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Abstract This study aimed to evaluate the efficacy 
of cryopreserved amniotic membrane (AM) grafts in 
chronic wound healing, including the mean percent-
age of wound closure per one AM application, and 
to determine whether the healing efficiency differs 
between AM grafts obtained from different placen-
tas. A retrospective study analyzing inter-placental 
differences in healing capacity and mean wound clo-
sure after the application of 96 AM grafts prepared 
from nine placentas. Only the placentas from which 

the AM grafts were applied to patients suffering from 
long-lasting non-healing wounds successfully healed 
by AM treatment were included. The data from the 
rapidly progressing wound-closure phase (p-phase) 
were analyzed. The mean efficiency for each placenta, 
expressed as an average of wound area reduction (%) 
seven days after the AM application (baseline, 100%), 
was calculated from at least 10 applications. No statis-
tical difference between the nine placentas’ efficiency 
was found in the progressive phase of wound healing. 
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The 7-day average wound reduction in particular pla-
centas varied from 5.70 to 20.99% (median from 1.07 
to 17.75) of the baseline. The mean percentage of 
wound surface reduction of all analyzed defects one 
week after the application of cryopreserved AM graft 
was 12.17 ± 20.12% (average ± SD). No significant 
difference in healing capacity was observed between 
the nine placentas. The data suggest that if there are 
intra- and inter-placental differences in AM sheets’ 
healing efficacy, they are overridden by the actual 
health status of the subject or even the status of its 
individual wounds.

Keywords Placenta · Amniotic membrane · Wound 
healing efficiency

Introduction

For years, the human amniotic membrane (AM) has 
become widely used as a bioactive dressing or the 
basic substrate for producing broadly distributed 
derivatives with beneficial healing properties (Fene-
lon et  al. 2021; Nejad et  al. 2021; Elkhenany et  al. 
2022). While AM transplantation was primarily 
adopted in ophthalmology for the reconstruction of 
the ocular surface (corneal ulcers, persistent epithelial 
defects, limbal stem cell deficiency, ocular neopla-
sia, pterygium), and for ocular surface wound heal-
ing (e.g., for chemical and thermal injuries, dry eye 
disease, recurrent corneal erosions or cicatrizing con-
junctivitis such are Steven’s Johnson syndrome, toxic 
epidermal necrolysis, pemphigoid or graft versus host 
disease) (Tsubota et al. 1996; Fuchsluger et al. 2005; 
Meller et  al. 2011; Tabatabaei et  al. 2017; Walkden 
2020). Later its application has been extended to the 
problem of healing wounds other than that of the eye, 
and its use has been developing strongly over the 
last few decades (DiDomenico et  al. 2016; Johnson 
et  al. 2021). The primary material for AM acquisi-
tion, the placenta, is readily available and relatively 
abundant compared to other transplants (Jirsova and 
Jones 2017). AM’s anti-inflammatory, anti-fibrotic, 
anti-microbial, neurotrophic, analgesic, anti-, and 
pro-angiogenic properties, along with the epitheliza-
tion promotion, make it an ideal material for treating 
a wide variety of wounds (Wassmer and Berishvili 
2020; Elkhenany et  al. 2022). The rationale behind 
most of the mentioned effects has been characterized 

(Baradaran-Rafii et  al. 2013), although the pres-
ence of substances, which can be responsible for the 
direct analgesic effect of AM, has only recently been 
suggested (Svobodova et  al. 2023). The AM immu-
nogenicity is very low; thus, the risk of rejection or 
incompatibility complication is practically non-exist-
ent (Adinolfi et al. 1982; Hori et al. 2006).

The efficiency of AM is assigned to the presence 
of extracellular matrix proteins, a variety of growth 
factors, and cytokines, the production of which can 
direct adhesion, migration, proliferation, and differen-
tiation of epithelial and stromal cells, as well as the 
stem and progenitor cells of epithelial and mesenchy-
mal origin (Koizumi et al. 2000a, b; Bomfim Pereira 
et al. 2016; Wassmer and Berishvili 2020; Ruiz-Can-
ada et al. 2021).

However, this also suggests that the properties of 
the AM prepared for transplantation will be depend-
ent on many factors that can influence the produc-
tion, concentration, and activity preservation of these 
substances in the AM. AM quality can be influenced 
by factors related to the donor/placenta-specific 
variations (Hopkinson et  al. 2006a, b; Krabcova 
et al. 2014; Deihim et al. 2016) and by the handling 
dependent/induced factors (Allen et  al. 2013; Pao-
lin et al. 2016). The formers are responsible for both 
donor-dependent (inter-placental) variations (Hopkin-
son et al. 2006a, b; Krabcova et al. 2014) and intra-
placental sub-region variations of AM composition 
(Deihim et  al. 2016; Litwiniuk et  al. 2018; Moraes 
et  al. 2021). They can be influenced by the donor’s 
overall physiological status, genetic predisposition, 
the presence of pathology, or even by the week of 
pregnancy at which the placenta was retrieved (Skin-
ner et al. 1981; Tossetta et al. 2014).

Studies evaluating the effect of intra- or inter-pla-
cental variations are relatively scarce. The evaluation 
of the properties of placental subregions was docu-
mented in several studies, describing the sub-regional 
differences from different aspects: the presence of 
stem cell markers (Lemke et  al. 2017; Centurione 
et  al. 2018; Garcia-Lopez et  al. 2019), proliferation 
and differentiation capacity (Germain et  al. 1992; 
Curtis et  al. 1997; Farrugia et  al. 2000; Han et  al. 
2008; Kim et  al. 2011; Centurione et  al. 2018), fac-
tors influencing wound healing and angiogenesis 
(Han et al. 2008; Gicquel et al. 2009; Lee et al. 2010; 
Banerjee et al. 2018; Litwiniuk et al. 2018) and other 
factors.
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It was suggested that AM from placental and 
reflected sub-regions might have different potentials 
for tissue regeneration due to the different mito-
chondrial activity, which may be, in turn, crucial for 
clinical applications (Banerjee et al. 2015). Similarly, 
the study based on the evaluation of TGFβs (1,2,3) 
presence discovered significant differences in their 
concentration among individual donors proposing 
a potential modification of the healing effect based 
on the donor individuality (Hopkinson et  al. 2006a, 
b; Han et  al. 2008). Another study evaluated the 
placenta quality dependent on the pregnancy week 
retrieval (Skinner et  al. 1981). Contrary, no signifi-
cant difference in pluripotency markers concentration 
was found between the placental and reflected amnion 
(Garcia-Lopez et  al. 2019), suggesting the homoge-
neous distribution of the pluripotency transcription 
factors, making all regions of AM equal in the regen-
erative processes effect. For an excellent review ana-
lyzing the data concerning the AM sub-regional dif-
ferences, see Weidinger et al. (2020).

