological 
regeneration [199,200].

6.1.3. Proteins and peptides
The placenta has been reported to contain a high abundance of cy

tokines and growth factors [201,202]. Placental extracts have been 
shown to include key bioactive molecules such as ILs, tumor necrosis 
factor (TNF), granulocyte colony-stimulating factor (G-CSF), 
granulocyte-macrophage colony-stimulating factor (GM-CSF), 
epidermal growth factor (EGF), fibroblast growth factor (FGF), HGF, 

Fig. 3. Application of placental CM. CM derived from placental MSCs has shown significant therapeutic potential across diverse diseases, including fibrotic 
disorders, cardiovascular diseases, cancers, as well as conditions related to gynecology and obstetrics. Meanwhile, studies demonstrated that CM from TBs altered 
HSCs transcriptome and promoted osteogenic differentiation. Furthermore, CM from AECs induced angiogenesis and tube formation in the ovary. Abbreviations: 
acute myocardial infarction, AMI; amniotic epithelial cells, AECs; Conditioned medium, CM; hematopoietic stem cells, HSCs; mesenchymal stem cells, MSCs; tro
phoblasts, TBs; premature ovarian failure, POF.
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insulin growth factor (IGF), PDGF, transforming growth factor (TGF), 
and VEGF. These bioactive molecules in placental extract make it suit
able for engineered tissue grafts, vascularized skin substitutes, and 
scaffold-based regenerative therapies.

6.2. Placental extract applications

The mammalian placental extracts have been extensively utilized in 
contemporary cosmetics and clinics due to their excellent antioxidant 
and anti-inflammatory properties, cell fate regulation, immunoregula
tion, and hormone-like expression (Fig. 4).

Extensive research has confirmed the antioxidant and anti- 
inflammatory properties of the placental extracts. Key antioxidants in 
human placental extracts are uracil, tyrosine, phenylalanine, trypto
phan, collagen-derived peptides, and α-fetoprotein. These components 
are crucial in neutralizing free radicals and preventing cell membrane 
damage [203–205]. Studies conducted in murine models showed that 
the administration of mammalian placental extracts significantly miti
gates oxidative damage, reduces the expression of pro-inflammatory 
cytokines such as TNF-α, IL-1β, IL-6, and IL-10, and decreases macro
phage polarization, suggesting applications in anti-aging formulations, 
inflammatory disease treatments, and biocompatible wound dressings 
[206–209]. Furthermore, placental extracts play a crucial role in regu
lating cellular proliferation, differentiation, and renewal. Building on 
these insights, they have been explored for various clinical applications. 
For example, animal studies have demonstrated that placental extracts 
can alleviate rhinitis symptoms by modulating macrophage polarization 
[209]. Growing evidence highlights the protective effects of placental 
extracts on liver health, including their role in alleviating steatohepatitis 
by enhancing metabolic function, safeguarding endothelial cells, and 
modulating immune responses [210,211]. Placental extract treatment, 

with its anti-inflammatory properties, helps mitigate neuronal damage 
in the hippocampus of rat models [212]. Moreover, when combined 
with bioprinting technology, the human placenta extracts have 
demonstrated superior regenerative effects in rat models, positioning 
them as promising biomaterials for orthopedic tissue engineering and 
craniofacial reconstruction [213].

In dermatology, placental extracts have demonstrated significant 
potential for addressing various clinical and cosmetic skin concerns, 
including rejuvenation, anti-aging, and skin whitening. Studies have 
shown that placental extracts enhance the expression of genes associated 
with the ECM and antioxidants in human dermal fibroblast cells [188]. 
Notably, these extractions have demonstrated efficacy in treating 
wounds, chronic non-healing ulcers, and burns through the induction of 
epithelialization and reduction of infiltration and pain syndrome alle
viation by increasing the expression of TGF-β in the early phase, VEGF in 
the late phase, and FGF [214–217]. Furthermore, the application of 
placental extract-containing hydrogel has shown promising effects in 
promoting full-thickness wound healing. The potential benefits also 
extend to bioengineered skin substitutes, scar reduction therapies, and 
the regulation of melanin synthesis in normal human melanocytes 
[218–221]. Finally, human placental extracts may offer a new thera
peutic approach to mitigating hair loss by inducing root elongation in rat 
vibrissa hair follicles and delaying catagen progression, opening ave
nues for novel alopecia treatments and follicular bioengineering [222].

Lastly, it is hypothesized that human placental extracts can modulate 
hormone expression. Studies involving Korean women revealed that 
human and porcine placental extracts mitigated menopausal symptoms 
and fatigue by increasing their estradiol levels [223,224]. Importantly, 
no safety concerns were reported in these clinical trials. Therefore, 
placental extracts seem to have a promising potential therapeutic value 
in hormone-like therapy, and further research involving more patients 

Fig. 4. Placental extract properties. The properties of placental extract encompass potent antioxidant and anti-inflammatory activities, regulation of cell fate, 
immunomodulation, tissue regeneration promotion, and hormone-like effects.
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and races is needed to observe if other hormones are expressed in 
placental extracts.

Placental extracts are emerging as a revolutionary tool in bioengi
neering, regenerative medicine, and biomedical therapeutics. With their 
rich composition of growth factors, cytokines, nucleic acids, and 
bioactive peptides, placental extracts provide versatile applications in 
wound healing, tissue regeneration, dermatology, and reproductive 
health. Integrating bioprinting technology, hydrogel-based drug de
livery systems, and scaffold-assisted regenerative medicine could further 
enhance their biomedical applications, paving the way for next- 
generation regenerative therapies, personalized medicine, and bio
engineered tissue replacements.

7. Placental decellularized extracellular matrix

The development of bioengineered scaffolds has shown significant 
progress and widespread application. However, their ability to facilitate 
tissue regeneration is constrained by challenges related to immunoge
nicity and alignment with the mechanical and biochemical properties of 
native tissues and organs. Nevertheless, the emergence of decellularized 
ECM (dECM) scaffolds offers a promising solution. Decellularization is a 
meticulously controlled process aimed at all cellular components’ 
removal, including cell nuclei and organelles, while retaining the 
structural and functional properties within the ECM [225,226]. The 
dECM authentically replicates the 3D structures of native tissue and 
incorporates various bioactive components, providing an ideal 
non-immunogenic environment [227].

The placenta holds significant promise as a natural scaffold due to its 
abundant availability, robust vascular tissue architecture, and rich ECM 
[228]. A notable development occurred in 2003 with the first docu
mented use of a decellularized human placenta as a vascular scaffold in 
tissue engineering [229]. This matrix comprises a range of collagen 
types, including I, III, IV, and VI, alongside non-collagenous glycopro
teins and proteoglycans like fibronectin, fibrillin I, laminin, tenascin C, 
thrombospondin I, heparan sulfate proteoglycans, decorin, and elastin 
[230]. Moreover, the placenta tissue is rich in growth factors and cy
tokines that bind to the ECM [231]. This composition makes the ECM a 
valuable resource for various applications.

The main methodology for cellular extraction from tissue includes 
physical, chemical, and enzymatic techniques or a combination of these. 
Physical methods aim to enhance cell detachment by disrupting cell 
membranes. Commonly employed physical methods involve agitation, 
freeze/thaw cycles, and pressure application to facilitate detergent 
rinsing and cell removal. Chemical treatments represent another avenue 
for cell extraction, encompassing a diverse array of agents such as ionic 
and nonionic detergents, acid/base solutions, organic solvents, hypo- 
and hypertonic solutions, chelating agents, and non-denaturing de
tergents. These treatments are intended to disrupt chemical bonds and 
interactions among various macromolecules, thereby assisting in cell 
release. Enzymatic treatments offer a targeted approach by specifically 
addressing proteins and DNA within cells or cell-matrix interactions, 
thereby promoting cellular detachment [227]. Fig. 5 illustrates a variety 
of decellularization techniques used for decellularizing the placenta. 
While most of these methods can effectively remove cellular compo
nents and decellularize tissues, each can introduce specific disadvan
tages. For instance, mechanical forces and freeze-thaw cycles may 
rupture ECM structures, and SDS can disrupt collagen, fibronectin, and 
small bioactive molecules. Similarly, Triton X-100 might damage 
collagen and GAGs, whereas peracetic acid can denature ECM proteins, 
potentially compromising collagen integrity and reducing growth factor 
levels [232–236]. However, the concentration and duration of treatment 
with each of these components may significantly influence the extent of 
damage caused. Recognizing these potential impacts on the structure, 
components, and biomechanical properties of the ECM is crucial for 
optimizing decellularization protocols to preserve ECM integrity while 
effectively removing cells.

Following the decellularization, the resulting dECM can be trans
formed into different forms to provide the opportunity to re-engineer the 
desired microenvironment. These forms include whole organs, hydro
gels, bioink for bioprinting, sheets, sponges, and electrospun nanofibers, 
either independently or in combination [237–242]. One of the most 
popular forms of dECM is hydrogel which is created by incorporating it 
into a polymer mixture, followed by crosslinking through the addition of 
an initiator. Alternatively, dECM can undergo self-assembly, a process 
dependent on temperature and composition [239,241,243]. Moreover, 
dECM can also be prepared as a printable ink to create various 3D 

Fig. 5. Illustration of different placenta decellularization techniques and the applications of decellularized tissue in regenerative medicine. Placenta 
decellularization techniques include physical, chemical, enzymatic, or their combinations. Depending on its recellularization status, a decellularized placenta can be 
tailored for various regenerative medicine applications.
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structures. Duan et al. [240] utilized human placenta-derived dECM as 
an ink for bioprinting, enabling the assembly of human umbilical vein 
endothelial cells and promoting angiogenesis in a mouse model. It can 
also be processed into nanoparticles or solubilized pre-gels, subse
quently forming sheet-like structures upon gelification. Alternatively, a 
method involves cultivating a layer of cells that produce their own ECM, 
which can be decellularized to form sheets [244]. However, these forms 
can be further recellularized or used without cells as a supportive 
structure.

7.1. dECM application without in vitro recellularization

Since the composition of dECM, including some growth factors and 
ECM proteins, and its mechanical properties are mostly preserved, it can 
provide a potential environment for supporting cellular functions [245]. 
Another advantage of these structures is that they mitigate the chal
lenges associated with long-term storage of cell-based structures and 
reduce their production costs [232]. The wound-healing properties of 
placental dECM have been validated through their involvement in skin 
regeneration and wound closure. Promising outcomes have been docu
mented, encompassing successful migration of keratinocytes and 
epithelial cells, neovascularization promotion, and facilitation of wound 
closure following in vivo implantation in murine models [232]. In 
particular, a decellularized human placental sponge has shown great 
potential as an excellent carrier for human adipose-derived mesen
chymal stem cells (MSCs), offering an ideal platform for both cell culture 
and efficient delivery to skin wounds in mice [246].

In line with these findings, scaffolds composed of sericin and 
placental dECM have been shown to reduce the size of excision wounds 
in rat models [247]. The combination of dECM with PEG-based hydro
gels has shown significant potential for bone healing in porcine models 
[241]. Additionally, intact dECM, even before being converted to 
hydrogel form, can be used as a medical filler, for example, in repairing 
removed lymph nodes [248].

As another promising approach, decellularized vascular grafts 
derived from the human placenta, specifically those with diameters less 
than 1 mm, have been demonstrated in vascular grafting applications. 
This method shows potential in addressing the issue of host vessel 
mismatch observed in the arteriovenous loop model. The robust me
chanical integrity exhibited by decellularized placental vessels, along 
with their proficiency in repairing vascular defects, suggests their po
tential as a viable therapeutic option for various arterial pathologies 
[249]. Moreover, injection of placenta dECM hydrogel into an ischemic 
myocardium model not only reduces scar formation but also preserves 
electrophysiological activity [248].

Additionally, scaffolds derived from the human placenta or bovine 
placentome can be employed in liver transplants to connect an auxiliary 
liver to systemic circulation or provide supportive hepatic tissue in the 
treatment of acute liver failure [250]. In a rat model, transplantation of 
hepatized bovine placenta maintained perfusion for up to one month. 
The liver tissue structure was reassembled, and hepatic function 
remained preserved [251].

