
Materials Today Bio 20 (2023) 100666
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
3D-printed placental-derived bioinks for skin tissue regeneration with
improved angiogenesis and wound healing properties

Zahra Bashiri a,b,1, Motahareh Rajabi Fomeshi c,d,1, Hatef Ghasemi Hamidabadi e,f,
Davod Jafari g, Sanaz Alizadeh c,d, Maryam Nazm Bojnordi e,f, Gorka Orive h,i, j,k, l,
Alireza Dolatshahi-Pirouz m, Maria Zahiri n,o,**, Rui L Reis p, Subhas C Kundu p,
Mazaher Gholipourmalekabadi c,g,d,*

a Department of Anatomy, School of Medicine, Iran University of Medical Sciences, Tehran, Iran
b Omid Fertility & Infertility Clinic, Hamedan, Iran
c Cellular and Molecular Research Centre, Iran University of Medical Sciences, Tehran, Iran
d Department of Tissue Engineering & Regenerative Medicine, Faculty of Advanced Technologies in Medicine, Iran University of Medical Sciences, Tehran, Iran
e Department of Anatomy & Cell Biology, Faculty of Medicine, Mazandaran University of Medical Sciences, Sari, Iran
f Immunogenetic Research Center, Department of Anatomy & Cell Biology, Faculty of Medicine, Mazandaran University of Medical Sciences, Sari, Iran
g Department of Medical Biotechnology, Faculty of Allied Medicine, Iran University of Medical Sciences, Tehran, Iran
h NanoBioCel Research Group, School of Pharmacy, University of the Basque Country (UPV/EHU), 01006, Vitoria-Gasteiz, Spain
i Bioaraba, NanoBioCel Research Group, 01009, Vitoria-Gasteiz, Spain
j Biomedical Research Networking Centre in Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Institute of Health Carlos III, Av Monforte de Lemos 3-5,
28029, Madrid, Spain
k University Institute for Regenerative Medicine and Oral Implantology-UIRMI (UPV/EHU-Fundaci�on Eduardo Anitua), 01007, Vitoria-Gasteiz, Spain
l Singapore Eye Research Institute, The Academia, 20 College Road, Discovery Tower, Singapore, 169856, Singapore
m Department of Health Technology, Technical University of Denmark, 2800 Kgs, Lyngby, Denmark
n The Persian Gulf Marine Biotechnology Research Center, The Persian Gulf Biomedical Sciences Research Institute, Bushehr University of Medical Sciences, Bushehr, Iran
o Department of Anatomical Sciences, School of Medical Sciences, Bushehr University of Medical Sciences, Bushehr, Iran
p 3Bs Research Group, I3Bs - Research Institute on Biomaterials, Biodegradable and Biomimetics, Headquarters of the European Institute of Excellence on Tissue Engineering
and Regenerative Medicine, University of Minho, AvePark, Guimaraes, Portugal
A R T I C L E I N F O

Keywords:
Placenta
Extracellular matrix
ECM bioink
Alginate/gelatin
3D printed scaffold
Wound healing
* Corresponding author. Department of Medical B
** Corresponding author. The Persian Gulf Marine
Medical Sciences, Bushehr, Iran.

E-mail addresses: maria_zahiri@yahoo.com (M. Z
1 Equally contributed to this study.

https://doi.org/10.1016/j.mtbio.2023.100666
Received 11 December 2022; Received in revised f
Available online 20 May 2023
2590-0064/© 2023 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Extracellular matrix (ECM)-based bioinks has attracted much attention in recent years for 3D printing of native-
like tissue constructs. Due to organ unavailability, human placental ECM can be an alternative source for the
construction of 3D print composite scaffolds for the treatment of deep wounds. In this study, we use different
concentrations (1.5%, 3% and 5%w/v) of ECM derived from the placenta, sodium-alginate and gelatin to prepare
a printable bioink biomimicking natural skin. The printed hydrogels' morphology, physical structure, mechanical
behavior, biocompatibility, and angiogenic property are investigated. The optimized ECM (5%w/v) 3D printed
scaffold is applied on full-thickness wounds created in a mouse model. Due to their unique native-like structure,
the ECM-based scaffolds provide a non-cytotoxic microenvironment for cell adhesion, infiltration, angiogenesis,
and proliferation. In contrast, they do not show any sign of immune response to the host. Notably, the biodeg-
radation, swelling rate, mechanical property, cell adhesion and angiogenesis properties increase with the increase
of ECM concentrations in the construct. The ECM 3D printed scaffold implanted into deep wounds increases
granulation tissue formation, angiogenesis, and re-epithelialization due to the presence of ECM components in the
construct, when compared with printed scaffold with no ECM and no treatment wound. Overall, our findings
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demonstrate that the 5% ECM 3D scaffold supports the best deep wound regeneration in vivo, produces a skin
replacement with a cellular structure comparable to native skin.
1. Introduction