The studies evaluating the AM properties varia-
tions due to tissue processing are much more abun-
dant as these parameters can be much better con-
trolled. Tissue processing encapsulates the procedures 
employed through the AM graft preparation chain, 
from placenta retrieval, decontamination, AM prepa-
ration, and storage and treatment until the moment of 
transplantation (Aykut et al. 2015; Jirsova and Jones 
2017). As the influence of these factors can be rather 
straightforwardly and rigorously evaluated, numerous 
studies were devoted to elucidating the effect of AM 
decontamination/sterilization procedure (Singh et  al. 
2006; Smeringaiova et  al. 2017), graft structure and 
cellular viability and content modification (intact, or 
denuded AM) (Koizumi et  al. 2000a, b; Hopkinson 
et al. 2006a, b; Duan-Arnold et al. 2015), the type of 
preparation and storage (freezing, air-drying, lyophi-
lization) (Dhall et al. 2018; Memmi et al. 2022).

Finally, the effect of these factors on the effective-
ness of the AM application is always additionally 
modulated by the individuality of the treated sub-
ject, i.e., by its physiological/pathological conditions, 
including its sensibility to the AM treatment at the 
moment of the AM application.

The closure kinetics of chronic wounds usually 
progresses in two phases; the first is characterized 
by relatively rapid progress and lasts for the first 5 to 
20 weeks of healing with a closure level of more than 

50%. The following phase of healing is characterized 
by a slower progression of wound closure with a less 
steep curve (Herbin et al. 1993; Venault et al. 2019; 
Becerra-Bayona et al. 2020). Herein, these two stadia 
are described as progressive (p-phase) and terminal 
(e-phase) (Svobodova et al. 2022).

In standard AM preparation for clinical use, sev-
eral tens of AM sheets are typically prepared from 
one placenta without keeping exact track of the sub-
region origin, except when the targeted region is very 
specific, e.g., the umbilical part (Cognard et al. 2022). 
Thus, the intra-placental variations are mostly impos-
sible to survey in clinical applications. However, the 
track of AMs obtained from individual placentas is 
rigorous, as required by legislation, and therefore, 
should the inter-placental differences in AM healing 
features be prevailing the other factors, they could be 
potentially detectable by evaluating its healing effect, 
e.g., by assessing the wound closure rate (DiDomen-
ico et  al. 2016; Valiente et  al. 2018; Johnson et  al. 
2021).

In this study, we evaluated the effect of the cryo-
preserved AMs retrieved from different donors on the 
efficiency of wound healing (wound closure), intend-
ing to understand whether the inter-placental varia-
tions could be dominant in wound healing progress or 
if they are suppressed by the processing/application 
chain and the individual patient status at the moment 
of application.

Materials and methods

The study followed the Ethics Committee’s standards 
of three participating institutions (1st Medical Faculty 
of Charles University, General Teaching Hospital, 
University Hospital Motol, and Na Homolce Hospi-
tal, all in Prague) and adhered to the tenets set out in 
the Declaration of Helsinki.

AM grafts preparation

After obtaining informed consent from placenta 
donors, the placenta and blood for serological exami-
nation were retrieved. All donors were negative 
for hepatitis B and C, syphilis, and HIV, C-reactive 
protein was <  20  mg/l). The serology was repeated 
after 6  months. The AM grafts were prepared as 
described earlier (Svobodova et  al. 2022). Shortly, 
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all placentas were obtained by elective cesarean 
section between 38 to 39 (from 38 weeks + 1 day to 
39  weeks + 4  days) gestational week in the Motol 
University Hospital, Prague, from donors with no 
serious systemic or genetic diseases. Before further 
processing, placentas were visually inspected for 
injuries and visible pathologies. Then the tissue (pla-
centa/AM) was decontaminated at room temperature 
using BASE•128 (Alchimia, Ponte San Nicolò, Italy) 
for 24  h (± 2  h) at 37  °C. AM sheets were rinsed, 
stretched on Sanatyl support (Tylex, Letovice, Czech 
Republic), and cut into desired-sized patches (varying 
from 2 × 2  cm up to 7 × 11  cm). Finally, AM pieces 
were placed into Dulbecco’s Modified Eagle Medium 
(Gibco™ DMEM 32,430,027, Thermo Fisher Sci-
entific) in 50% glycerol (Dr. Kulich Pharma, Czech 
Republic) and stored at −  80  °C. After six months, 
tissues with negative microbiology and serology test 
results were released for grafting.

Patients

The presented study enrolled 16 patients suffer-
ing from chronic nonhealing wounds (lasting more 
than 6  weeks before AM application, range 6 to 
1408  weeks, average 139  weeks). Twelve wounds 
were venous, one arterial, one diabetic origin, one 
wound was linked to fasciotomy, and one to physi-
cal trauma. The inclusion and exclusion criteria have 
been described previously (Svobodova et  al. 2022), 
shortly, the inclusion criteria were: age ≥ 18 years, the 
presence of resistant NHW with a duration of more 
than 6 weeks, and wound extending through the entire 
thickness of the skin. Exclusion criteria were: tendon 
or bone exposure in the wound, allergy to antibiotics 
used for AM decontamination, transcutaneous oxime-
try value below 30 mmHg for patients with diabetes 
mellitus, known history of AIDS or HIV, ankle-bra-
chial index (ABI) < 0.5, for all patients except those 
with diabetes mellitus, suspicious for cancer or his-
tory of radiation at the wound site, severe (uncon-
trolled) systemic disease, or planned surgical inter-
vention in the next six months.

The average age of the patients was 66.8  years 
(33 to 82), with 4 females and 12 males. Altogether, 
22 defects (D) were followed. Before starting the 
treatment using AM, the wound size varied between 
0.99 and 50.51   cm2, averaging 12.88 ± 14.54   cm2. 
The wound resistance to treatments before the AM 

application spanned from 6 to 1408 weeks, averag-
ing 12.88 weeks. The complete healing lasted from 
5 to 105 weeks, averaging 31.14 weeks.