7.2. dECM application associated with in vitro recellularization

Recellularization entails repopulating acellular ECM scaffolds from 
tissues or organs with specific cell types or stem cells. This method seeks 
to restore the organ’s micro-anatomy and specific functions. The ECM, 
along with its remaining components such as growth factors and struc
tural proteins, is vital in directing the arrangement and maturation of 
these cells. Notably, it is possible to reconstruct organs by cultivating 
organ-specific cells within ECMs derived from different organs 
[252–255]. Placental dECM has emerged as a promising candidate for 
regenerative medicine applications, owing to its ability to enhance 
cellular functions, including improved cell attachment and the promo
tion of endothelial cell formation [232].

In a study by Zhang et al. [243], co-grafting dermal papilla spheres 
cultured in placenta dECM hydrogel with mouse epidermal cells resulted 
in the regeneration of hair follicles. Furthermore, Pashuck et al. [256] 
demonstrated that human dermal cells adhered to and proliferated on 
the placental dECM, which subsequently stimulated the release of 
growth factors by the cells. Moreover, placental scaffolds facilitate the 
adhesion and differentiation of MSCs into chondrogenic and osteogenic 
lineages, thereby contributing significantly to cartilage and bone engi
neering [257]. Injectable connective tissue matrices derived from 
placental sources have also been observed to decrease de-differentiation 
and mitigate inflammatory responses, thereby promoting the growth 
and proliferation of tenocytes. These findings provide compelling evi
dence for the application of placenta-derived materials in tendon heal
ing [225]. Rameshbabu et al. [258] demonstrated the significant impact 
of human placenta-derived ECM sponges, seeded with amniotic 
membrane-derived stem cells, on the repair of osteochondral defects in a 
rabbit model.

Furthermore, placental dECM incorporated into sponges has proven 
to be an exceptionally effective substrate for the growth and colony 
formation of spermatogonial stem cells [259]. Another application of 
the human placenta-derived dECM sponge in male reproduction is its 
ability to simulate environments like the testis, thereby enhancing the 
proliferation and differentiation of mouse spermatogonia cells [242].

An innovative approach involved the development of a bio
engineered cardiac patch by seeding human-induced pluripotent stem 
cell-derived cardiomyocytes onto a decellularized placenta scaffold. 
This approach resulted in a reduction in infarct size, enhanced cell 
retention, and increased neovascularization following transplantation 
[228]. Additionally, the establishment of a cardiomyocyte culture sys
tem on human placenta-derived dECM enables the exploration of 
mechanisms underlying cardiac dysfunction, such as arrhythmia, within 
a 3D culture environment [260], as well as the elucidation of pathways 
involved in the development of cardiac stem cells [261]. Furthermore, it 
offers a practical method for screening cardiotoxins, thereby enhancing 
our understanding of cardiac health and advancing drug discovery ef
forts in cardiology [260,261].

The placenta-derived dECM can also serve as an effective model for 
mimicking materno-fetal interactions under physiological conditions, 
offering a valuable alternative due to the limitations of conducting in 
vitro experiments [262]. Recently, considerable efforts have been made 
to utilize dECM in developing on-a-chip toxicological models [237]. 
Moreover, the placenta-derived dECM use as a scaffold for adipogenic 
progenitors has demonstrated considerable potential in plastic surgery 
applications, thanks to its resemblance to the native adipose tissue 
environment [263].

8. Placenta- and placental cell-derived extracellular vesicles

Placenta-derived extracellular vehicles (PEVs) (cell-derived nano
sized particles that transport biomolecules), mainly produced by TCs, 
play a crucial role in mediating intercellular communication and 
placental development [264–266]. Notably, PEVs serve as valuable 
biomarkers for conditions such as pre-eclampsia and gestational dia
betes [267,268]. EV membrane and its cargo offer promising targets for 
novel diagnosis and therapeutic strategies [269,270]. Trophoblast 
cell-released EVs contain various molecules, including proteins, nucleic 
acids, and lipids, influencing maternal-fetal communication and signif
icantly contributing to the maintenance of pregnancy and fetal devel
opment [266,271]. EVs are formed through the creation of intraluminal 
vesicles (ILVs) within multivesicular bodies (MVBs), a process that can 
be either ESCRT (Endosomal Sorting Complex Required for 
Transport)-dependent or independent. The biogenesis of EVs begins 
with endocytosis, followed by the fusion of endocytic vesicles with early 
endosomes, which subsequently develop into MVBs. In the 
ESCRT-dependent mechanism, the assembly of this complex promotes 
ILV formation within the MVBs (Fig. 6) [272].
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In most studies, PEVs are obtained from CM of placental cells after 
their in vitro culture. However, PEVs can also be directly isolated from 
peripheral blood circulation [273] or plasma [274], where they reflect 
the physiological state of the placenta in vivo during the pregnancy. 
Additionally, it is possible to isolate these vesicles directly dissociating 
the placental extracts, providing a more comprehensive profile of EVs 
present within the placental tissue [275]. PEVs, particularly from CM, 
allow for controlled study conditions, while those from plasma and 
placental extract offer insights into the in vivo environment, capturing 
the natural physiological state and interactions. PEVs can be invaluable 
tools in reproductive medicine, and research, acting as valuable bio
markers and a possible safeguard for the healthcare of women and 
babies.

8.1. PEVs immune modulation

EVs from placental cells have been shown to preserve the 
morphology and angiogenesis of the placenta, as well as improve pre
eclampsia symptoms [276], modulate immune response [277], and be 
used as a powerful research tool in regenerative medicine. EVs play a 
crucial role in mediating cell-cell communication, particularly in the 
context of maternal immune tolerance during pregnancy. PEVs are 
notably involved in modulating the maternal immune response to 
ensure a successful pregnancy. This modulation occurs through different 
pathways to ensure a successful pregnancy, by maintaining a balanced 
immune environment. The maternal immune system must be competent 
against pathogens yet tolerant to the fetus. PEVs contribute to immune 
tolerance and the prevention of adverse pregnancy outcomes by influ
encing several immune cell types [277]. Bai et coworkers demonstrated 
that human PEVs directly modulate monocytes via miRNA-29a-3p 
[278]. This miRNA has a suppressive effect on the PTEN signaling 
pathway, triggering PD-L1 expression in monocytes [278]. Additionally, 
these monocytes transition to an intermediate CD14+CD16 stage, 
enhancing their migratory and pro-inflammatory capacities [277]. 
Therefore, it is described that PEVs promote the polarization of mac
rophages to an M2 phenotype, which is known for its immunosuppres
sive properties [277,278]. This shift helps create a tolerant immune 

environment necessary for fetal development. T cells are another target 
of placental EV. PEVs directly isolated from peripheral circulation of 
pregnant women showed expression of FasL and TRAIL on their surface, 
promoting the apoptosis of Jurkat T and inhibiting T cell activation and 
proliferation by downregulating NF-κB, CD3ζ, and Janus kinase 3 [273]. 
This modulation helps reduce the maternal immune response against the 
fetus. It is described that immune tolerance by the placental EVs can also 
be regulated by different molecules, such as MHC, which help recognize 
and regulate immune responses [279]. These vesicles can also promote 
the differentiation of Treg cells [280]. On the other hand, a recent study 
suggests that miRNA-518-3p carried by PEVs may contribute to preg
nancy complications by disrupting the balance of Th17/Treg differen
tiation and promoting Jurkat T cell proliferation [281].

NK cells, another abundant immune cell found in the mother’s body, 
are also modulated by placental exosomes. These vesicles, carrying 
NKG2D ligand, are internalized by NK cells, reducing their cytotoxicity 
[279]. They also increase caspase-3 activity in CD56dim NK cells, 
inducing their apoptosis. PEVs are crucial for modulating the cytotox
icity of immune cells and inducing immune tolerance, further protecting 
the fetus from the mother’s immune response [274,277]. Recently, 
Thiruvenkataraman et al., demonstrated that EVs derived from placenta 
MSCs have a protective effect against lung injury caused by lipopoly
saccharide, by increasing the cellular viability of alveolar epithelial cells 
and modulating the release of pro-inflammatory cytokines such as IL-6 
and IL-8 [282].

8.2. PEVs antiviral activity

By inhibiting T cell activation and promoting macrophage polari
zation, placenta-derived EVs have been described to confer antiviral 
potential to other cell types. Delorme-Axford et al. conducted a study 
where they cultured non-placenta cells with placenta-derived EVs and 
subsequently infected these cells with different viruses [283]. They 
observed a significant decrease in infection rate compared to cells that 
were not exposed to the EVs. Further analysis revealed that C19MC 
miRNAs, within the EVs, induced autophagy and antiviral response in 
the recipient cells. These miRNAs target specific mRNAs involved in 

Fig. 6. Illustration of the formation of EVs through the endocytic pathway in placental cells. Endosomes are formed through the inward folding of the plasma 
membrane. MVBs are generated when these endosomes undergo invaginations of their membrane, leading to the ILVs formation inside. EVs are produced when these 
ILVs are released from the cells. Abbreviations: Extracellular vehicles, EVs; Intraluminal vesicles, ILVs; Multivesicular bodies, MVBs.
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autophagy, leading to the activation of autophagy-associated genes 
[283,284]. Additionally, EVs derived from the plasma of pregnant 
women demonstrated a greater ability to decrease vesicular stomatitis 
virus infection compared to EVs from non-pregnant women, high
lighting the enhanced antiviral properties of placental EVs [285]. All 
these findings suggest that placenta-derived EVs may play a crucial role 
in antiviral defense during pregnancy and show their potential use as 
antiviral therapies.

8.3. PEVs therapeutic applications in regenerative medicine

Placenta-derived EVs hold significant potential for therapeutic ap
plications in regenerative medicine due to their unique properties and 
enrichment in growth factors, cytokines, and miRNAs that promote 
tissue repair and regeneration. EVs isolated from placenta extract have 
been identified as promising therapeutic candidates for osteogenesis and 
bone repair, by promoting chondrocyte migration and proliferation and 
reducing the inflammatory genes in a cellular model of osteoarthritis 
[275]. The research by Jia et al. demonstrated that exosomes from 
maternal and UCBS promote the proliferation and migration of endo
thelial cells [286]. For the first time, Go et al. studied the regenerative 
capacity of human trophoblasts as a cell-free EV therapy. They showed 
that EVs derived from trophoblasts were able to promote the rejuvena
tion, modulation of extracellular components expression, and chemo
kine activation in human skin fibroblasts highlighting their potential as 
anti-aging factors [287]. In addition to the trophoblasts, many studies 
have reported the importance of EVs secreted by placenta stem cells, 
such as TSCs and MSCs. Ni et al., demonstrated that TSC-derived EVs 
could attenuate cardiac injury in patients that are in cancer treatment 
with doxorubicin [288]. Numerous have highlighted the potential of 
MSC-derived EVs in regenerative medicine [289]. For instance, 
MSC-derived EVs have been shown to accelerate wound healing in 
keratocytes in vitro and in rat wound models, potentially by inhibiting 
the activation of engrailed-1 [290–292]. They have also been shown to 
protect neurons from damage in neurodegenerative diseases and pro
mote differentiation and proliferation of neural stem cells, aiding in the 
repair of neural tissues [293–295]. Recently, Soleimani and colleagues 
demonstrated that EVs from placenta MSCs could improve functional 
recovery and prevent chronicity after spinal cord injury after injection in 
an animal model. The EVs diminished apoptosis of the neurons at the 
boundary of the injury, showcasing their neuroprotective properties 
[296]. Moreover, combining these EVs with hyperbaric oxygen therapy 
has been shown to significantly enhance sciatic nerve regeneration 
following injury in a rat model, promoting tissue repair and functional 
recovery [297].

Placenta MSCs-derived exosomes can also be used as anti-fibrotic 
agents. Zheng et al. used a liver organoid model for fibrosis cultured 
with EVs secreted from placental MSCs and observed attenuation of 
fibrotic phenotypes. They attributed this effect to miR-3378c which has 
the potential to inactivate hepatic stellate cells by inhibiting epithelial- 
mesenchymal transition thought the stabilization of E-cadherin [104]. 
Furthermore, within the reproductive system, placental EVs have 
demonstrated therapeutic potential in treating ovarian and endometrial 
cancer [298], as well as inhibiting the growth of prostate cancer cells 
[299]. Recently, Liu et al. demonstrated that placenta-derived EVs car
rying miRNA-23a-3p, miRNA-125b-5p, and miRNA-30c-5p can down
regulate the TGF-β/Smad pathway. By inhibiting this signaling pathway, 
these EVs reduced fibrosis, promoted endometrial thickening, and 
enhanced uterine receptivity, ultimately improving fertility outcomes 
[300].