Over the years, engineered skin replacements have been used as a
new tool to treat deep wounds. Along these lines, the main challenge has
always been to restore the angiogenic potential that is severely affected
in deep wounds [1–10]. As we speak, no skin alternatives in the market
can promote collagen production, cell proliferation, and especially
angiogenesis while reducing infection. This intimately linked with the
fact that synthetic materials do not have the cellular recognition signals
that connect the cell to the extracellular matrix (ECM). Natural bio-
materials, including native tissue-derived ECM, are biocompatible and
applicable for making scaffolds or living tissue structures. Collagen, the
main protein of the ECM, is considered a natural substance for skin
replacement, but it is mechanically weak and is, therefore, easily
destroyed during transplantation [11–14]. To date, skin scaffolds in
various forms, such as hydrogel, fiber, film, sponge, and (three
dimensional)3D-printed scaffolds, have been introduced to manage
different skin injuries. Among them, 3D printing scaffolds have some
advantages, such as precise, well-defined and controlled 3D structures
that make them excellent candidates for the engineering and fabrication
of precise tissue engineering scaffolds [15]. 3D printing is a technique for
creating functional organs or structures that allows cells to accumulate
and mature in functional tissues [15–17]. They do that through their
ability to produce well-defined 3D structures with controlled shapes and
pores [18]. This approach relies primarily on hydrogels as bio-ink [19],
as hydrogels in many ways resemble the native environment of tissues.
This, in turn, also makes them conducive to cell growth and survival and
thus makes them excellent candidates for tissue engineering. Mainly,
shear-thinning hydrogels are extensively employed in 3D printing
because of their capacity to deliver scaffolds with controlled shape, size,
and porosity. The biomaterials used to produce printed scaffolds are
frequently based on synthetic or natural polymers [20]. Several synthetic
materials have been 3D printed for different applications in tissue engi-
neering. However, a biological-based 3D printed platform alone or in
combination with other synthetic or natural biomaterials proven more
effective in biomimicking normal tissue composition and structure
[21–24]. Indeed, several studies have shown that ECM components can
lead with the aid of host cells to vascular regeneration and matrix re-
covery [25,26]. In summary, studies have shown that ECM-based scaf-
folds offer excellent substrates for maintaining important cellular
functions, including migration, proliferation and differentiation. Some of
them can also minimize scar formation and immune responses [27–29].
In this regard, decellularization to eliminate host cells with minimal
damage to the ECM contents reduces the risk of transplant rejection
[30–32].

In this direction, the decellularized ECM can be dissolved to form a
hydrogel and used as a biological compound to produce an artificial
structure that offers an optimal environment for cell growth [33–35]. 3D
printing of ECM is very challenging because of its weak mechanical
property. Consequently, a printable structure made of solid materials is
required [33]. Some ECM bio-inks have been investigated for diverse
tissues, such as adipose, cartilage, testis, and heart tissue, with great
cellular function and survival [36–39]. In this study, we aimed to
circumvent these challenges by creating a bioink from shear-thinning
sodium alginate and gelatine containing different placental ECM con-
centrations. The shear-thinning capacity of sodium alginate gives it a
high extrusion ability and subsequent stabilization of the printed system
[40]. At the same time, gelatin, through it's positive amino groups, can
easily bind to the negatively charged sodium backbone. It simultaneously
gives rise to good cell adhesion properties through it's cell adhesive RGD
sequence [41,42].
2