Input data selection and measurement

The efficiency of AM grafts obtained from 9 pla-
centas was analyzed. The mean age of placenta 
donors was 34 years (26–38). AM sheets from each 
placenta were distributed to at least three patients, 
and at least ten AM sheets from individual pla-
centas had to be used to include the placenta in 
the evaluation. All patients (16 in total) reached 
complete healing. The data from the p-phase only 
were evaluated (for the p-phase description, see 
the introduction and discussion section), which in 
most cases represents the first 10 to 20  weeks of 
the treatment. The efficiency score was evaluated 
as the relative wound closure; the wound size on 
the day of AM application was used as the baseline 
(100%), and the percentage of wound area change 
7 days after the AM application was evaluated. The 
size of the wound was assessed as described previ-
ously (Svobodova et  al. 2022). Briefly, the wound 
was photo-documented with a scale in the proxim-
ity of the wound. The wound size was determined 
by manually tracing the wound border on calibrated 
images with an automatic determination of the area 
using NIS-Elements software (Laboratory Imaging, 
The Czech Republic). The mean efficiency for each 
placenta, expressed as an average of wound area 
reduction (in %), was calculated from at least 10 
applications.

Statistical analysis

First, the data sets for individual placentas were 
checked for the normality by Saphiro-Wilk’s test. 
The results showed that not all sets were of normal 
distribution, so the Kruskal–Wallis test was applied 
to check if a statistically significant difference could 
be detected. Finally, Dunn’s test for performing 
multiple pairwise-comparison between the means of 
individual placentas was used. All the evaluations 
were performed using the R and RStudio package 
(RStudio 2020).
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Results

The results represent the analysis of AM efficiency 
on non-healing wound treatment over 5  years 
(2017–2022). The treatment of the “non-healing” 
wounds using AMs included in the study led to a 
complete wound closure at the end of the treatment. 
For the evaluation of the AM efficiency, only the 
p-phase of the healing progress was used (for details, 
see the Discussion section). Our evaluation of the AM 
efficiency shows that the 7-day average wound closure 
(% of wound surface) in the p-phase of healing after 
the application of cryopreserved AMs varied from 5.7 
to 20.99% (medians from 1.07 to 17.75). The values 
for individual placentas are summarized in Table  1, 
and statistics are visualized in Fig.  1. These results 
suggest that the average wound closure rate when 
using cryopreserved AM for non-healing wounds is 
12.17 ± 20.12% (average ± standard deviation) of the 
wound surface 7 days after AM application.

The records for individual defects treated by each 
placenta evaluated in this study are summarized in 
Table  2. The negative values represent a temporary 
worsening of the wound against the baseline. While 
the spread of the values measured after AM appli-
cation was rather important for individual placentas 
(e.g., for placenta 4 ranging from − 38.20 to 72.73% 
of wound area closure one week after application, see 
Table 2), resulting in high values of standard devia-
tions, the values of both mean and median were rela-
tively coherent, ranging from 5.70 to 20.99 and 1.07 
to 17.75 respectively.

The results of Saphiro-Wilk’s test revealed dis-
persed values for the normality of individual sets. 
Therefore, Levene’s test was performed to decide 
whether parametric analysis (ANOVA) could be 
used. The resulting p-value of 0.008 indicated the 
data’s non-normal character; thus, the Kruskal–Wal-
lis test was applied. Its result showed no statistically 
significant difference (p = 0.492) between individual 
placentas. Therefore, it is legitimate to conclude that, 
in general, there is no important difference in the effi-
cacy of AMs originating from different placentas on 
wound healing.

Discussion

In this study, we aimed to determine whether some 
significant differences in the healing efficiency of AM 
applied to non-healing wounds can be traced between 
AM sheets prepared from different placentas and to 
establish mean wound closure. As mentioned in the 
introduction, the existing studies are somewhat con-
troversial concerning the inter- and intra-placental 
variation in the presence/concentration of wound 
healing factors (Avila-Gonzalez et al. 2015; Centuri-
one et al. 2018). However, if such differences can be 
detected in the AM clinical applications for wound 
healing, it would help to orient more targeted stud-
ies on how to evaluate the placentas healing potential 

Table 1  The average healing efficiency of the placentas is 
expressed as wound area reduction in % seven days after AM 
application

Average ± SD Median Saphiro-Wilk 
test p value

Placenta 1 13.67 ± 12.98 17.75 0.19
Placenta 2 5.70 ± 14.47 1.07 0.18
Placenta 3 10.13 ± 8.66 10.24 0.63
Placenta 4 6.83 ± 32.75 12.29 0.60
Placenta 5 12.13 ± 17.65 9.65 0.77
Placenta 6 7.26 ± 29.11 7.02 0.33
Placenta 7 13.46 ± 14.13 11.87 0.33
Placenta 8 18.06 ± 13.07 12.87 0.01
Placenta 9 20.99 ± 17.19 16.21 0.50

Fig. 1  A statistical representation of the efficiencies of AMs 
originating from different placentas
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Table 2  Effects of applications of AMs from selected placentas on individual defects seven days after application time

P designates the subject number, D is the defect number of the given subject

Placenta 1 Placenta 2 Placenta 3

Change (%) Defect Application date Change (%) Defect Application date Change (%) Defect Application date

30.00 P1-D1 2017–10-05 − 1.32 P4-D1 2019–02-26 17.36 P6-D1 2018–07-31
14.01 P2-D1 2018–06-26 − 12.14 P4-D2 2019–02-26 11.38 P6-D1 2018–08-07
− 6.44 P3-D2 2018–07-10 − 6.25 P5-D1 2019–01-15 12.08 P2-D1 2018–07-10
30.00 P1-D1 2017–10-23 9.70 P6-D4 2019–01-02 29.23 P3-D2 2018–07-17
20.00 P1-D1 2017–10-28 − 1.25 P6-D4 2019–01-15 3.76 P3-D1 2018–07-17
20.00 P1-D1 2017–11-01 − 4.29 P5-D1 2019–01-02 11.80 P3-D1 2018–07-03
19.66 P3-D2 2018–07-24 39.66 P4-D2 2019–04-02 −4.72 P3-D2 2018–07-03
15.85 P3-D1 2018–08-07 21.71 P7-D1 2019–04-24 8.99 P5-D1 2018–09-11
2.24 P3-D2 2018–08-07 3.39 P8-D1 2019–04-24 9.09 P3-D2 2018–09-04
-8.60 P2-D1 2018–07-03 7.81 P8-D1 2019–04-17 2.30 P3-D1 2018–09-04

Placenta 4 Placenta 5 Placenta 6

Change (%) Defect Application date Change (%) Defect Application date Change (%) Defect Application date