8.4. PEVs as drug delivery systems

Vesicular nanocarriers have gained significant attention as efficient 
drug delivery systems due to their ability to encapsulate therapeutic 
agents and target specific tissues. These carriers can be classified into 

synthetic and natural types, with each offering distinct advantages in 
terms of stability, biocompatibility, and targeted delivery [289,301]. 
EVs derived from stem cells and other sources serve as natural vesicular 
nanocarriers, offering significant promise for drug delivery applications. 
These vesicles are demonstrating increasing therapeutic potential in the 
treatment of a wide range of disorders, thanks to their ability to 
encapsulate bioactive molecules and target specific tissues with minimal 
immunogenicity [289]. The unique characteristics of EVs make them 
ideal vectors for cell reprogramming, as they can selectively target 
specific cells and efficiently deliver their cargo. Their ability to transfer 
bioactive molecules, including proteins, lipids, and RNA, enhances their 
potential for precise modulation of cellular functions and therapeutic 
applications [275,298,302]. Numerous studies have explored the use of 
placenta-derived EVs as drug delivery systems, particularly for gene 
therapy applications aimed at altering the phenotype of target cells. 
These EVs offer a unique advantage due to their ability to carry genetic 
material, efficiently to specific cells, potentially enabling targeted and 
precise modifications in therapeutic interventions. Therefore, by modi
fying EVs-producing cells, researchers can engineer EVs with tailored 
cargoes, such as specific miRNAs or plasmids, capable of silencing in
terest genes in the target cells [303]. Recently, Kang et al. developed a 
protocol for the large-scale production of placenta-derived EVs and 
demonstrated efficient loading of plasmid DNA into these vesicles. This 
protocol not only addresses the challenge of scalable production but also 
ensures the functional integrity of the loaded genetic material [304]. 
Their findings corroborate the potential of placenta-derived EVs as 
versatile and effective drug delivery systems for gene therapy.

9. Amniotic and chorionic membranes

The human amniotic membrane (AM) and chorion constitute the 
fetal components of the placental membrane. The AM, which is in direct 
contact with the amniotic fluid, serves as the innermost layer, while the 
chorion is adjacent to the uterine lining. Transparent and lacking blood 
vessels, the AM typically ranges in thickness from 0.02 to 0.50 mm. It 
consists of five distinct layers: the epithelial cell layer, basement mem
brane, compact layer, fibroblast layer, and spongy layer. The compact, 
fibroblast, and spongy layers are collectively known as the stromal 
layers. The AM contains amniotic MSCs and AECs, which produce ECM, 
cytokines, and growth factors [305–307]. The epithelial layer is a single 
layer of cuboidal cells derived from the embryonic ectoderm. It syn
thesizes various enzymes and expresses antigens such as HLA I and 
CA125. Additionally, this layer secretes growth factors and cytokines, 
including EGF, HGF, bFGF, TGF-β1, TGF-β2, TGF-α, and keratinocyte 
growth factor, while also releasing cholinergic receptors, lysosomes, and 
other neurotransmitters that facilitate tissue regeneration [308].

The basement membrane possesses a considerable thickness and is 
composed of collagen types IV and VII, fibronectin, laminin, and hyal
uronic acid, which promote cell migration and adhesion [309]. The 
stromal layer is avascular and contains high levels of TGF-β, 
anti-inflammatory factors (such as IL-1, IL-2, IL-8, IFN-γ, and TNF-β), 
anti-angiogenic proteins, and protease inhibitors. These components 
contribute to immune modulation and tissue repair. The compact layer 
contains type I and III collagen, providing mechanical strength, while 
the fibroblast layer contains macrophages and fibroblasts, which pro
duce collagen fibers, elastic fibers, reticular fibers, and various glyco
proteins and proteoglycans in the matrix [307]. Additionally, the spongy 
layer allows the human AM to glide over the chorion [310].

A thick basement membrane and avascular stroma are key AM 
structural features. The thick basement membrane facilitates epithelial 
cell migration, enhances basal epithelial cell adhesion, promotes 
epithelialization, and prevents epithelial cell apoptosis. The avascular 
stroma prevents the excessive formation of fibrous scar tissue and con
trols the occurrence of immune rejection responses.

The chorion, thicker than the amnion, comprises the reticular layer, 
basement membrane, and trophoblast layer, which attach to the decidua 
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[311,312]. The reticular layer consists of collagen types I, III, IV, V, and 
VI and contacts the amniotic spongy layer. The basement membrane 
contains collagen IV, fibronectin, and laminin, anchoring the tropho
blast layer to the reticular layer. The trophoblast layer interfaces with 
the decidua [313,314]. The chorion is a significant source of growth 
factors, cytokines, MSCs, and ECM proteins, including tissue inhibitors 
of metalloproteinases that inhibit matrix metalloproteinases [315–317]. 
It also contains various immunomodulatory molecules, such as IL-10, 
TGF-β, and HLA-G, which help suppress the maternal immune 
response, protecting the fetus from rejection [318]. While the placental 
membranes have been extensively researched and used clinically as a 
whole, independent evaluations of the chorion’s potential value are 
limited.

9.1. Advancements in AM modifications for biomedical engineering

The rapid degradation rate and limited mechanical properties of 
natural AM restrict its clinical applications. Various physical, chemical, 
and biological modifications have been employed to enhance the me
chanical stability, biocompatibility, and bioactivity of human AM. 
Cryopreservation and lyophilization are common AM preservation 
techniques; however, both methods preserve AM along with its epithe
lial layer, which may be more immunogenic. This limits its application 
in cell culture and tissue regeneration, as the presence of epithelial cells 
may hinder cell migration and differentiation on AM [319]. One 
approach to overcoming this limitation is AM decellularization, which 
removes cells and cellular debris while preserving ECM structural pro
teins. This process reduces antigenicity while maintaining the structural 
and bioactive properties of ECM, thereby retaining human AM’s po
tential for recellularization. Decellularized AM, also referred to as a 
“scaffold”, is recognized for its porous structure and bioactive mole
cules, which make it an ideal biological scaffold by minimizing immu
nogenic responses and the risk of disease transmission [320].

Several decellularization methods have been developed using EDTA, 
trypsin, dispase, urea, Triton X-100, and thermolysin. It is crucial to 
ensure that the chosen method preserves the biomechanical and physi
cochemical properties of the ECM to maintain its regenerative potential. 
However, decellularization also leads to the removal of growth factors 
from AM, thereby diminishing its natural reparative properties. Cross
linking is one of the strategies used to enhance the stability of AM by 
improving its mechanical properties and biodegradation rate. Cross
linking techniques for AM can be categorized into chemical crosslinking 
(e.g., glutaraldehyde [321], 1,4-butanediol diglycidyl ether [322] and 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydrox
ysuccinimide (NHS) [323]), physical crosslinking (e.g., ultraviolet or 
gamma radiation [324], and dehydrothermal treatment [325]), and 
enzymatic crosslinking (e.g., transglutaminase crosslinking [326]). 
Crosslinked AM has demonstrated promising applications in ocular 
surface repair, wound healing, vaginal tissue engineering, and bone 
tissue engineering. For instance, EDC/NHS crosslinked AM exhibits 
enhanced mechanical strength, reduced degradation rates, and 
improved corneal regeneration capacity [327].

Electrospinning, a physical modification technique, enhances human 
AM’s mechanical strength and structural integrity, making it suitable for 
load-bearing scaffold applications [328]. Electrospinning is an advanced 
technology that mimics the natural ECM by producing scaffolds with 
fibers ranging from nanometers to micrometers in diameter, closely 
resembling ECM fibers. Lotfi et al. [329] fabricated an innovative pol
ycaprolactone (PCL)/AM scaffold via electrospinning, where AM was 
incorporated into PCL nanofibers, leading to improved tensile strength, 
cellular viability, proliferation, adhesion, and elastic-plastic behavior.

3D printing and rapid prototyping technologies have also emerged as 
alternative approaches for scaffold fabrication. For example, Dehghani 
et al. [330] developed a 3D-printed biomembrane composed of gelatin, 
elastin, and sodium hyaluronate, which was compared with native AM 
for conjunctival reconstruction in a rabbit model. This approach 

exhibited more predictable degradation patterns, reduced inflamma
tion, and decreased scar tissue formation. However, 3D-printed bio
membranes still face challenges in replicating the multi-layered ECM 
structure of AM, as post-printing issues such as interlayer delamination 
and morphological instability may affect their long-term performance. 
Lyophilization is another widely used technique that preserves the ECM 
structure while maintaining porosity, which facilitates cell infiltration 
and tissue integration. Niknejad et al. [331] demonstrated that lyophi
lized AM significantly improved endothelial cell adhesion and viability.

AM-based hydrogels, derived from decellularized tissue, are typi
cally composite hydrogels in which AM is modified by crosslinking its 
proteins with various synthetic or natural chemical agents. Compared 
with AM or decellularized AM, AM-based hydrogels offer several ad
vantages, including greater stability, ease of handling, suitable me
chanical properties, and uniform composition. Various fabrication 
methods for AM-based hydrogels have been reported, and their inte
gration with 3D printing and nanotechnology has been explored. G. 
Kafili et al. developed a printable, nanoengineered composite hydrogel 
based on human AM, supplemented with sodium alginate and Laponite 
nanosheets, highlighting its therapeutic potential for wound healing 
applications [332].

In addition to physical modifications, chemical treatments such as 
redox processing, enzymatic digestion, and growth factor immobiliza
tion have been investigated to tailor human AM’s biological properties. 
These approaches allow precise control over its degradation rate, cell 
adhesion properties, and immunogenicity, thereby facilitating targeted 
tissue regeneration. Moreover, biological modifications, including 
enzyme-mediated ECM remodeling, MSC seeding, and genetic engi
neering, enhance human AM’s regenerative potential by promoting ECM 
remodeling in response to specific tissue microenvironments. Overall, 
these advancements significantly expand human AM’s applications in 
wound healing, ophthalmology, soft tissue repair, and nerve regenera
tion, reinforcing its value as a next generation bioengineered thera
peutic material.

9.2. a.m. application in ocular surface reconstruction

The use of the AM in ocular surface reconstruction has been studied 
for decades and has shown significant efficacy in treating various ocular 
surface diseases due to its unique biological properties. The AM shares 
structural similarities with human conjunctival tissue and contains 
essential substances for conjunctival and corneal epithelial cell growth. 
It is smooth, avascular, neural, and elastic, providing high safety, repair 
scaffolding, anti-inflammatory, antibacterial, tissue repair promotion, 
scar formation inhibition, and semipermeable membrane functions 
[333]. Consequently, AM is widely used in ocular surface reconstruction 
[334,335], including conjunctival reconstruction (for pterygium [336], 
acute Steven-Johnson syndrome [337], conjunctival tumors [338], 
symblepharon [339], and ocular surface squamous neoplasia [340]), 
corneal reconstruction (for persistent corneal epithelial defects [341], 
neurotrophic corneal ulcers [342], infectious keratitis [343], bullous 
keratopathy [344], and chemical burns [345]), limbal stem cell recon
struction [346], and glaucoma surgery [347].

The first documented use of AM in ophthalmology was by de Rotth in 
1940 for conjunctival defect repair [348]. However, the initial appli
cation faced setbacks due to immune rejection caused by the highly 
antigenic chorion, leading to transplantation failure. The resurgence of 
AM in ophthalmology occurred in 1995 when Kim and Tseng reported 
successful ocular surface reconstruction using modified and preserved 
AM [349].