The placenta is an organ excreted after birth, and it is a rich source of
ECM [43] providing a wide range of growth factors and cytokines,
including epidermal growth factor (EGF), transforming growth factor
(TGF), fibroblast growth factor (FGF), platelet-derived growth factor
(PDGF), endothelial growth factor, and vascular endothelial growth
factor (VEGF) [44]. These growth factors are all pivotal in securing
optimal skin, angiogenesis and wound regeneration. One of the advan-
tages of using placental tissue is the easy availability of a large volume of
tissue after parturition and the lack of the need for an invasive procedure
to obtain tissue [45]. Indeed, as a result of growth factors and filaments,
including collagen, laminin, and elastin, placental ECM is an excellent
option for designing and building a functional skin-like structure that can
be utilized to transplant and repair wounds. In this study, a bioink was
prepared and optimized using different concentrations of solubilized
placental tissue, sodium alginate and gelatin. The biomechanical and
biological properties of the 3D-printed scaffolds were fully characterized.
The optimized ECM-based 3D-printed scaffold was applied to a deep
wound created in the mouse model, and its potential in angiogenesis and
wound healing was studied in vivo.

2. Materials and methods

2.1. Preparation and decellularization of human placental tissue

The human placenta was collected and decellularized by a procedure
described in detail in our previously published studies [46,47]. In brief,
the placental tissue of healthy mothers without sexually transmitted
diseases, syphilis, hepatitis B, C, and AIDS, was prepared by presenting a
consent form and transferred to the lab in an ice-filled standard saline
solution with the antibiotic gentamicin. Placenta tissue was cut into small
pieces. After washing with distilled water, placental tissue fragments
were decellularized using 0.3% and 0.5% sodium dodecyl sulfate (SDS,
USA, SDS, Sigma-Aldrich) and Triton X-100 (T), respectively. The
decellularization process was continued by washing the samples with
phosphate-buffered saline (PBS) for one week. The PBS solution was
refreshed ten times to eliminate detergents and cell debris.

2.2. Decellularization characterizations

The samples were stained with hematoxylin-eosin (H&E) and 40,6-
diamidino-2-phenylindole (DAPI; Thermo Scientific), and the presence of
nucleated cells was compared with the control sample to demonstrate
tissue decellularization. In brief, the tissues before and after decellula-
rization were fixed with 10% formalin, dehydrated through a graded
ethanol series, and embedded in paraffin. The samples in paraffin blocks
were sectioned and stained with H&E and DAPI. The H&E-stained sec-
tions were assessed under a light microscope (Olympus, Japan) using an
Olympus DP72 digital camera. Fluorescence microscopy was used to
observe the DAPI-stained cells (Olympus, Japan). The total DNA of the
tissues before and after decellularization was extracted using a QiaAmp
mini kit (Qiagen, USA). The NanoDrop spectrophotometer was used to
quantify the DNA content (2000C, Thermo Fisher Scientific, USA).
Further characterizations of the decellularized placenta are presented in
our previous studies [46,47].

2.3. Solubilization of decellularized human placenta

The solubilization of the decellularized human placenta was carried
out by our previously published protocol [48]. Briefly, the resulting plate
in the previous step was homogenized in 100ml of 4 M urea buffer (240 g
urea, 6 g Tris, and 9 g NaCl in 1 L of distilled water) on a magnetized
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stirrer for 24 h and then centrifuged at 14,000 rpm for 20 min. The su-
pernatant was transferred to a dialysis bag and placed in 1 L of TBS so-
lution (6 g of TBS Tris and 9 g of NaCl in 1 L of distilled water) and 2.5 ml
of chloroform for sterilization. The dialysis bag's contents were centri-
fuged at 3000 rpm for 15 min to eliminate the polymerized proteins. The
supernatant (viscous matrix) was collected and stored at �80 �C. ECM
was frozen at �80 �C, dried under vacuum (Alpha 1–2 LD plus, Christ,
Germany) overnight, and stored at �20 �C until use. The minimal effects
of solubilization on collagen content of the placenta was confirmed in our
previous study [48].

2.4. Fabrication of placenta ECM-loaded alginate/gelatin 3D print
scaffolds

2.4.1. Preparation of ECM solution for pre-gel
The ECM solution was made by adding various concentrations of ECM

powder (1.5, 3, and 5%) to 1 ml of culture media and stirring magneti-
cally for 48 h. The ECM solution was centrifuged at 500 g for 10 min to
remove any remaining particles. The cold NaOH solution changed the pH
of the ECM solution to a range of around 7. This solution was then kept at
4 �C for a week after this stage.