− 34.62 P5-D2 2018-10-16 8.73 P6-D4 2018-11-27 − 18.52 P8-D1 2019-04-10
− 8.48 P5-D1 2018-10-16 18.47 P5-D1 2018-12-11 − 13.60 P9-D1 2019-07-02
− 29.47 P5-D2 2018-10-02 4.07 P6-D4 2018-11-06 3.29 P9-D1 2019-07-09
− 38.20 P3-D1 2018-10-02 −2.45 P4-D1 2019-02-12 − 44.52 P9-D1 2019-06-11
19.37 P5-D2 2018-09-18 10.57 P6-D4 2018-11-13 − 0.90 P9-D1 2019-04-09
5.22 P3-D1 2018-10-16 −15.56 P5-D1 2018-11-13 7.02 P9-D1 2019-04-30
38.57 P6-D1 2018-09-25 42.25 P3-D1 2018-11-20 15.52 P8-D1 2019-04-30
19.77 P4-D1 2019-03-05 −5.17 P6-D4 2018-11-20 26.28 P7-D1 2019-04-30
21.66 P4-D2 2019-03-05 39.07 P5-D2 2018-10-30 14.04 P8-D1 2019-05-02
− 21.27 P5-D1 2018-10-02 21.34 P5-D1 2018-10-30 77.55 P8-D1 2019-05-07
36.66 P6-D1 2018-10-09 13.71 P4-D1 2019-06-25
72.73 P6-D2 2018-10-09

Placenta 7 Placenta 8 Placenta 9

Change (%) Defect Application date Change (%) Defect Application date Change (%) Defect Application date

10.21 P10-D1 2021-03-01 5.51 P14-D1 2022-03-15 16.28 P16-D1 2022-02-22
21.88 P11-D1 2021-03-22 36.50 P15-D1 2019-09-10 32.64 P16-D2 2022-02-22
14.41 P12-D1 2020-08-04 16.47 P14-D1 2022-03-01 4.38 P13-D1 2021-12-21
4.35 P11-D1 2021-04-12 9.66 P14-D1 2022-01-25 −8.61 P13-D1 2022-01-10
50.55 P12-D1 2020-10-27 5.89 P9-D1 2019-08-13 40.25 P16-D2 2022-02-15
23.55 P12-D1 2020-08-11 5.87 P4-D1 2019-07-23 0.67 P13-D1 2022-02-14
− 10.34 P11-D1 2021-03-17 12.87 P15-D1 2019-07-24 14.08 P13-D2 2021-12-13
24.06 P10-D1 2021-03-17 20.93 P15-D1 2019-07-29 11.99 P14-D1 2022-05-31
4.90 P11-D1 2021-03-01 7.31 P15-D1 2019-08-27 38.93 P16-D1 2022-02-01
− 4.11 P11-D1 2021-02-12 38.17 P9-D1 2019-08-27 37.73 P16-D2 2022-02-08
13.54 P10-D1 2021-04-12 39.44 P15-D1 2019-09-25 47.42 P16-D2 2022-01-03
19.15 P10-D1 2021-02-08 16.14 P14-D1 2022-05-17
9.64 P10-D1 2021-04-19
6.67 P13-D1 2022-02-28
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(both in inter-placental and intra-placental respect) 
and perhaps avoid the use of less efficient placentas 
for their application, which could spare an important 
amount of preparative time and shorten the healing 
period.

Herein, we defined the placenta inclusion param-
eters at three different levels. First, the patient’s posi-
tive reactive response to the AM application heal-
ing procedure was critical. Therefore, only patients 
with good healing progress and complete final heal-
ing were included. Second, only the first progressive 
phase of healing was included in the evaluation. As 
we reported previously, the healing progress of well-
reacting patients in our clinical study could be fitted 
with asymptotic function (Svobodova et  al. 2022). 
This is characterized by rather rapid progress in the 
initial phases, which is then progressively slowed 
down in the final healing period when the last few 
percent of the closure generally heal much slower 
than at the healing onset (Becerra-Bayona et  al. 
2020).

Moreover, the inaccuracies in the wound size 
determination increase with the smaller wound size 
and with the absolute differences in the wound size 
between the measurements. Therefore, our interest 
was to utilize the period when the wound size and its 
changes were the most important, typically in the first 
10–20  weeks of healing. Furthermore, the patients 
with multiple wounds were preferred as this would 
allow us to, at least partly, evaluate the subject/defect 
status factor.

The rate of wound healing (% of wound closure 
per week) in the p-phase of our patients is consist-
ent with the regularly observed one (Bull et al. 2022). 
Our results suggest that more than individual placen-
tas’ properties, patients’ physiological status predom-
inantly influences the wound closure progress. We 
suppose that important variation of obtained values 
found almost for each placenta (with one exception—
Pl8) reflects the patient’s or wound’s immediate phys-
iological/pathological condition. This is supported 
by the observation that the average healing efficiency 
of all 9 analyzed placentas did not statistically differ. 
However, it is necessary to consider the limitations of 
this study, such as the small number of placentas (9) 
and the variability in patients’ parameters and their 
wounds.

The results show that although the average values 
of placenta efficiency may differ quite notably (more 

than double the value between Pl1 and Pl6), the 
analysis does not confirm the statistical significance. 
We have also observed case-by-case differences in 
reaction to the AM application. In some cases, we 
recorded different responses of two wounds of the 
same subject being treated by the AM from the same 
placenta. E.g., when treated with AMs from placenta 
1 (Pl1), the reaction of the defects P3-D1 and P3-D2, 
which are the two defects of the same subject, was 
quite different even though they were treated on the 
same visit day (2018-08-07), closure 15.85 vs. 2.24%, 
respectively. A similar situation could be observed 
for the P5-D1 and P5-D2 (again two defects of the 
same patient) wherein two weeks, the defect P5-D1 
changed its reaction from positive 21.34% (2018-10-
30) to negative − 15.56% (2018-11-13) when treated 
by AMs from placenta 5 (Pl5). At the same time, the 
reaction of P5-D2 was twice as important as that of 
P5-D1 on the same application date (2018-10-30, 
39.07% vs. 21.34%, respectively). Another example 
of reaction variation on the AM application can be 
detected for the defect P9-D1, which had a very dif-
ferent response on the AMs from placenta 6 in two 
months (2019-04-30 vs. 2019-06-11). All the data 
suggest that if there are intra- and inter-placental dif-
ferences, they are overridden mainly by the actual 
health status of the subject or even the status of its 
individual wounds (due to the microbial, blood circu-
lation, or other possible conditions, which may affect 
the healing process).

Acknowledgements This work was supported by the NV18-
08-00106 grant from the Ministry of Health of the Czech 
Republic and by the Ministry of Education, Youth and Sports 
(BBMRI_CZ LM2018125). Institutional support (Charles 
University, Prague) was provided by the program Cooperatio: 
Medical Diagnostics and Basic Medical Sciences. The authors 
thank Mr. Lukas Balogh (Laboratory of the Biology and 
Pathology of the Eye, Institute of Biology and Medical Genet-
ics) for his excellent technical assistance with data preparation.