In AM transplantation, the primary function of the AM graft is to 
provide a basement membrane that supports the growth of ocular sur
face epithelium, thereby facilitating ocular surface reconstruction. The 
AM basement membrane closely resembles the ocular surface epithelial 
basement membrane, promoting epithelial cell migration, inducing 
differentiation, and preventing apoptosis [350–352]. When used as a 
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covering, AM protects new epithelial tissue from eyelid abrasion and 
reduces contact between inflammatory cells, tear proteins, and the 
corneal stroma [353]. Additionally, AM secretes various growth factors 
that promote epithelial growth and contains neurotrophic factors 
beneficial for corneal nerves [354]. Moreover, AM can suppress IL 
expression, modulate inflammatory chemokines, induce poly
morphonuclear cell apoptosis, and reduce the expression of corneal 
matrix metalloproteinases 1, 2, and 9, thus mitigating corneal inflam
mation and preventing corneal melting. By inhibiting the mRNA 
expression of TGF-β, AM reduces fibroblast activity, thereby minimizing 
corneal scarring [355]. The anti-angiogenic proteins in AM, including 
thrombospondin-1, endostatin, and all four tissue inhibitors of metal
loproteinases (TIMP-1, 2, 3, and 4), help inhibit neovascularization 
[356]. The absence of HLA-A, B, C, and DR antigens and β2-micro
globulin in AM results in low antigenicity and minimal rejection in 
allogeneic transplantation [357].

Recent advancements in bioengineering have led to the development 
of engineered AM to optimize its physical and biological properties, 
enhancing its efficacy in ocular surface reconstruction. For instance, a 
novel 3D biomimetic corneal model combining corneal cells and 
multilayer ultra-thin AM has been developed, allowing corneal stromal- 
like tissue maturation in vitro [358]. Additionally, AM extracts are being 
studied for use in eye drops or gels for ocular surface disease treatment. 
Studies have shown that eye drops containing AM extract can signifi
cantly reduce inflammation, indicating promising clinical applications 
[359].

In recent years, the development of engineered amniotic membranes 
(EAMs) has emerged as a crucial strategy for enhancing the therapeutic 
efficacy of AM-based treatments. The application of nanotechnology and 
growth factors in biomedical research has introduced new possibilities 
for EAMs. For instance, AM loaded with silver nanoparticles exhibits 
excellent antibacterial properties, accelerates wound healing in rat burn 
models, and reduces the risk of postoperative infections [332]. Simi
larly, EAMs incorporating zinc oxide nanoparticles or titanium dioxide 
nanoparticles not only enhance antimicrobial activity but also generate 
reactive oxygen species upon UV light exposure, thereby improving 
membrane stability and resistance to degradation [360,361]. Addi
tionally, AM combined with EGF has been shown to promote corneal 
epithelial cell proliferation and accelerate wound healing [362].

The application of commercial EAMs in ocular surface reconstruction 
has become increasingly well-established, with products such as PRO
KERA®, AmbioDisk®, Omnigen®, and Aril® gaining clinical adoption. 
PROKERA®, developed by Bio-Tissue, is a commercial AM-based bio
product that integrates cryopreserved AM with a biodegradable poly
carbonate ring scaffold. It can be directly applied to the ocular surface 
and has been approved by the FDA for the treatment of corneal injuries, 
dry eye syndrome, chemical burns, and other ocular surface disorders. 
Compared with traditional AM transplantation, commercial AM prod
ucts (e.g., PROKERA®) exhibit significant anti-inflammatory, anti- 
scarring, and pro-healing effects in ocular surface reconstruction. 
However, challenges remain regarding their cost, comfort during wear, 
and broader clinical applicability, necessitating further optimization 
[363].

9.3. a.m. application in vaginal reconstruction

AMs are ideal grafts for vaginal reconstruction surgery, used to 
create a new vagina, and they show promising prospects due to their 
anti-inflammatory, anti-fibrotic, and wound-healing properties, as well 
as their ability to promote epithelialization. In the 1980s, researchers 
began exploring the application of AM in vaginal reconstruction [364,
365], particularly in the treatment of patients with Mayer-Roki
tansky-Küster-Hauser syndrome (MRKH), a condition characterized by 
the absence of a uterus and vagina. Treatment typically involves surgi
cally creating a new vagina and it serves as biologically active dressings 
or grafts, facilitating vaginal epithelium growth and enhancing tissue 

integration. This approach facilitates the development of a functional 
vaginal lining, providing a promising alternative to traditional tech
niques and demonstrating success in clinical practice. A retrospective 
6.5-year study included 50 MRKH patients who underwent vagi
noplasty, resulting in high postoperative satisfaction [366].

AMs present a compelling alternative for graft selection. Unlike skin 
grafts [367] and autologous buccal mucosa grafts [368], which may 
cause additional trauma, and autologous in vitro cultured vaginal tissue 
[369], which is costly, AM are low-cost, widely available, and easy to 
handle during surgery. They have proven effective in achieving com
plete epithelialization of vaginal tissue, particularly beneficial in 
developing countries. However, it is essential to recognize the risk of 
viral infection transmission, necessitating thorough screening before the 
procedure [323].

9.4. Amnion/chorion membrane as scaffolds in tissue engineering

Tissue engineering aims to induce tissue growth by combining cells, 
scaffolds, and growth factors or biomolecules. An ideal scaffold should 
exhibit appropriate biocompatibility, biodegradability, and sufficient 
mechanical strength. Additionally, a porous structure is advantageous 
for facilitating cell attachment and proliferation. Depending on specific 
requirements, scaffolds can carry and gradually release growth factors to 
promote cell proliferation, differentiation, tissue regeneration, and 
support angiogenesis [370].

As a surgical waste product, the AM presents advantages in terms of 
easy accessibility, low cost, and free from ethical concerns. Human AM 
demonstrates outstanding biocompatibility and low immunogenicity, 
making it less likely to cause immune rejection upon transplantation and 
allowing for good integration with host tissues. The AM is rich in anti- 
inflammatory factors (such as IL-10 and TGF-β) and anti-fibrotic fac
tors (tissue inhibitors of metalloproteinases), which can suppress in
flammatory responses and excessive fibrous tissue proliferation, 
promoting normal tissue healing [371]. The presence of immunoregu
latory molecules in the AM, such as HLA-G and Fas ligand [372], along 
with low or absent expression of HLA class I and II molecules [373], can 
reduce post-transplant immune rejection, enhancing the biocompati
bility of tissue-engineered materials. Studies have shown that fresh, 
preserved, or bone-differentiated AM exhibits biocompatibility and in
duces lower inflammatory responses compared to controls [374,375].

AM can serve as a scaffold to promote the proliferation of various 
stem cells. For instance, it has been used to culture corneal limbal stem 
cells, oral epithelium, urothelial cells, chondrocytes, and bladder and 
vaginal epithelial cells. With its structural similarity to normal human 
skin, the AM can function as a scaffold for living skin, serving as a 
biological dressing for treating skin injuries and burns while demon
strating efficacy in wound healing [376]. One study indicated that 
human AM containing AECs and amniotic MSCs exhibited appropriate 
blood compatibility [377].

AM is rich in cytokines and growth factors which promote cell pro
liferation, differentiation, and migration, contributing significantly to 
tissue regeneration. In tendon repair, AM supports the attachment and 
proliferation of various cell types at epithelial and stromal sites, facili
tating the transfer of autologous/allogeneic cells [378]. Moreover, AM 
has demonstrated efficacy in promoting skin regeneration showing ef
ficacy in wound healing, burns, junctional epidermolysis bullosa, ure
thral defects, and calcification defense [379]. It has also been observed 
that human AECs can differentiate into stratified epithelium on the 
de-epidermized dermis, indicating their potential role in skin regener
ation [380].

As a nerve regeneration scaffold, human AM has shown the ability to 
promote regeneration in damaged nerves. Human AECs can increase the 
survival rate of neural stem cells, induce their proliferation and differ
entiation, and promote the growth of primary neurites, exhibiting sig
nificant pro-survival and pro-regeneration effects on neural cells [381]. 
Additionally, these cells can regulate the expression of miR-141 and 
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mediate miR-410 inhibition, thus promoting axonal regeneration in 
dopaminergic neuron-like cells and retinal ganglion cells, respectively 
[382,383]. In the domain of angiogenesis, human AECs have displayed 
significant pro-angiogenic effects in vitro under hypoxic conditions by 
expressing angiogenic cell-activity factors, owing to their 
anti-inflammatory and regenerative properties. However, the underly
ing mechanisms of these effects are yet to be fully elucidated [384].

Studies have shown that decellularized human chorion membrane 
exhibits noteworthy biocompatibility when implanted subcutaneously 
in vitro and in vivo, making it a promising scaffold for tissue engineering 
[385]. This approach can prevent unfavorable interactions between cells 
and the host while preserving crucial ECM proteins such as collagen 
types I and IV, fibronectin, and laminin, according to in vitro research. 
Notably, removing cellular components during the decellularization 
process is essential for reducing immune rejection responses. In contrast, 
using intact chorion as in ophthalmology application can provoke 
adverse immune reactions, as the host immune system recognizes the 
remaining cellular elements as foreign tissue [386]. This distinction 
underscores the critical role of decellularization in improving the 
biocompatibility of chorion-derived scaffolds. Furthermore, decellular
ized ECM scaffolds derived from human chorion have been found to 
support the tight adhesion and osteogenic differentiation of human 
placental MSCs, while offering potential as a versatile tool for vascu
larization experiments and as a potent graft material for future in vivo 
applications [387,388].

9.5. Lyophilized placental composite sheets

It is essential to note the potential of human AM in preparing 
lyophilized placental composite sheets, a biomaterial processed through 
lyophilization that incorporates AM and placental tissue. These sheets 
retain the bioactivity of growth factors, cytokines, anti-inflammatory, 
and immunoregulatory factors, and exhibit good biocompatibility and 
storage stability. Deegan et al. developed a lyophilized placental com
posite as a tissue graft in wound care to promote wound healing and 
tissue regeneration. This composite sheet, including amniotic and pro
cessed chorionic layers, is prepared by lyophilization to retain the bio
logical activity of its components. These properties support cell 
attachment, viability, and proliferation, making it a promising approach 
for supporting tissue regeneration. Additionally, compared to thermal 
drying, lyophilization retains higher levels of essential growth factors 
such as HGF, PDGF, bFGF, and EGF [389]. Therefore, the innovative use 
of lyophilized placental composites presents a significant advancement 
in tissue engineering and regenerative medicine.

9.6. Dehydrated human amnion/chorion membrane allografts

Research increasingly provided evidence supporting the clinical ef
ficacy of dehydrated human amnion/chorion membrane (dHACM) in 
facilitating the healing process of surgical or chronic wounds. Notably, 
dHACM has been observed to promote the proliferation and migration of 
periodontal ligament-derived cells and angiogenesis, facilitating peri
odontal healing [390]. Furthermore, dHACM has exhibited the capacity 
to enhance the healing of partial-thickness burns, venous leg ulcers, and 
diabetic foot ulcers, reducing scar formation [391–393]. The use of 
dHACM allografts has demonstrated notable improvements in wound 
healing associated with dermatological conditions, reduced wound pain, 
increased convenience of wound dressing, and lower infection risks 
[394]. In a study conducting a propensity score matching analysis on 58 
patients who underwent nerve-sparing robotic-assisted laparoscopic 
radical prostatectomy with the placement of dHACM around the neu
rovascular bundles. The implantation of dHACM contributed to the early 
recovery of urinary and sexual function, and no adverse reactions, which 
is undoubtedly promising [395]. Moreover, dHACM patches to reinforce 
esophageal anastomoses after esophagectomy may help reduce esoph
ageal anastomotic complications [396]. dHACM has demonstrated 

biocompatibility and efficacy in various clinical settings, and its future 
applications may extend beyond wound healing and tissue regeneration 
to areas such as organ repair, nerve regeneration, and the treatment of 
complex surgical defects. The inherent properties of dHACM, including 
its ability to retain bioactive factors, suggest its potential utility in 
regenerative medicine, particularly for conditions that require enhanced 
angiogenesis and cell proliferation. Standardized processing protocols, 
thorough characterization, and multicenter long-term clinical trials are 
necessary steps to optimize and promote its application, maximizing the 
potential of dHACM in biomedical research.