2.4.2. Preparation of hybrid and composite bio-ink
To generate a 6%w/v gelatin (Gel) – 6%w/v sodium alginate (Alg)

solution, 0.06 g of gelatin powder was dissolved in 10 ml of DMEM at 40
�C. Then, 0.06 g of alginate was dissolved in gelatin solution, stirred for 1
h, and put into a clean syringe. Three different concentrations of ECM
solution (0, 1.5, and 3.5%) were mixed with alginate gelatin solution
(6%–6%) to create ECM-Alg-Gel bio-ink. To eliminate trapped air, the
samples were centrifuged at 1000 rpm for 1 min [49].

2.4.3. 3D printing of hydrogel scaffolds
3DPL N2 Plus Bioprinter (3DPL, Iran) and CAD/CAM software were

used to evaluate the printability. The scaffold dimensions included 7 �
0.15 mm, string spacing 1.3 mm, and string thickness 2 mm. These
structures were then saved as STL files and translated to G-code using
Replicator G. Using a 21-gauge syringe, bioinks were distributed (21 G,
inner diameter 0.51 mm). For printing, the minimum pressure (1.1 bar)
and speed of 2 mm/s, and temperature of 25 �C were selected. To pre-
serve the material's integrity over time, glass slides were put in the fridge
at 4 �C for 1 h after printing. The printed structures were crosslinked
using 300 mM calcium chloride and 0.25% glutaraldehyde for 15 min
and then washed for 30 min using DMEM/F12 medium to remove excess
calcium ions [36]. The following four groups of scaffolds were printed.

Group 1 (G1): Hybrid scaffolds obtained from the alginate-gelatin
solution
Group 2 (G2): Composite scaffolds obtained from alginate-gelatin
solution and ECM solution (1.5 wt%)
Group 3 (G3): Composite scaffolds obtained from alginate-gelatin
solution and ECM solution (3 wt%)
Group 4 (G4): Composite scaffolds obtained from alginate-gelatin
solution and ECM solution (5 wt%)

2.5. Physico-chemical characterizations of placenta ECM-loaded alginate/
gelatin 3D print scaffolds

2.5.1. Morphological evaluations
An electron microscope (SEM) was used to assess the final scaffold

structure. The samples were first fixed in a solution of 2.5% glutaralde-
hyde (TAAB, UK) for 2 h and, after washing with PBS, were dehydrated
using ascending degrees of alcohols (30%, 50%, 70%, 80%, 90%, and
100%). After lyophilization, the samples were covered with gold, and the
scanning electron microscope (EVO ZEISS (Karl Zeiss SMT AG, Oberko-
chen, Germany) was used to image the samples at an acceleration voltage
of 10–20 kV.
3

2.5.2. Mechanical behaviors
A mechanical testing device (Hct400/25, Zwick/Roell) was used to

evaluate modulus and compressive and tensile strength. For this test,
samples were prepared with a thickness of 2 mm and a height of 6 mm for
all groups. A device (Zwick/Roell, 25/Hct400/25) was subjected to a
uniaxial compression test using a load cell of 10 N and a loading speed of
0.1 mm/s. The sample's upper and bottom surfaces were fixed to the
compression tester plates to avoid slippage during the tests, and 80%
strain was applied to the samples. Also, to evaluate and compare the
samples' mechanical strength, the machine stretched the three-
dimensional scaffolds at a speed of 0.2 mm/s until rupture. The device
recorded the amount of force applied during a pull.

2.5.3. Degradation rate
All scaffolds were weighed before incubating in 2 ml of PBS (pH 7.4)

for 30 days at 37 �C, with PBS being changed every three days. The
samples were freeze-dried after various times (1 h, 1 day, 7 days, 14 days,
and 30 days) and then rinsed with dionized water to eliminate buffer
salts. The patients' final weight (Mf) was noted, and the weight reduction
percentage was determined using the formula below:

Mass loss ð%Þ¼ ½ðMf�MdÞ = Md� � 100:

2.5.4. Swelling rate
To calculate the swelling of the printed scaffolds, the dry weight of

the scaffolds (dry weight Md) was measured and put in 2 ml of PBS (pH
7.4). For 72 h, the scaffolds were incubated at 37 �C. A paper filter was
used to remove the unabsorbed PBS at various time intervals of 0.5, 1, 2,
4, 8, 12, 24, 48, and 72 h, and the scaffold weight (Mw) was noted. The
following formula was used to determine the scaffold inflation rate:

Swelling ratio ð%Þ¼ ½ðMw�MdÞ = Md� � 100

2.5.5. Fourier transform infrared spectroscopy (FTIR)
FTIR is based on assessing vibrational mutations of molecules and

ions of polyaromatic and infrared radiation's absorption to determine the
compounds' functional groups. This method determined the organic
compounds and functional groups in gelatin-alginate and composite
scaffolds. This study used a device (FTIR, SHIMADZU, 8400 S model,
Japan) to perform this test. For this purpose, the scaffolds printed were
placed by a holder in a spectrometer in the range of 1400 �cm to
14,000�cm.
2.6. In vitro cytobiocompatibility

2.6.1. Cell/scaffold morphology under SEM
A scanning electron microscope (SEM) was used to study the

morphology and adhesion of the cells growing on 3D-printed scaffolds.
The fibroblast cells were cultured on the construct for 72 h. For SEM
micrographs, the samples were fixed with 2.5% glutaraldehyde solution
for 2 h at 4 �C. The cells/scaffold constructs were then rinsed with PBS,
and dehydrated through graded concentrations of ethanol (50%, 60%,
70%, 80%, 90%, 100% v/v). Finally, the samples were sputtered with
gold and examined under an SEM (SEM, AIS2100; Seron Technology,
Gyeonggi-do, South Korea) [50].

2.6.2. Cell viability assay
The viability of fibroblast cells cultured on scaffolds was evaluated

using 4,5-dimethylthiazol-2-yl-2,5 diphenyl tetrazolium bromide (MTT;
Sigma-Aldrich, USA). L929 fibroblast cells (4 � 103) were cultured to
allow attachment of the cells in 96 well plates. Then, the different groups
of sterilized 3D print scaffolds were added to the cell monolayer for 1, 3
and 7 days. After each prescribed time, the specimens were removed, and
the cells were treated with MTT solution for 4 h at 37 �C. After incuba-
tion, Dimethyl sulfoxide (DMSO) was used to replace the MTT solution to
dissolve formazan crystals that had formed in the mitochondria of living
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cells. After 15 min of incubation time, the optical density of the formazan
product was read at 570 nm in a microplate reader. The cells with no
scaffold served as a control and were considered 100% viability. Tripli-
cate well were performed for each sample [51].

The cell viability percentage was calculated by the following formula
(Eq (1)):

Cell viability ð%Þ¼OD of experiments� Average OD of negative controls
Average OD of positive control

� 100

(1)

2.7. In vivo biocompatibility

Applying the samples to the skin of NMRI mice showed the biocom-
patibility of the ECM (5%)-printed scaffolds (weighing 30 g). Following
the ethics principles, the scaffolds were first washed for 24 h and steril-
ized using UV irradiation. Mice were anaesthetized using ketamine and
xylazine. Between the second and third lumbar vertebrae, the samples
were implanted subcutaneously. The samples were analyzed across two-
time intervals: one week (short-term) and four weeks (long-term). After
the research period, samples were collected and histologically evaluated
using H& E staining. The degree of connective tissue cell penetration into
the scaffold was investigated.

2.8. Ex vivo chick embryo CAM assay

An ex-vivo CAM assay carried out angiogenesis evaluation of the
scaffolds on chick embryos. Locally sourced fertilized eggs were incu-
bated at 37 �C and 60–65% relative humidity. On the third day of in-
cubation, a 21-gauge needle was used to extract 2–3 ml of albumen to
generate a space under the eggshell. On day 4, a window of around 1� 1
cm was gently opened on the wide end of the eggs without damaging the
embryo and then sealed with sterile tape. On day 7, the sterilized scaf-
folds were gently placed on the CAM (as day 0). On day 14, the window
was opened (as day 7). The scaffold and areas surrounding the implanted
scaffolds were imaged. The images were analyzed using ImageJ software
(version 1.8.0_112, Vessel Analysis plugin) to define the relative
increased area of the new vessels at day 7 to day 0 of each group using the
following formula (Eq (2)):

Insease in vessel formation for each groups ð%Þ¼ ½ðNW7 – NW0Þ =NW0� � 10

(2)

NW0 and NW7 represent new vessel area (mm2) of each group at day
0 and 7, respectively.