Author contributions All authors contributed to the study’s 
conception and design. Material preparation, data collection, 
and analysis were performed by VH, AS, JVC, RF, MZ, KJ. 
Statistical analysis was performed by JB. The first draft of the 
manuscript was written by VH, JB, and KJ; all authors com-
mented on previous versions of the manuscript. All authors 
read and approved the final manuscript.

Funding Open access publishing supported by the National 
Technical Library in Prague.

Declarations 



786 Cell Tissue Bank (2023) 24:779–788

1 3
Vol:. (1234567890)

Conflict of interest The authors declare no conflict of inter-
est.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adinolfi M, Akle CA, McColl I, Fensom AH, Tansley L, 
Connolly P, Hsi BL, Faulk WP, Travers P, Bodmer WF 
(1982) Expression of HLA antigens, beta 2-microglobulin 
and enzymes by human amniotic epithelial cells. Nature 
295(5847):325–327. https:// doi. org/ 10. 1038/ 29532 5a0

Allen CL, Clare G, Stewart EA, Branch MJ, McIntosh OD, 
Dadhwal M, Dua HS, Hopkinson A (2013) Augmented 
dried versus cryopreserved amniotic membrane as an ocu-
lar surface dressing. PLoS ONE 8(10):e78441. https:// doi. 
org/ 10. 1371/ journ al. pone. 00784 41

Avila-Gonzalez D, Vega-Hernandez E, Regalado-Hernandez 
JC, De la Jara-Diaz JF, Garcia-Castro IL, Molina-Hernan-
dez A, Moreno-Verduzco ER, Razo-Aguilera G, Flores-
Herrera H, Portillo W, Diaz-Martinez NE, Garcia-Lopez 
G, Diaz NF (2015) Human amniotic epithelial cells as 
feeder layer to derive and maintain human embryonic 
stem cells from poor-quality embryos. Stem Cell Res 
15(2):322–324. https:// doi. org/ 10. 1016/j. scr. 2015. 07. 006

Aykut V, Celik U, Celik B (2015) The destructive effects of 
antibiotics on the amniotic membrane ultrastructure. 
Int Ophthalmol 35(3):381–385. https:// doi. org/ 10. 1007/ 
s10792- 014- 9959-z

Banerjee A, Weidinger A, Hofer M, Steinborn R, Lindenmair 
A, Hennerbichler-Lugscheider S, Eibl J, Redl H, Kozlov 
AV, Wolbank S (2015) Different metabolic activity in pla-
cental and reflected regions of the human amniotic mem-
brane. Placenta 36(11):1329–1332. https:// doi. org/ 10. 
1016/j. place nta. 2015. 08. 015

Banerjee A, Lindenmair A, Steinborn R, Dumitrescu SD, Hen-
nerbichler S, Kozlov AV, Redl H, Wolbank S, Weidinger 
A (2018) Oxygen tension strongly influences metabolic 
parameters and the release of interleukin-6 of human 
amniotic mesenchymal stromal cells in vitro. Stem Cells 
Int 2018:9502451. https:// doi. org/ 10. 1155/ 2018/ 95024 51

Baradaran-Rafii A, Eslani M, Djalillian AR (2013) Complica-
tions of keratolimbal allograft surgery. Cornea 32(5):561–
566. https:// doi. org/ 10. 1097/ ICO. 0b013 e3182 6215eb

Becerra-Bayona SM, Solarte-David VA, Sossa CL, Mateus 
LC, Villamil M, Pereira J, Arango-Rodriguez ML (2020) 

Mesenchymal stem cells derivatives as a novel and poten-
tial therapeutic approach to treat diabetic foot ulcers. 
Endocrinol Diabetes Metab Case Rep. https:// doi. org/ 10. 
1530/ EDM- 19- 0164

Bomfim Pereira MG, Pereira Gomes JA, Rizzo LV, Cristovam 
PC, Silveira LC (2016) Cytokine dosage in fresh and pre-
served human amniotic membrane. Cornea 35(1):89–94. 
https:// doi. org/ 10. 1097/ ICO. 00000 00000 000673

Bull RH, Staines KL, Collarte AJ, Bain DS, Ivins NM, Hard-
ing KG (2022) Measuring progress to healing: a challenge 
and an opportunity. Int Wound J 19(4):734–740. https:// 
doi. org/ 10. 1111/ iwj. 13669

Centurione L, Passaretta F, Centurione MA, Munari S, Vertua 
E, Silini A, Liberati M, Parolini O, Di Pietro R (2018) 
Mapping of the human placenta: experimental evidence 
of amniotic epithelial cell heterogeneity. Cell Transpl 
27(1):12–22. https:// doi. org/ 10. 1177/ 09636 89717 725078

Cognard S, Barnouin L, Bosc J, Gindraux F, Robin MC, Douet 
JY, Thuret G (2022) New devitalized freeze-dried human 
umbilical cord amniotic membrane as an innovative treat-
ment of ocular surface defects: preclinical results. J Funct 
Biomater. https:// doi. org/ 10. 3390/ jfb13 030150

Curtis NE, Ho PW, King RG, Farrugia W, Moses EK, Gillespie 
MT, Moseley JM, Rice GE, Wlodek ME (1997) The 
expression of parathyroid hormone-related protein mRNA 
and immunoreactive protein in human amnion and chorio-
decidua is increased at term compared with preterm ges-
tation. J Endocrinol 154(1):103–112. https:// doi. org/ 10. 
1677/ joe.0. 15401 03

Deihim T, Yazdanpanah G, Niknejad H (2016) Different light 
transmittance of placental and reflected regions of human 
amniotic membrane that could be crucial for corneal tis-
sue engineering. Cornea 35(7):997–1003. https:// doi. org/ 
10. 1097/ ICO. 00000 00000 000867

Dhall S, Sathyamoorthy M, Kuang JQ, Hoffman T, Moorman 
M, Lerch A, Jacob V, Sinclair SM, Danilkovitch A (2018) 
Properties of viable lyopreserved amnion are equivalent 
to viable cryopreserved amnion with the convenience of 
ambient storage. PLoS ONE 13(10):e0204060. https:// doi. 
org/ 10. 1371/ journ al. pone. 02040 60

DiDomenico LA, Orgill DP, Galiano RD, Serena TE, Carter 
MJ, Kaufman JP, Young NJ, Zelen CM (2016) Asepti-
cally processed placental membrane improves healing of 
diabetic foot ulcerations: prospective, randomized clinical 
trial. Plast Reconstr Surg Glob Open 4(10):e1095. https:// 
doi. org/ 10. 1097/ GOX. 00000 00000 001095