10. Amniotic fluid and its derivatives

Amniotic fluid (AF) is a bioactive fluid that is abundant in growth 
factors (FGF, EGF, TGFβ), ECM proteins, and anti-inflammatory agents 
(Fig. 7). It plays a crucial role in processes such as wound healing, tissue 
regeneration, fibrosis attenuation, and antimicrobial defense [397]. The 
composition of AF dynamically changes throughout gestation, providing 
essential support for fetal development and protection [398–400]. In the 
early stages of pregnancy, AF primarily consists of water, electrolytes, 
and proteins derived from maternal serum [399,401]. As pregnancy 
progresses, AF increasingly resembles fetal extracellular fluid due to the 
production of fetal urine (600–1200 mL/day) and pulmonary secretions 
(60–100 mL/kg/day) [402–404]. The volume of AF peaks at around the 
33rd week of gestation before gradually decreasing [405]. AF serves to 
deliver nutrients, growth factors, and antimicrobial components, while 
also preventing umbilical cord compression and minimizing 
fetal-maternal friction [399,406]. Furthermore, AF promotes fibroblast 
attachment and collagen secretion through adhesion proteins such as 
fibronectin [407]. AF derivatives, including stem cells and exosomes, 
further support tissue repair and modulate inflammatory responses.

10.1. Biomedical applications of amniotic fluid

Despite its relative underutilization compared to other placental- 
derived materials, AF demonstrates considerable therapeutic potential 
in fields such as orthopedics, neurology, cardiology, and wound healing. 
It has been shown to accelerate bone repair [408] and foster cartilage 
regeneration. In the field of neurology, AF has been observed to reduce 
nerve scarring and promote regeneration in spina bifida models 
[409–411], nerve tissue regeneration [412], and prevention of epidural 
fibrosis [413].

In cardiovascular applications, AF provides protective effects to the 
heart following injury [414], reduces inflammation, and enhances 
elasticity in vocal fold therapy [415]. Furthermore, AF has been shown 
to protect bone marrow-derived stem cells from radiation-induced 
damage [416], preserve its antimicrobial properties after processing 
[417], and alleviate inflammation induced by colitis [418]. Moreover, 
AF plays a role in preserving tear secretion in chronic graft-versus-host 
disease [419] and stimulates hair growth while mitigating inflammation 
in models of hair loss [420].

10.2. Amniotic fluid and bioengineering

AF plays a pivotal role in regenerative medicine and the develop
ment of biomaterials. Electrospun silk fibroin-alginate hydrogels incor
porating AF have been shown to enhance wound healing by promoting 
fibroblast activity [421]. AF has also demonstrated its potential in pre
venting scarring during fetal wound healing, making it a promising 
candidate for scar-free tissue repair [422]. AF-derived nanofibers 
exhibit superior mechanical properties, including stiffness and strength, 
when compared to AMs, while maintaining flexibility [423]. 
Chick-derived AF plays a significant role in epidermal barrier formation, 
although its effects are diminished under heat exposure [424]. 
Furthermore, AF is involved in the development of the fetal larynx and 
the separation of the vocal folds [425], and its use has been proposed to 
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improve the viscoelasticity of vocal folds in therapeutic applications 
[415]. AF progenitor cells, when combined with transglutaminase 
FXIII-modified PEG hydrogels, hold promise for use in bone replacement 
applications [426]. AF-based biomaterials, including patches, have been 
proposed for the treatment of neural tube defects [427]. Preliminary 
studies using ovine models have demonstrated the feasibility of prenatal 
implantation of tissue-engineered heart valves comprising biodegrad
able matrices seeded with autologous amniotic fluid cells. These valves 
exhibited functional integrity and were thrombosis-free in vivo [410].

10.3. Amniotic fluid-derived stem cells

AF-derived stem cells (AFSCs) possess significant regenerative ca
pacity and have been investigated for a wide range of therapeutic ap
plications (Table 2). They have been shown to facilitate myocardial 
regeneration [428], protect against renal ischemia-reperfusion injury 
[429], and are under investigation for potential treatments for ovarian 

dysfunction and infertility [430]. During the COVID-19 pandemic, 
AFSCs exhibited immunomodulatory effects, including the reduction of 
viral-induced lung damage [431]. In musculoskeletal regeneration, 
AFSCs contribute to the repair of large skeletal defects by promoting 
bone and cartilage formation [432]. In models of fetal myelomeningo
cele, intra-amniotic injections of AFSCs improved skin defect closure, 
promoted neurogenesis, and reduced astrogliosis, highlighting their 
potential in treating congenital neural defects [433,434].

10.4. Amniotic fluid stem cell-derived extracellular vesicles

AFSCs-derived EVs have demonstrated diverse applications in 
biomedical research across various physiological systems and patho
logical conditions (Table 2). In azoospermia models, AFSC-EVs have 
been shown to restore spermatogenesis and testicular function [435]. In 
chick embryo models of autism, AFSC-EVs facilitate the delivery of 
sulforaphane for gene regulation [436]. In neonatal hypoxic 

Fig. 7. Sampling, isolation, components, and applications of AF derivatives. Comprehensive overview of AF derivatives, including the processes of sampling 
and isolation, characterization of key components, and their diverse therapeutic and biomedical applications. Abbreviation: Amniotic fluid, AF.
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Table 2 
AF derivatives applications in biomedical research.

AF 
Derivative

Area Condition Model Advantages Ref.

AFSC Heart Cardiomyoplasty Rat Exhibiting some electrophysiological properties [428]
Kidney Acute ischemia-reperfusion 

Acute tubular necrosis
Mice Ability to differentiate into kidney cells [429]

Female reproductive Dystrophy and fertility Cow Alleviating bovine ovarian dystrophy and restoring fertility [430]
Musculoskeletal Muscular dystrophy Mice Cell therapy for the damaged sphincter [441]
Lung COVID 19 Mice Adaption to different lung injuries by expressing specific markers [431]
Bone and cartilage Extensive bone defect disease Rat Correcting large cranial defects; neovascularization during skeletal 

defect reconstruction
[432]

Brain Cerebral ischemia Rat Tissue engineering; therapeutic cell transplantation [442]
Fetal Congenital diaphragmatic hernia 

abdominal Congenital heart
Rat Effective treatment for myelomeningocele [443,

444]
Inflammatory and 
autoimmune diseases

Inflammatory bowel disease Systemic 
lupus erythematosus 
Encephalomyelitis

Mice Modulating cellular immune response; distancing organ damage during 
sublethal endotoxemia

[445]

AF-EVs Testis Azoospermia Rat Enhancing spermatogenesis and sperm quality 
Increasing testicular function

[435]

Pregnancy Preeclampsia (PE) Rat Promoting trophoblast proliferation via miR-146a-5p, and protecting 
against PE

[446]

Brain Autism Chick 
embryo

Effective drug delivery vehicles; successful unloading of sulforaphane 
resulted in gene expression regulation

[436]

Lung Bronchopulmonary dysplasia Rat Enhancing pro-inflammatory cytokines production 
Reducing free-radical quenching 
Conserving alveolar growth

[438]

Neonatal hypoxic encephalopathy Mouse Improving angiogenesis 
Increasing performance of the spatial memory 
Eased hypoxic encephalopathy

[437]

AFSC-EVs Female reproductive Ovarian failure due to chemotherapy Mice MiR-146a and miR-10a dominant effect on reducing apoptosis in 
ovarian cells

[447]

miR-369-3p down-regulated apoptosis of ovarian granulosa cells [448]
Rat Restored total follicular counts, anti-Müllerian hormone levels, regular 

estrous cycles and conception; EV-borne miRNA-21 acts by regulating 
PTEN and caspase 3 apoptotic pathways

[449]

Brain Ischemic stroke Rat Activated anti-apoptotic and pro-survival pathways [450]
Alzheimer’s disease Murine Enhancing progression of Amyloid-β-induced neuronal death and 

↑Neuron morphology and viability
[451]

Human Declining neuroinflammation, significantly recovering cells from 
neurotoxicity

[452]

Multiple sclerosis Mouse Educate type conventional dendritic cells to rescue autoimmune 
disorders

[453]

Neural Tube Defects (NTDs) Mouse As potential therapeutics for NTD prevention [454]
Lung Fetal pulmonary hypoplasia Rabbit Modulating gene expression 

Increasing branching morphogenesis alveolarization 
Enhancing cellular homeostasis and tissue maturation

[439]

Rat Improving airspace density and branching morphogenesis promoting 
differentiation of lung cells during both canalicular and saccular stages 
of fetal lung development

[440]

Oligohydramnios-induced lung 
hypoplasia

Rat Increasing airspace, lung branching, modulating TGF-beta signaling via 
miR-93-5p

[455]

Nitrofen and bisdiamine-exposed fetal 
lungs

Mouse Improving lung branching, angiogenesis, reduced fetal lung 
inflammation

[456]

Gastrointestinal NEC Rat Declining incidence and disease severity of experimental necrotizing 
enterocolitis

[457]

Reducing bowel condition [458]
Mouse Reducing intestinal injury and inflammation 

Enhancing Intestinal cell proliferation
[459]

Declining Intestinal injury and NEC score 
Reducing NEC-associated brain injury 
Declining systemic and ileal inflammation

[460]

Heart Cardiac injury Mouse ↑Tissue regeneration [461]
Rodent Maintained myocardial renewal with significant improvement of 

cardiac function
[462]

Ischemia-reperfusion injury Rat Enhancing Cardio-protection and angiogenesis [463]
Cardiac fibrosis Rat Improving angiogenesis [464]
Myocardial infarction Mouse Enhancing cardiomyocyte renewal and cell cycle re-entry [465]

Inflammatory and 
metabolic disorders

IBD Human Regulating inflammatory cytokines [466]
Cystinosis Mice Reducing Lysosomal cystine accumulation in target cells [467]
Osteoarthritis Rat Produced near-complete restoration of cartilage 

Polarized macrophages into EV-treated knee joints
[468]

Neuromuscular junction integrity 
during muscle atrophy

Human Declining disease progression [469]

Alport Syndrome Mice Reducing cellular damage 
Demonstrating glomerulus-targeted disease intervention

[470]

(continued on next page)
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encephalopathy, AFSC-EVs promote angiogenesis and improve cogni
tive function in mice [437]. They also reduce inflammation and oxida
tive stress while promoting alveolar development in models of 
bronchopulmonary dysplasia [438]. Furthermore, in models of fetal 
pulmonary hypoplasia, AFSC-EVs support lung maturation and maintain 
cellular homeostasis in rabbits [439] and enhance lung differentiation in 
fetal rats [440]. These findings underscore the regenerative and 
immunomodulatory potential of AFSCs and AFSC-EVs across a range of 
biomedical applications.

11. Challenges and future perspectives

One of the significant hurdles in utilizing placental derivatives for 
research lies in the intricacies of replicating its complex and dynamic 
nature and accounting for donor-to-donor variability. Researchers often 
address this challenge by pooling tissues obtained from multiple donors 
to achieve a more representative sample [473]. Another critical issue in 
the use of placental derivatives in biomedical research is the sterilization 
process, which requires meticulous attention to avoid compromising the 
material’s integrity and functionality. To ensure the validity and safety 
of employing these biomaterials, it is imperative to assess their cyto
compatibility via in vitro cytotoxicity assays. Additionally, their 
biocompatibility should be evaluated through in vivo tests such as sub
cutaneous implantation. These assessments have been conducted in 
numerous experiments involving prenatal derivatives, such as chorion 
membrane and human-derived placenta dECM [474].

Regarding the placental dECM, the decellularization process can 
affect the structure and the ECM composition [475–477]. Therefore, the 
concern about using this approach in biomedical applications is the 
bioactivity of scaffolds. Research on the structure and composition of the 
ECM post-decellularization has been conducted on various species, 
including rodents [478,479], canines [480,481], bovines [482,483], 
and humans [240], highlighting both preserved elements and alterations 
in the ECM components across different protocols and species. Most 
studies indicate that the integrity and basement membrane proteins are 
generally preserved [240,484]. These findings are consistent with those 
reported by other groups regarding the composition of decellularized 
human placenta and chorion membranes [232,485]. On the other hand, 
the decellularization of bovine cotyledons results in no significant dif
ference in ECM protein compared to native tissue [233]. However, some 
studies have shown a reduction in ECM proteins and the absence of 
certain cytoplasmic proteins and enzymes in decellularized tissues 
treated with Triton or SDS. Given the significant influence of ECM ar
chitecture and composition on biological activities, such as cell differ
entiation, proliferation, and migration, ongoing efforts are focused on 
identifying optimal protocols with minimal destructive effects [476]. 
Therefore, it is crucial to identify and optimize decellularization 
methods that maintain the essential characteristics of the ECM to ensure 
its effectiveness in biomedical applications. Moreover, addressing issues 
related to the heterogeneity, handling, and plasticity of dECM holds 
significant promise for future breakthroughs in regenerative medicine.