Duan-Arnold Y, Gyurdieva A, Johnson A, Jacobstein DA, 
Danilkovitch A (2015) Soluble Factors released by endog-
enous viable cells enhance the antioxidant and chemoat-
tractive activities of cryopreserved amniotic membrane. 
Adv Wound Care (new Rochelle) 4(6):329–338. https:// 
doi. org/ 10. 1089/ wound. 2015. 0637

Elkhenany H, El-Derby A, Abd Elkodous M, Salah RA, Lotfy 
A, El-Badri N (2022) Applications of the amniotic mem-
brane in tissue engineering and regeneration: the hundred-
year challenge. Stem Cell Res Ther 13(1):8. https:// doi. 
org/ 10. 1186/ s13287- 021- 02684-0

Farrugia W, Ho PW, Rice GE, Moseley JM, Permezel M, 
Wlodek ME (2000) Parathyroid hormone-related pro-
tein(1–34) in gestational fluids and release from human 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/295325a0
https://doi.org/10.1371/journal.pone.0078441
https://doi.org/10.1371/journal.pone.0078441
https://doi.org/10.1016/j.scr.2015.07.006
https://doi.org/10.1007/s10792-014-9959-z
https://doi.org/10.1007/s10792-014-9959-z
https://doi.org/10.1016/j.placenta.2015.08.015
https://doi.org/10.1016/j.placenta.2015.08.015
https://doi.org/10.1155/2018/9502451
https://doi.org/10.1097/ICO.0b013e31826215eb
https://doi.org/10.1530/EDM-19-0164
https://doi.org/10.1530/EDM-19-0164
https://doi.org/10.1097/ICO.0000000000000673
https://doi.org/10.1111/iwj.13669
https://doi.org/10.1111/iwj.13669
https://doi.org/10.1177/0963689717725078
https://doi.org/10.3390/jfb13030150
https://doi.org/10.1677/joe.0.1540103
https://doi.org/10.1677/joe.0.1540103
https://doi.org/10.1097/ICO.0000000000000867
https://doi.org/10.1097/ICO.0000000000000867
https://doi.org/10.1371/journal.pone.0204060
https://doi.org/10.1371/journal.pone.0204060
https://doi.org/10.1097/GOX.0000000000001095
https://doi.org/10.1097/GOX.0000000000001095
https://doi.org/10.1089/wound.2015.0637
https://doi.org/10.1089/wound.2015.0637
https://doi.org/10.1186/s13287-021-02684-0
https://doi.org/10.1186/s13287-021-02684-0


787Cell Tissue Bank (2023) 24:779–788 

1 3
Vol.: (0123456789)

gestational tissues. J Endocrinol 165(3):657–662. https:// 
doi. org/ 10. 1677/ joe.0. 16506 57

Fenelon M, Catros S, Meyer C, Fricain JC, Obert L, Auber F, 
Louvrier A, Gindraux F (2021) Applications of human 
amniotic membrane for tissue engineering. Membranes 
(basel). https:// doi. org/ 10. 3390/ membr anes1 10603 87

Fuchsluger TA, Steuhl KP, Meller D (2005) Neurotrophic 
keratopathy–a post-LASIK case report. Klin Monbl 
Augenheilkd 222(11):901–904. https:// doi. org/ 10. 
1055/s- 2005- 858800

Garcia-Lopez G, Avila-Gonzalez D, Garcia-Castro IL, Flores-
Herrera H, Molina-Hernandez A, Portillo W, Diaz-Mar-
tinez NE, Sanchez-Flores A, Verleyen J, Merchant-Larios 
H, Diaz NF (2019) Pluripotency markers in tissue and cul-
tivated cells in vitro of different regions of human amni-
otic epithelium. Exp Cell Res 375(1):31–41. https:// doi. 
org/ 10. 1016/j. yexcr. 2018. 12. 007

Germain AM, Attaroglu H, MacDonald PC, Casey ML 
(1992) Parathyroid hormone-related protein mRNA 
in avascular human amnion. J Clin Endocrinol Metab 
75(4):1173–1175. https:// doi. org/ 10. 1210/ jcem. 75.4. 
14008 90

Gicquel JJ, Dua HS, Brodie A, Mohammed I, Suleman H, 
Lazutina E, James DK, Hopkinson A (2009) Epider-
mal growth factor variations in amniotic membrane 
used for ex  vivo tissue constructs. Tissue Eng Part A 
15(8):1919–1927. https:// doi. org/ 10. 1089/ ten. tea. 2008. 
0432

Han YM, Romero R, Kim JS, Tarca AL, Kim SK, Draghici 
S, Kusanovic JP, Gotsch F, Mittal P, Hassan SS, Kim 
CJ (2008) Region-specific gene expression profiling: 
novel evidence for biological heterogeneity of the human 
amnion. Biol Reprod 79(5):954–961. https:// doi. org/ 10. 
1095/ biolr eprod. 108. 069260

Herbin M, Bon FX, Venot A, Jeanlouis F, Dubertret ML, 
Dubertret L, Strauch G (1993) Assessment of healing 
kinetics through true color image processing. IEEE Trans 
Med Imaging 12(1):39–43. https:// doi. org/ 10. 1109/ 42. 
222664

Hopkinson A, McIntosh RS, Shanmuganathan V, Tighe PJ, 
Dua HS (2006a) Proteomic analysis of amniotic mem-
brane prepared for human transplantation: characteriza-
tion of proteins and clinical implications. J Proteome Res 
5(9):2226–2235. https:// doi. org/ 10. 1021/ pr050 425q

Hopkinson A, McIntosh RS, Tighe PJ, James DK, Dua 
HS (2006b) Amniotic membrane for ocular surface 
reconstruction: donor variations and the effect of han-
dling on TGF-beta content. Invest Ophthalmol vis Sci 
47(10):4316–4322. https:// doi. org/ 10. 1167/ iovs. 05- 1415

Hori J, Wang M, Kamiya K, Takahashi H, Sakuragawa N 
(2006) Immunological characteristics of amniotic epithe-
lium. Cornea 25(10 Suppl 1):S53-58. https:// doi. org/ 10. 
1097/ 01. ico. 00002 47214. 31757. 5c

Jirsova K, Jones GLA (2017) Amniotic membrane in ophthal-
mology: properties, preparation, storage and indications 
for grafting-a review. Cell Tissue Bank 18(2):193–204. 
https:// doi. org/ 10. 1007/ s10561- 017- 9618-5