Looking forward, advancements in bioengineering and material 
sciences will likely play a critical role in overcoming current limitations. 
As research progresses, developing standardized protocols and 
comprehensive guidelines will be essential to mitigate these challenges 

and harness the full therapeutic potential of placental derivatives. In
novations such as bioprinting, improved decellularization techniques, 
and enhanced recellularization strategies are expected to enhance the 
functionality and applicability of placenta-derived biomaterials.

Although the application of placental stem cells in medicine has 
great potential, several issues need to be carefully considered, particu
larly in preclinical research. The ability to differentiate stem cells into 
distinct specialized cell types has advanced quickly, yet existing stan
dard techniques frequently result in mixed populations of cells. One of 
the biggest obstacles still stands in the way of producing these special
ized cells in the required quantity and purity. Furthermore, converting 
this promise into a therapeutic reality requires a thorough grasp of the 
intricate mechanisms at play, from cultivating stem cells to effectively 
transferring differentiated cells into patients [486]. To overcome the 
challenges of achieving cell purity, quantity, and functionality in stem 
cell therapies, several innovative methods have emerged. Single-cell 
RNA sequencing and cell sorting techniques like FACS and MACS 
allow for precise isolation of specific cell types, while advanced 3D 
culture systems and organoids improve differentiation efficiency [487,
488]. These advancements are making stem cell-based therapies more 
viable for clinical use.

Despite the numerous advantages of PEVs, including their low 
immunogenicity, efficient transport of biological cargo, and potential as 
drug delivery vehicles, several challenges limit their widespread clinical 
application. One of the primary issues lies in the current methods for 
isolating and detecting PEVs, such as ultracentrifugation, which is labor- 
intensive, time-consuming, and often results in impure samples that may 
reduce the biological activity of the vesicles. While commercially 
available reagents simplify the extraction process, their high cost re
stricts them to preclinical research. Researchers are now exploring more 
cost-effective isolation methods, such as nano-deterministic lateral 
displacement (Nano-DLD) and resistive pulse sensing (RPS), which offer 
higher sensitivity and better scalability but still require optimization for 
broader use [289].

Additionally, the population heterogeneity presents another chal
lenge. Distinguishing between PEV subpopulations and understanding 
their distinct biological roles remain difficult due to limitations in cur
rent isolation and characterization techniques. More research is needed 
to refine these techniques and fully understand the mechanisms un
derlying EVs’ therapeutic effects, particularly in tissue regeneration and 
cancer therapies [489]. Furthermore, interdisciplinary collaboration 
among researchers, clinicians, and regulatory bodies will be vital to 
translating these scientific advancements into clinical realities, ensuring 
safe and effective therapies for patients. The future of placental de
rivatives in biomedical research is promising, with the potential to 
revolutionize regenerative medicine and tissue engineering.

12. Conclusion remarks

Placental tissue is a rich source of bioactive substances, ECM pro
teins, and stem cells, available in abundant and sustainable quantities. 
The structural composition of placental tissues is highly diverse, 
resulting in a wide range of configurations. A comprehensive analysis of 
different types of placental derivatives can serve as a valuable guide for 
selecting suitable products for novel applications. The UC, the placental 

Table 2 (continued )

AF 
Derivative 

Area Condition Model Advantages Ref.

Wound healing and 
tissue regeneration

Wound healing Rat Enhancing Wound healing rate 
↑Regeneration of hair follicles, blood vessels and nerves. 
↑Cutaneous cell proliferation and collagen distribution

[471]

Reducing scar formation and fibrosis [472]

Abbreviations: Amniotic fluid, AF; Amniotic fluid-derived stem cell, AFSC; Amniotic fluid stem cell-derived extracellular vesicle, AFSC-EV; Inflammatory bowel 
disease, IBD; Necrotizing enterocolitis, NEC.
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disc, and the amnion-chorion membrane are abundant in collagen, 
fibronectin, laminin, GAGs, elastin, and heparan sulfate, which makes 
them promising resources for regenerative medicine applications. This 
valuable organ is also a rich source of growth factors and multipotent 
stem cells, which have been proposed for various biomedical applica
tions. AF, characterized by its immune-privileged nature, contains sol
uble regulatory elements and cellular components, making it a unique 
biomaterial option. Moreover, PEVs play a crucial role in cell commu
nication and have emerged as a promising tool for therapeutic appli
cations due to their ability to transfer bioactive molecules. In summary, 
placental tissue and its derivatives provide a rich source of bioactive 
substances and stem cells, offering significant potential for innovative 
biomedical applications.
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factor characterization of cord blood-derived plasma, serum, growth factor-rich 
plasma and induced serum, Cytokine 149 (2022) 155756.

[143] Y.A. Romanov, V.V. Vtorushina, T.N. Dugina, A.Y. Romanov, N.V. Petrova, 
Human umbilical cord blood serum/plasma: cytokine profile and prospective 
application in regenerative medicine, Bull. Exp. Biol. Med. 168 (1) (2019) 
173–177.

[144] N. Orlando, C. Pellegrino, C.G. Valentini, M. Bianchi, O. Barbagallo, S. Sparnacci, 
F. Forni, T.M. Fontana, L. Teofili, Umbilical cord blood: current uses for 
transfusion and regenerative medicine, Transfus. Apher. Sci. 59 (5) (2020) 
102952.

[145] N. Maharajan, G.-W. Cho, J.H. Choi, C.H. Jang, Regenerative therapy using 
umbilical cord serum, in vivo 35 (2) (2021) 699–705.

[146] D.A. Sabbah, R. Hajjo, K. Sweidan, Review on epidermal growth factor receptor 
(EGFR) structure, signaling pathways, interactions, and recent updates of EGFR 
inhibitors, Curr. Top. Med. Chem. 20 (10) (2020) 815–834.

[147] Y. Liu, Y. Liu, J. Deng, W. Li, X. Nie, Fibroblast growth factor in diabetic foot 
ulcer: progress and therapeutic prospects, Front. Endocrinol. 12 (2021) 744868.

[148] L. Klimaschewski, P. Claus, Fibroblast growth factor signalling in the diseased 
nervous system, Mol. Neurobiol. 58 (8) (2021) 3884–3902.

[149] S. Karaman, S. Paavonsalo, K. Heinolainen, M.H. Lackman, A. Ranta, K. 
A. Hemanthakumar, Y. Kubota, K. Alitalo, Interplay of vascular endothelial 
growth factor receptors in organ-specific vessel maintenance, J. Exp. Med. 219 (3) 
(2022).

[150] R.E. Roberts, J. Cavalcante-Silva, M. Del Rio-Moreno, O. Bilgen, R.D. Kineman, T. 
J. Koh, Liver insulin-like growth factor-1 mediates effects of low-intensity 
vibration on wound healing in diabetic mice, J. Pathol. 260 (1) (2023) 97–107.

[151] S. Thavapalachandran, S.M. Grieve, R.D. Hume, T.Y.L. Le, K. Raguram, J. 
E. Hudson, J. Pouliopoulos, G.A. Figtree, R.P. Dye, A.M. Barry, P. Brown, J. Lu, 
S. Coffey, S.H. Kesteven, R.J. Mills, F.N. Rashid, E. Taran, P. Kovoor, L. Thomas, 
A.R. Denniss, E. Kizana, N.S. Asli, M. Xaymardan, M.P. Feneley, R.M. Graham, R. 
P. Harvey, J.J.H. Chong, Platelet-derived growth factor-AB improves scar 
mechanics and vascularity after myocardial infarction, Sci. Transl. Med. 12 (524) 
(2020).

[152] R. Li, D. Li, C. Wu, L. Ye, Y. Wu, Y. Yuan, S. Yang, L. Xie, Y. Mao, T. Jiang, Y. Li, 
J. Wang, H. Zhang, X. Li, J. Xiao, Nerve growth factor activates autophagy in 
Schwann cells to enhance myelin debris clearance and to expedite nerve 
regeneration, Theranostics 10 (4) (2020) 1649–1677.

[153] M. Huang, J. Jiao, H. Cai, Y. Zhang, Y. Xia, J. Lin, Z. Shang, Y. Qian, F. Wang, 
H. Wu, X. Kong, J. Gu, C-C motif chemokine ligand 5 confines liver regeneration 

by down-regulating reparative macrophage-derived hepatocyte growth factor in a 
forkhead box O 3a-dependent manner, Hepatology 76 (6) (2022) 1706–1722.

[154] N.G. Frangogiannis, Transforming growth factor-β in myocardial disease, Nat. 
Rev. Cardiol. 19 (7) (2022) 435–455.

[155] N. Djahanpour, N. Ahsan, B. Li, H. Khan, K. Connelly, H. Leong-Poi, M. Qadura, 
A systematic review of interleukins as diagnostic and prognostic biomarkers for 
peripheral artery disease, Biomolecules 13 (11) (2023).

[156] G. Cai, R. Li, X. Chai, X. Cai, K. Zheng, Y. Wang, K. Fan, Z. Guo, J. Guo, W. Jiang, 
Catalase-templated nanozyme-loaded microneedles integrated with polymyxin B 
for immunoregulation and antibacterial activity in diabetic wounds, J. Colloid 
Interface Sci. 667 (2024) 529–542.

[157] P. Ma, J. Liu, J. Qin, L. Lai, G.S. Heo, H. Luehmann, D. Sultan, A. Bredemeyer, 
G. Bajapa, G. Feng, J. Jimenez, R. He, A. Parks, J. Amrute, A. Villanueva, Y. Liu, 
C.Y. Lin, M. Mack, K. Amancherla, J. Moslehi, K.J. Lavine, Expansion of 
pathogenic cardiac macrophages in immune checkpoint inhibitor myocarditis, 
Circulation 149 (1) (2024) 48–66.

[158] R. Gholikhani-Darbroud, MicroRNA and retinoic acid, Clin. Chim. Acta 502 
(2020) 15–24.

[159] A.S. Wolberg, Fibrinogen and fibrin: synthesis, structure, and function in health 
and disease, J. Thromb. Haemostasis 21 (11) (2023) 3005–3015.

[160] M.A. Gertz, Therapy of transthyretin cardiomyopathy, J. Am. Coll. Cardiol. 74 (3) 
(2019) 296–298.

[161] G. Giannaccare, A. Carnevali, C. Senni, L. Logozzo, V. Scorcia, Umbilical cord 
blood and serum for the treatment of ocular diseases: a comprehensive review, 
Ophthalmology and Therapy 9 (2020) 235–248.

[162] A.A. Tovar, I.A. White, A.L. Sabater, Use of acellular umbilical cord-derived 
tissues in corneal and ocular surface diseases, Medicines 8 (2) (2021) 12.

[163] R. Huang, C. Su, N. Zhang, C. Shi, G. Pu, Y. Ding, W. Wei, J. Chen, Cord blood- 
derived biologics lead to robust axonal regeneration in benzalkonium chloride- 
injured mouse corneas by modulating the Il-17 pathway and neuropeptide Y, Mol. 
Med. 30 (1) (2024) 2.

[164] B.D. Li, J.X. Jiang, Q. Zhang, Y.R. Chu, Z.Y. Chen, K. Hu, Therapeutic effects of 
umbilical cord serum for dry eye disease: a systemic review and meta-analysis, 
Ophthalmic Res. 68 (1) (2025) 71–83.

[165] M.H. Elsawy, H.A. Hasby, M.M. Khater, A.M. Ghoneim, Evaluation of the effect of 
umbilical cord blood serum therapy in resistant infected corneal ulcer, Digit. J. 
Ophthalmol. 24 (3) (2023) 141–146.

[166] S. Moradian, M. Ebrahimi, A. Kanaani, A. Faramarzi, S. Safi, Topical umbilical 
cord serum for corneal epithelial defects after diabetic vitrectomy, J. Ophthalmic 
Vis. Res. 15 (2) (2020) 160.

[167] S.B. Han, Y.-C. Liu, K. Mohamed-Noriega, J.S. Mehta, Application of novel drugs 
for corneal cell regeneration, Journal of Ophthalmology 2018 (2018).

[168] N. Sharma, M. Goel, T. Velpandian, J.S. Titiyal, R. Tandon, R.B. Vajpayee, 
Evaluation of umbilical cord serum therapy in acute ocular chemical burns, 
Investig. Ophthalmol. Vis. Sci. 52 (2) (2011) 1087–1092.