Johnson EL, Saunders M, Thote T, Danilkovitch A (2021) Cry-
opreserved placental membranes containing viable cells 
result in high closure rate of nonhealing upper and lower 

extremity wounds of non-diabetic and non-venous patho-
physiology. Wounds 33(2):34–40

Kim SY, Romero R, Tarca AL, Bhatti G, Lee J, 
Chaiworapongsa T, Hassan SS, Kim CJ (2011) miR-143 
regulation of prostaglandin-endoperoxidase synthase 2 in 
the amnion: implications for human parturition at term. 
PLoS ONE 6(9):e24131. https:// doi. org/ 10. 1371/ journ al. 
pone. 00241 31

Koizumi N, Inatomi T, Quantock AJ, Fullwood NJ, Dota A, 
Kinoshita S (2000a) Amniotic membrane as a substrate 
for cultivating limbal corneal epithelial cells for autolo-
gous transplantation in rabbits. Cornea 19(1):65–71. 
https:// doi. org/ 10. 1097/ 00003 226- 20000 1000- 00013

Koizumi NJ, Inatomi TJ, Sotozono CJ, Fullwood NJ, Quantock 
AJ, Kinoshita S (2000b) Growth factor mRNA and protein 
in preserved human amniotic membrane. Curr Eye Res 
20(3):173–177

Krabcova I, Jirsova K, Bednar J (2014) Rapid cooling of the 
amniotic membrane as a model system for the vitrification 
of posterior corneal lamellae. Cell Tissue Bank 15(1):165–
173. https:// doi. org/ 10. 1007/ s10561- 013- 9388-7

Lee DC, Romero R, Kim JS, Yoo W, Lee J, Mittal P, Kusa-
novic JP, Hassan SS, Yoon BH, Kim CJ (2010) Evidence 
for a spatial and temporal regulation of prostaglandin-
endoperoxide synthase 2 expression in human amnion in 
term and preterm parturition. J Clin Endocrinol Metab 
95(9):E86-91. https:// doi. org/ 10. 1210/ jc. 2010- 0203

Lemke A, Castillo-Sanchez JC, Prodinger F, Ceranic A, Hen-
nerbichler-Lugscheider S, Perez-Gil J, Redl H, Wolbank 
S (2017) Human amniotic membrane as newly identified 
source of amniotic fluid pulmonary surfactant. Sci Rep 
7(1):6406. https:// doi. org/ 10. 1038/ s41598- 017- 06402-w

Litwiniuk M, Radowicka M, Krejner A, Sladowska A, Grzela 
T (2018) Amount and distribution of selected biologically 
active factors in amniotic membrane depends on the part 
of amnion and mode of childbirth. Can we predict proper-
ties of amnion dressing? A-proof-of concept study. Cent 
Eur J Imunol 43(1):97–102. https:// doi. org/ 10. 5114/ ceji. 
2017. 69632

Meller D, Pauklin M, Thomasen H, Westekemper H, Steuhl KP 
(2011) Amniotic membrane transplantation in the human 
eye. Dtsch Arztebl Int 108(14):243–248. https:// doi. org/ 
10. 3238/ arzte bl. 2011. 0243

Memmi B, Leveziel L, Knoeri J, Leclere A, Ribes O, Despiaux 
MC, Bouheraoua N, Nordmann JP, Baudouin C, Borderie 
V (2022) Freeze-dried versus cryopreserved amniotic 
membranes in corneal ulcers treated by overlay trans-
plantation: a case-control study. Cornea 41(3):280–285. 
https:// doi. org/ 10. 1097/ ICO. 00000 00000 002794

Moraes J, Costa MM, Alves PCS, Sant’Anna LB (2021) Effects 
of preservation methods in the composition of the pla-
cental and reflected regions of the human amniotic mem-
brane. Cells Tissues Organs 210(1):66–76. https:// doi. org/ 
10. 1159/ 00051 5448

Nejad AR, Hamidieh AA, Amirkhani MA, Sisakht MM (2021) 
Update review on five top clinical applications of human 
amniotic membrane in regenerative medicine. Placenta 
103:104–119. https:// doi. org/ 10. 1016/j. place nta. 2020. 10. 
026

Paolin A, Trojan D, Leonardi A, Mellone S, Volpe A, 
Orlandi A, Cogliati E (2016) Cytokine expression and 

https://doi.org/10.1677/joe.0.1650657
https://doi.org/10.1677/joe.0.1650657
https://doi.org/10.3390/membranes11060387
https://doi.org/10.1055/s-2005-858800
https://doi.org/10.1055/s-2005-858800
https://doi.org/10.1016/j.yexcr.2018.12.007
https://doi.org/10.1016/j.yexcr.2018.12.007
https://doi.org/10.1210/jcem.75.4.1400890
https://doi.org/10.1210/jcem.75.4.1400890
https://doi.org/10.1089/ten.tea.2008.0432
https://doi.org/10.1089/ten.tea.2008.0432
https://doi.org/10.1095/biolreprod.108.069260
https://doi.org/10.1095/biolreprod.108.069260
https://doi.org/10.1109/42.222664
https://doi.org/10.1109/42.222664
https://doi.org/10.1021/pr050425q
https://doi.org/10.1167/iovs.05-1415
https://doi.org/10.1097/01.ico.0000247214.31757.5c
https://doi.org/10.1097/01.ico.0000247214.31757.5c
https://doi.org/10.1007/s10561-017-9618-5
https://doi.org/10.1371/journal.pone.0024131
https://doi.org/10.1371/journal.pone.0024131
https://doi.org/10.1097/00003226-200001000-00013
https://doi.org/10.1007/s10561-013-9388-7
https://doi.org/10.1210/jc.2010-0203
https://doi.org/10.1038/s41598-017-06402-w
https://doi.org/10.5114/ceji.2017.69632
https://doi.org/10.5114/ceji.2017.69632
https://doi.org/10.3238/arztebl.2011.0243
https://doi.org/10.3238/arztebl.2011.0243
https://doi.org/10.1097/ICO.0000000000002794
https://doi.org/10.1159/000515448
https://doi.org/10.1159/000515448
https://doi.org/10.1016/j.placenta.2020.10.026
https://doi.org/10.1016/j.placenta.2020.10.026


788 Cell Tissue Bank (2023) 24:779–788

1 3
Vol:. (1234567890)

ultrastructural alterations in fresh-frozen, freeze-dried 
and gamma-irradiated human amniotic membranes. Cell 
Tissue Bank 17(3):399–406. https:// doi. org/ 10. 1007/ 
s10561- 016- 9553-x

RStudio (2020) RStudio: Integrated Development for R. RStu-
dio, PBC, Boston, MA URL: http:// www. rstud io. com/