[169] K.-C. Yoon, H. Heo, S.-K. Im, I.-C. You, Y.-H. Kim, Y.-G. Park, Comparison of 
autologous serum and umbilical cord serum eye drops for dry eye syndrome, Am. 
J. Ophthalmol. 144 (1) (2007), 86-92. e2.

[170] E. Afzal, M. Pakzad, M. Nouri, R. Moghadasali, M. Zarrabi, Human umbilical cord 
serum as an alternative to fetal bovine serum for in vitro expansion of umbilical 
cord mesenchymal stromal cells, Cell Tissue Bank. 24 (1) (2023) 59–66.

[171] J.-Y. Kim, S.-A. Park, H.-M. Kang, E.-S. Kim, H.-K. Kim, Human cord serum as a 
fetal bovine serum substitute for the culture of human amnion-derived stem cells, 
Development and Reproduction 11 (2) (2007) 85–96.

[172] P. Kaokaen, A. Pangjantuk, P. Kunhorm, W. Promjantuek, 
N. Chaicharoenaudomrung, P. Noisa, Conditioned medium of human umbilical 
cord-mesenchymal stem cells cultivated with human cord blood serum enhances 
stem cell stemness and secretome profiles, Toxicol. Vitro 103 (2025) 105973.

[173] P.Q. Viet, N.A. Tu, P.T.-H. Lan, N.T. Sinh, Human umbilical cord blood derived 
serum and platelet-rich plasma can replace fetal bovine serum to induce human 
monocytes into dendritic cells, Progress in Biology 2 (1) (2018) 4–19.

[174] F. Sandra, R. Lahirin, Human umbilical cord blood serum has higher potential in 
inducing proliferation of fibroblast than fetal bovine serum, Molecular and 
Cellular Biomedical, Sciences 1 (2) (2017) 65–69.

[175] C.H. Jang, Y.B. Cho, M. Yeo, H. Lee, E.J. Min, B.H. Lee, G.H. Kim, Regeneration of 
chronic tympanic membrane perforation using 3D collagen with topical umbilical 
cord serum, Int. J. Biol. Macromol. 62 (2013) 232–240.

[176] C.H. Jang, Y.B. Cho, C.H. Choi, Y.S. Jang, W.-K. Jung, H. Lee, G.H. Kim, Effect of 
umbilical cord serum coated 3D PCL/alginate scaffold for mastoid obliteration, 
Int. J. Pediatr. Otorhinolaryngol. 78 (7) (2014) 1061–1065.

[177] C.H. Jang, H. Lee, M. Kim, G. Kim, Effect of polycaprolactone/collagen/hUCS 
microfiber nerve conduit on facial nerve regeneration, Int. J. Biol. Macromol. 93 
(2016) 1575–1582.

[178] A. Musiał-Wysocka, M. Kot, M. Majka, The pros and cons of mesenchymal stem 
cell-based therapies, Cell Transplant. 28 (7) (2019) 801–812.

[179] A. Muntiu, A. Papait, F. Vincenzoni, A. Vitali, W. Lattanzi, P. Romele, 
A. Cargnoni, A. Silini, O. Parolini, C. Desiderio, Disclosing the molecular profile of 
the human amniotic mesenchymal stromal cell secretome by filter-aided sample 
preparation proteomic characterization, Stem Cell Res. Ther. 14 (1) (2023) 339.

[180] K.H. Han, A.K. Kim, G.J. Jeong, H.R. Jeon, S.H. Bhang, D.I. Kim, Enhanced anti- 
cancer effects of conditioned medium from hypoxic human umbilical cord- 
derived mesenchymal stem cells, Int J Stem Cells 12 (2) (2019) 291–303.

[181] F. Opo, M. Moulay, G.I. Alrefaei, N.H. Alsubhi, S. Alkarim, M.M. Rahman, Effect 
of Co-culturing both placenta-derived mesenchymal stem cells and their condition 
medium in the cancer cell (HepG2) migration, damage through apoptosis and cell 
cycle arrest, Saudi J. Biol. Sci. 30 (2) (2023) 103519.

S. Moghassemi et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S2452-199X(25)00113-6/sref129
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref129
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref129
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref129
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref130
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref130
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref130
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref130
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref131
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref131
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref131
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref131
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref132
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref132
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref132
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref133
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref133
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref133
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref134
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref134
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref134
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref135
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref135
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref135
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref135
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref136
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref136
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref137
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref137
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref137
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref138
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref138
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref138
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref138
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref139
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref139
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref139
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref139
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref140
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref140
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref140
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref141
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref141
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref141
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref141
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref142
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref142
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref142
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref143
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref143
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref143
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref143
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref144
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref144
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref144
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref144
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref145
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref145
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref146
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref146
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref146
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref147
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref147
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref148
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref148
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref149
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref149
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref149
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref149
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref150
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref150
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref150
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref151
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref151
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref151
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref151
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref151
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref151
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref151
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref152
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref152
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref152
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref152
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref153
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref153
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref153
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref153
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref154
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref154
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref155
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref155
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref155
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref156
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref156
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref156
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref156
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref157
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref157
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref157
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref157
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref157
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref158
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref158
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref159
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref159
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref160
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref160
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref161
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref161
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref161
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref162
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref162
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref163
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref163
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref163
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref163
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref164
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref164
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref164
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref165
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref165
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref165
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref166
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref166
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref166
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref167
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref167
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref168
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref168
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref168
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref169
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref169
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref169
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref170
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref170
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref170
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref171
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref171
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref171
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref172
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref172
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref172
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref172
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref173
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref173
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref173
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref174
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref174
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref174
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref175
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref175
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref175
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref176
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref176
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref176
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref177
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref177
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref177
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref178
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref178
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref179
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref179
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref179
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref179
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref180
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref180
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref180
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref181
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref181
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref181
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref181


Bioactive Materials 49 (2025) 456–485

479

[182] B. Un, B. Cetinkaya-Un, M. Akpolat, F. Andic, Y. Yazir, The effects of human 
amnion membrane-derived mesenchymal stem cells conditioned medium on 
ionizing radiation-induced premature ovarian failure and endoplasmic reticulum 
stress-related apoptosis mechanism, Eur. J. Obstet. Gynecol. Reprod. Biol. 288 
(2023) 191–197.

[183] P. Danieli, G. Malpasso, M.C. Ciuffreda, E. Cervio, L. Calvillo, F. Copes, F. Pisano, 
M. Mura, L. Kleijn, R.A. de Boer, G. Viarengo, V. Rosti, A. Spinillo, M. Roccio, 
M. Gnecchi, Conditioned medium from human amniotic mesenchymal stromal 
cells limits infarct size and enhances angiogenesis, Stem Cells Transl Med 4 (5) 
(2015) 448–458.

[184] A. Bier, P. Berenstein, N. Kronfeld, D. Morgoulis, A. Ziv-Av, H. Goldstein, 
G. Kazimirsky, S. Cazacu, R. Meir, R. Popovtzer, A. Dori, C. Brodie, Placenta- 
derived mesenchymal stromal cells and their exosomes exert therapeutic effects in 
Duchenne muscular dystrophy, Biomaterials 174 (2018) 67–78.

[185] Y.J. Choi, W.R. Kim, D.H. Kim, J.H. Kim, J.H. Yoo, Human umbilical cord/ 
placenta mesenchymal stem cell conditioned medium attenuates intestinal 
fibrosis in vivo and in vitro, Stem Cell Res. Ther. 15 (1) (2024) 69.

[186] L. Du, R. Lv, X. Yang, S. Cheng, T. Ma, J. Xu, Hypoxic conditioned medium of 
placenta-derived mesenchymal stem cells protects against scar formation, Life Sci. 
149 (2016) 51–57.

[187] S.M. Harris, A.L. Su, J.F. Dou, R. Loch-Caruso, E.R. Elkin, S. Jaber, K.M. Bakulski, 
Placental cell conditioned media modifies hematopoietic stem cell transcriptome 
invitro, Placenta 145 (2024) 117–125.

[188] Y.Y. Go, C.M. Lee, S.W. Chae, J.J. Song, Osteogenic efficacy of human 
trophoblasts-derived conditioned medium on mesenchymal stem cells, Int. J. Mol. 
Sci. 23 (17) (2022).

[189] Q. Zhang, S. Bu, J. Sun, M. Xu, X. Yao, K. He, D. Lai, Paracrine effects of human 
amniotic epithelial cells protect against chemotherapy-induced ovarian damage, 
Stem Cell Res. Ther. 8 (1) (2017) 270.

[190] A.D. Theocharis, S.S. Skandalis, C. Gialeli, N.K. Karamanos, Extracellular matrix 
structure, Adv. Drug Deliv. Rev. 97 (2016) 4–27.

[191] A.K. Emara, H. Anis, N.S. Piuzzi, Human placental extract: the feasibility of 
translation from basic science into clinical practice, Ann. Transl. Med. 8 (5) 
(2020) 156.

[192] C. Gwam, C. Ohanele, J. Hamby, N. Chughtai, Z. Mufti, X. Ma, Human placental 
extract: a potential therapeutic in treating osteoarthritis, Ann. Transl. Med. 11 (9) 
(2019) 322.

[193] M.E. Marraccini, K.S. Gorman, Exploring placentophagy in humans: problems and 
recommendations, J. Midwifery Womens Health 60 (4) (2015) 371–379.

[194] S.M. Young, L.K. Gryder, W.B. David, Y. Teng, S. Gerstenberger, D.C. Benyshek, 
Human placenta processed for encapsulation contains modest concentrations of 
14 trace minerals and elements, Nutr. Res. 36 (8) (2016) 872–878.

[195] B. Nair, A.R. Elmore, Final report on the safety assessment of human placental 
protein, hydrolyzed human placental protein, human placental enzymes, human 
placental lipids, human umbilical extract, placental protein, hydrolyzed placental 
protein, placental enzymes, placental lipids, and umbilical extract, Int. J. Toxicol. 
21 (Suppl 1) (2002) 81–91.

[196] A.F. Philipps, I.R. Holzman, C. Teng, F.C. Battaglia, Tissue concentrations of free 
amino acids in term human placentas, Am. J. Obstet. Gynecol. 131 (8) (1978) 
881–887.

[197] M.P. Lupo, A.L. Cole, Cosmeceutical peptides, Dermatol. Ther. 20 (5) (2007) 
343–349.

[198] G. Tonello, M. Daglio, N. Zaccarelli, E. Sottofattori, M. Mazzei, A. Balbi, 
Characterization and quantitation of the active polynucleotide fraction (PDRN) 
from human placenta, a tissue repair stimulating agent, J. Pharm. Biomed. Anal. 
14 (11) (1996) 1555–1560.

[199] M. Galeano, G. Pallio, N. Irrera, F. Mannino, A. Bitto, D. Altavilla, M. Vaccaro, 
G. Squadrito, V. Arcoraci, M.R. Colonna, R. Lauro, F. Squadrito, 
Polydeoxyribonucleotide: a promising biological platform to accelerate impaired 
skin wound healing, Pharmaceuticals 14 (11) (2021).

[200] S. Jo, A. Baek, Y. Cho, S.H. Kim, D. Baek, J. Hwang, S.-R. Cho, H.J. Kim, 
Therapeutic effects of polydeoxyribonucleotide in an in vitro neuronal model of 
ischemia/reperfusion injury, Sci. Rep. 13 (1) (2023) 6004.

[201] J.M. Bowen, L. Chamley, J.A. Keelan, M.D. Mitchell, Cytokines of the placenta 
and extra-placental membranes: roles and regulation during human pregnancy 
and parturition, Placenta 23 (4) (2002) 257–273.