Ruiz-Canada C, Bernabe-Garcia A, Liarte S, Rodriguez-
Valiente M, Nicolas FJ (2021) Chronic wound healing by 
amniotic membrane: TGF-beta and EGF signaling modu-
lation in re-epithelialization. Front Bioeng Biotechnol 
9:689328. https:// doi. org/ 10. 3389/ fbioe. 2021. 689328

Singh R, Gupta P, Purohit S, Kumar P, Vaijapurkar SG, 
Chacharkar MP (2006) Radiation resistance of the 
microflora associated with amniotic membranes. World 
J Microbiol Biotechnol 22(1):23–27. https:// doi. org/ 10. 
1007/ s11274- 005- 2890-8

Skinner SJ, Campos GA, Liggins GC (1981) Collagen content 
of human amniotic membranes: effect of gestation length 
and premature rupture. Obstet Gynecol 57(4):487–489

Smeringaiova I, Trosan P, Mrstinova MB, Matecha J, Burkert J, 
Bednar J, Jirsova K (2017) Comparison of impact of two 
decontamination solutions on the viability of the cells in 
human amnion. Cell Tissue Bank 18(3):413–423. https:// 
doi. org/ 10. 1007/ s10561- 017- 9636-3

Svobodova A, Horvath V, Smeringaiova I, Cabral JV, Zem-
lickova M, Fiala R, Burkert J, Nemetova D, Stadler P, 
Lindner J, Bednar J, Jirsova K (2022) The healing dynam-
ics of non-healing wounds using cryo-preserved amniotic 
membrane. Int Wound J 19(5):1243–1252. https:// doi. org/ 
10. 1111/ iwj. 13719

Svobodova A, Vrkoslav V, Smeringaiova I, Jirsova K (2023) 
Distribution of an analgesic palmitoylethanolamide and 
other N-acylethanolamines in human placental mem-
branes. PLoS ONE. https:// doi. org/ 10. 1371/ journ al. pone. 
02798 63

Tabatabaei SA, Soleimani M, Behrouz MJ, Torkashvand A, 
Anvari P, Yaseri M (2017) A randomized clinical trial to 
evaluate the usefulness of amniotic membrane transplan-
tation in bacterial keratitis healing. Ocul Surf 15(2):218–
226. https:// doi. org/ 10. 1016/j. jtos. 2017. 01. 004

Tossetta G, Paolinelli F, Avellini C, Salvolini E, Ciarmela P, 
Lorenzi T, Emanuelli M, Toti P, Giuliante R, Gesuita R, 
Crescimanno C, Voltolini C, Di Primio R, Petraglia F, 

Castellucci M, Marzioni D (2014) IL-1beta and TGF-
beta weaken the placental barrier through destruction 
of tight junctions: an in vivo and in vitro study. Placenta 
35(7):509–516. https:// doi. org/ 10. 1016/j. place nta. 2014. 
03. 016

Tsubota K, Satake Y, Ohyama M, Toda I, Takano Y, Ono M, 
Shinozaki N, Shimazaki JUN (1996) Surgical reconstruc-
tion of the ocular surface in advanced ocular cicatricial 
pemphigoid and stevens-johnson syndrome. Am J Oph-
thalmol 122(1):38–52. https:// doi. org/ 10. 1016/ s0002- 
9394(14) 71962-2

Valiente MR, Nicolas FJ, Garcia-Hernandez AM, Fuente 
Mora C, Blanquer M, Alcaraz PJ, Almansa S, Merino 
GR, Lucas MDL, Alguero MC, Insausti CL, Pinero A, 
Moraleda JM, Castellanos G (2018) Cryopreserved amni-
otic membrane in the treatment of diabetic foot ulcers: a 
case series. J Wound Care 27(12):806–815. https:// doi. 
org/ 10. 12968/ jowc. 2018. 27. 12. 806

Venault A, Bai YW, Dizon GV, Chou HE, Chiang HC, Lo CT, 
Zheng J, Aimar P, Chang Y (2019) Healing kinetics of 
diabetic wounds controlled with charge-biased hydrogel 
dressings. J Mater Chem B 7(45):7184–7194. https:// doi. 
org/ 10. 1039/ c9tb0 1662g

Walkden A (2020) Amniotic membrane transplantation in 
ophthalmology: an updated perspective. Clin Ophthalmol 
14:2057–2072. https:// doi. org/ 10. 2147/ OPTH. S2080 08

Wassmer CH, Berishvili E (2020) Immunomodulatory proper-
ties of amniotic membrane derivatives and their potential 
in regenerative medicine. Curr Diab Rep 20(8):31. https:// 
doi. org/ 10. 1007/ s11892- 020- 01316-w

Weidinger A, Pozenel L, Wolbank S, Banerjee A (2020) Sub-
regional differences of the human amniotic membrane and 
their potential impact on tissue regeneration application. 
Front Bioeng Biotechnol 8:613804. https:// doi. org/ 10. 
3389/ fbioe. 2020. 613804

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1007/s10561-016-9553-x
https://doi.org/10.1007/s10561-016-9553-x
http://www.rstudio.com/
https://doi.org/10.3389/fbioe.2021.689328
https://doi.org/10.1007/s11274-005-2890-8
https://doi.org/10.1007/s11274-005-2890-8
https://doi.org/10.1007/s10561-017-9636-3
https://doi.org/10.1007/s10561-017-9636-3
https://doi.org/10.1111/iwj.13719
https://doi.org/10.1111/iwj.13719
https://doi.org/10.1371/journal.pone.0279863
https://doi.org/10.1371/journal.pone.0279863
https://doi.org/10.1016/j.jtos.2017.01.004
https://doi.org/10.1016/j.placenta.2014.03.016
https://doi.org/10.1016/j.placenta.2014.03.016
https://doi.org/10.1016/s0002-9394(14)71962-2
https://doi.org/10.1016/s0002-9394(14)71962-2
https://doi.org/10.12968/jowc.2018.27.12.806
https://doi.org/10.12968/jowc.2018.27.12.806
https://doi.org/10.1039/c9tb01662g
https://doi.org/10.1039/c9tb01662g
https://doi.org/10.2147/OPTH.S208008
https://doi.org/10.1007/s11892-020-01316-w
https://doi.org/10.1007/s11892-020-01316-w
https://doi.org/10.3389/fbioe.2020.613804
https://doi.org/10.3389/fbioe.2020.613804

	Inter-placental variability is not a major factor affecting the healing efficiency of amniotic membrane when used for treating chronic non-healing wounds
	Abstract 
	Introduction
	Materials and methods
	AM grafts preparation
	Patients
	Input data selection and measurement
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References