[202] H. Uzumaki, T. Okabe, N. Sasaki, K. Hagiwara, F. Takaku, M. Tobita, 
K. Yasukawa, S. Ito, Y. Umezawa, Identification and characterization of receptors 
for granulocyte colony-stimulating factor on human placenta and trophoblastic 
cells, Proc. Natl. Acad. Sci. U. S. A. 86 (23) (1989) 9323–9326.

[203] V. Shinde, K. Dhalwal, A. Paradkar, K. Mahadik, S. Kadam, Evaluation of in-vitro 
antioxidant activity of human placental extract, Pharmacologyonline 3 (2006).

[204] S. Togashi, N. Takahashi, M. Iwama, S. Watanabe, K. Tamagawa, T. Fukui, 
Antioxidative collagen-derived peptides in human-placenta extract, Placenta 23 
(6) (2002) 497–502.

[205] H.Y. Choi, S.W. Kim, B. Kim, H.N. Lee, S.-J. Kim, M. Song, S. Kim, J. Kim, Y. 
B. Kim, J.-H. Kim, S.-G. Cho, Alpha-fetoprotein, identified as a novel marker for 
the antioxidant effect of placental extract, exhibits synergistic antioxidant activity 
in the presence of estradiol, PLoS One 9 (6) (2014) e99421.

[206] B. Wo, C. Du, Y. Yang, H. Qi, Z. Liang, C. He, F. Yao, X. Li, Human placental 
extract regulates polarization of macrophages via IRGM/NLRP3 in allergic 
rhinitis, Biomed. Pharmacother. 160 (2023) 114363.

[207] S.Y. Park, S. Phark, M. Lee, J.Y. Lim, D. Sul, Anti-oxidative and anti-inflammatory 
activities of placental extracts in benzo[a]pyrene-exposed rats, Placenta 31 (10) 
(2010) 873–879.

[208] M. Ghoneum, M.S. El-Gerbed, Human placental extract ameliorates methotrexate- 
induced hepatotoxicity in rats via regulating antioxidative and anti-inflammatory 
responses, Cancer Chemother. Pharmacol. 88 (2021) 961–971.

[209] B.Y. Kim, H.R. Park, J.H. Shin, S.W. Kim, S.W. Kim, Human placental extract 
reduces allergic inflammation in a murine allergic rhinitis model, Laryngoscope 
124 (10) (2014) E399–E404.

[210] A. Yamauchi, A. Kamiyoshi, T. Koyama, N. Iinuma, S. Yamaguchi, H. Miyazaki, 
E. Hirano, T. Kaku, T. Shindo, Placental extract ameliorates non-alcoholic 
steatohepatitis (NASH) by exerting protective effects on endothelial cells, Heliyon 
3 (9) (2017) e00416.

[211] M. Yamagata, M. Tsuchishima, T. Saito, M. Tsutsumi, J. George, Therapeutic 
implication of human placental extract to prevent liver cirrhosis in rats with 
metabolic dysfunction-associated steatohepatitis, Clin. Sci. (Lond.) 138 (5) (2024) 
327–349.

[212] R. Parida, S. Das, T.R. Raju, T.N. Sathyaprabha, Human placental extract 
ameliorates cytokine and cytokine receptor signaling in the rat hippocampus 
upon Benzo[a]Pyrene exposure, J. Chem. Neuroanat. 98 (2019) 8–16.

[213] J. Lee, D. Kim, C.H. Jang, G.H. Kim, Highly elastic 3D-printed gelatin/HA/ 
placental-extract scaffolds for bone tissue engineering, Theranostics 12 (9) (2022) 
4051–4066.

[214] S.K. Tiwary, D. Shukla, A.K. Tripathi, S. Agrawal, M.K. Singh, V.K. Shukla, Effect 
of placental-extract gel and cream on non-healing wounds, J. Wound Care 15 (7) 
(2006) 325–328.

[215] C.H. Wu, G.Y. Chang, W.C. Chang, C.T. Hsu, R.S. Chen, Wound healing effects of 
porcine placental extracts on rats with thermal injury, Br. J. Dermatol. 148 (2) 
(2003) 236–245.

[216] J.W. Hong, W.J. Lee, S.B. Hahn, B.J. Kim, D.H. Lew, The effect of human placenta 
extract in a wound healing model, Ann. Plast. Surg. 65 (1) (2010) 96–100.

[217] A. Chandanwale, D. Langade, V. Mohod, S. Sinha, A. Ramteke, G.D. Bakhshi, 
M. Motwani, Comparative evaluation of human placental extract for its healing 
potential in surgical wounds after orthopaedic surgery: an open, randomised, 
comparative study, J. Indian Med. Assoc. 106 (6) (2008) 405–408.

[218] L. Huang, L.C. Chin, K. Kimura, Y. Nakahata, Human placental extract delays in 
vitro cellular senescence through the activation of NRF2-mediated antioxidant 
pathway, Antioxidants 11 (8) (2022).

[219] P.Y. Chang, L.C. Chin, K. Kimura, Y. Nakahata, Human placental extract activates 
a wide array of gene expressions related to skin functions, Sci. Rep. 12 (1) (2022) 
11031.

[220] M. Nagae, M. Nagata, M. Teramoto, M. Yamakawa, T. Matsuki, K. Ohnuki, 
K. Shimizu, Effect of porcine placenta extract supplement on skin condition in 
healthy adult women: a randomized, double-blind placebo-controlled study, 
Nutrients 12 (6) (2020).

[221] C. Yoshikawa, K. Koike, F. Takano, K. Sugiur, N. Suzuki, Efficacy of porcine 
placental extract on wrinkle widths below the eye in climacteric women, 
Climacteric 17 (4) (2014) 370–376.

[222] T.R. Kwon, C.T. Oh, E.J. Choi, H.M. Park, H.J. Han, H.J. Ji, B.J. Kim, Human 
placental extract exerts hair growth-promoting effects through the GSK-3β 
signaling pathway in human dermal papilla cells, Int. J. Mol. Med. 36 (4) (2015) 
1088–1096.

[223] M.H. Kong, E.J. Lee, S.Y. Lee, S.J. Cho, Y.S. Hong, S.B. Park, Effect of human 
placental extract on menopausal symptoms, fatigue, and risk factors for 
cardiovascular disease in middle-aged Korean women, Menopause 15 (2) (2008) 
296–303.

[224] J.Y. Lee, C. Lee, S.H. Yoon, H. Choi, Effect of porcine placental extract on 
menopausal symptoms in postmenopausal women: a prospective, randomized, 
double-blind, placebo-controlled trial, Taiwan. J. Obstet. Gynecol. 59 (5) (2020) 
675–681.

[225] Y. Mao, N. John, N.M. Protzman, A. Kuehn, D. Long, R. Sivalenka, R.A. Junka, 
A. Gosiewska, R.J. Hariri, S.A. Brigido, A decellularized flowable placental 
connective tissue matrix supports cellular functions of human tenocytes in vitro, 
Journal of experimental orthopaedics 9 (1) (2022) 69.

[226] Y. Mao, N.M. Protzman, N. John, A. Kuehn, D. Long, R. Sivalenka, R.A. Junka, A. 
U. Shah, A. Gosiewska, R.J. Hariri, S.A. Brigido, An in vitro comparison of human 
corneal epithelial cell activity and inflammatory response on differently designed 
ocular amniotic membranes and a clinical case study, J. Biomed. Mater. Res. B 
Appl. Biomater. 111 (3) (2023) 684–700.

[227] X. Zhang, X. Chen, H. Hong, R. Hu, J. Liu, C. Liu, Decellularized extracellular 
matrix scaffolds: recent trends and emerging strategies in tissue engineering, 
Bioact. Mater. 10 (2022) 15–31.

[228] Y. Jiang, S.J. Sun, Z. Zhen, R. Wei, N. Zhang, S.Y. Liao, H.F. Tse, Myocardial 
repair of bioengineered cardiac patches with decellularized placental scaffold and 
human-induced pluripotent stem cells in a rat model of myocardial infarction, 
Stem Cell Res. Ther. 12 (1) (2021) 13.

[229] R.A. Hopper, K. Woodhouse, J.L. Semple, Acellularization of human placenta with 
preservation of the basement membrane: a potential matrix for tissue 
engineering, Ann. Plast. Surg. 51 (6) (2003) 598–602.

[230] C.P. Chen, J.D. Aplin, Placental extracellular matrix: gene expression, deposition 
by placental fibroblasts and the effect of oxygen, Placenta 24 (4) (2003) 316–325.

[231] J.J. Lim, T.J. Koob, Placental Cells and Tissues: the Transformative Rise in 
Advanced Wound Care, Worldwide Wound Healing-Innovation in Natural and 
Conventional Methods, InTech, Rijeka, Croatia, 2016, pp. 121–151.

[232] J.S. Choi, J.D. Kim, H.S. Yoon, Y.W. Cho, Full-thickness skin wound healing using 
human placenta-derived extracellular matrix containing bioactive molecules, 
Tissue engineering, Part. Accel. 19 (3–4) (2013) 329–339.

[233] K.H. Schneider, M. Enayati, C. Grasl, I. Walter, L. Budinsky, G. Zebic, C. Kaun, 
A. Wagner, K. Kratochwill, H. Redl, A.H. Teuschl, B.K. Podesser, H. Bergmeister, 

S. Moghassemi et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S2452-199X(25)00113-6/sref182
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref182
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref182
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref182
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref182
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref183
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref183
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref183
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref183
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref183
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref184
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref184
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref184
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref184
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref185
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref185
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref185
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref186
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref186
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref186
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref187
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref187
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref187
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref188
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref188
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref188
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref189
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref189
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref189
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref190
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref190
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref191
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref191
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref191
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref192
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref192
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref192
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref193
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref193
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref194
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref194
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref194
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref195
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref195
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref195
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref195
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref195
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref196
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref196
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref196
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref197
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref197
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref198
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref198
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref198
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref198
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref199
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref199
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref199
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref199
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref200
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref200
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref200
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref201
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref201
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref201
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref202
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref202
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref202
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref202
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref203
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref203
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref204
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref204
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref204
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref205
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref205
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref205
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref205
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref206
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref206
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref206
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref207
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref207
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref207
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref208
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref208
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref208
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref209
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref209
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref209
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref210
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref210
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref210
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref210
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref211
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref211
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref211
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref211
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref212
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref212
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref212
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref213
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref213
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref213
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref214
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref214
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref214
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref215
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref215
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref215
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref216
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref216
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref217
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref217
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref217
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref217
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref218
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref218
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref218
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref219
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref219
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref219
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref220
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref220
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref220
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref220
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref221
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref221
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref221
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref222
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref222
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref222
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref222
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref223
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref223
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref223
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref223
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref224
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref224
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref224
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref224
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref225
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref225
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref225
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref225
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref226
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref226
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref226
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref226
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref226
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref227
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref227
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref227
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref228
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref228
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref228
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref228
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref229
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref229
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref229
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref230
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref230
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref231
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref231
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref231
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref232
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref232
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref232
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref233
http://refhub.elsevier.com/S2452-199X(25)00113-6/sref233


Bioactive Materials 49 (2025) 456–485

480

Acellular vascular matrix grafts from human placenta chorion: impact of ECM 
preservation on graft characteristics, protein composition and in vivo 
performance, Biomaterials 177 (2018) 14–26.

[234] K.H. Schneider, P. Aigner, W. Holnthoner, X. Monforte, S. Nürnberger, 
D. Rünzler, H. Redl, A.H. Teuschl, Decellularized human placenta chorion matrix 
as a favorable source of small-diameter vascular grafts, Acta Biomater. 29 (2016) 
125–134.

[235] R. Sajed, A.H. Zarnani, Z. Madjd, S. Arefi, M.R. Bolouri, S. Vafaei, 
A. Samadikuchaksaraei, M. Gholipourmalekabadi, N. Haghighipour, R. Ghods, 
Introduction of an efficient method for placenta decellularization with high 
potential to preserve ultrastructure and support cell attachment, Artif. Organs 46 
(3) (2022) 375–386.
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