2.9. Animal study

2.9.1. Full-thickness cutaneous wound models
Twenty-seven mice (Male BALB/c, weight 25�30 g) were divided

into three groups. After general anaesthesia and complete depilation of
the mouse dorsal area, a full-thickness circle wound (about 100 mm2 in
the area) was produced in the upper back region of each mouse. 3D
printed Alg/Gel and 5%ECM-Alg/Gel scaffolds were implanted in the
wounds. Then, the injuries were wrapped with a plastic mold for pro-
tection. At 1, 2, and 3 weeks post-surgery, the implanted site was
removed for histological and molecular investigations. The wounds with
no implantation were considered as the control group.

2.9.2. In vivo wound healing evaluations

2.9.2.1. Wound closure assessment. Pictures of the wound region were
taken on days 0, 7, 14, and 21 following surgery. Image analysis software
was used to determine each group's wound area (mm2). The below for-
mula was used to calculate the percent of wound closure (Eq (3)):
4

Percent wound size reduction ¼ ½ðA0�AtÞ=A0� � 100 (Eq3)
A0 is the initial wound area (t ¼ 0), and At is the wound area at each
time point.

2.9.2.2. Histological examination. The collected tissue samples were
fixed in 10% formalin, dehydrated through a graded series of ethanol,
embedded in paraffin and cut into 6 μm thick slices using a microtome.
The slices were stained with H&E, Alcian blue with nuclear fast red and
Safranin O with fast green and analyzed under a light microscope
(Olympus, Japan). A score protocol from 0 to 4 was used to present each
group's wound healing. The lower and higher scores show lower and
higher densities of collagen and granulation, respectively.

2.9.2.3. Molecular evaluations of angiogenesis and wound healing. The
total RNA was extracted from the tissues using an RNeasy Mini Kit,
following the manufacturer's instructions (Cinagen, Tehran, Iran). Gene
Runner (version 3.05; Hastings Software Inc, New York, NY, USA) and
online primer BLAST (ncbi.nih.gov/tools/primer-blast/) was used to
design the primers. The primers used in this study are presented in
Table 1. The cDNA was synthesized using a cDNA Archive kit (Applied
Biosystems, CA, USA) and random hexamer primers, following the Sup-
plier's instructions. The relative transcript expressions of collagen type I,
collagen type III, PDGF, TGF-β1, bFGF, VEGFA, and VEGF-R2 were
evaluated by a rotor-gene 6000 real-time PCR (RT-PCR) machine (Cor-
bett Life Science, Sydney, Australia) and an RT-PCRMaster Mix (TaKaRa,
Dalian, China). The RT-PCR conditions were as follows: 95 �C for 8 min,
45 cycles of 95 �C for 10 s, 60 �C for 25 s, and 72 �C for 25 s. Beta-actin
(β-actin) gene was a housekeeping gene for normalizing the expression
level. The relative expression fold was calculated using 2-ΔΔCt formula.
The tissue collected from the skin with no wounds served as a control.

2.10. Statistical analysis

In the current study, data analysis was undertaken using Prism 7 and
SPSS for Windows, version 16.0. (SPSS Inc., Chicago, IL, USA). Variables
were provided as the mean � the standard deviation (SD). An ANOVA
followed by a one-way ANOVA, Tukey's post-hoc test, and a repeated-
measures ANOVA test was employed for multiple group analyses. In
statistical terms, p-values less than 0.05 were considered significant.

3. Results

A schematic of the present research design is illustrated in Fig. 1.

3.1. Efficiency of the decellularization process on placental tissue
fragments

ECM bioink preparation consisted of several steps: decellularization,
removal of cellular debris from the ECM, and minimization of the ECM
damage. The successful elimination of the cells and cells' fragments
during the decellularization process was confirmed by H&E and DAPI
staining (Supplementary Fig. 1A). The mean cells' nuclei/mm2 in
placenta tissue befor (Ctrl; control) and after (DPS) decellularization
process (Supplementary Fig. 1B), as well as the DNA content assay
revealed that cell's nuclei and genomic DNA were eliminated from
placental tissue after decellularization (Supplementary Fig. 1C).

3.2. Physico-chemical characterizations of placenta ECM-loaded alginate/
gelatin 3D print scaffolds

3.2.1. Morphological evaluations
Supplementary Fig. 1D shows the steps of preparing the ECM solution

and fabricating the placenta ECM-loaded Alg/Gel 3D print scaffolds. The
printed scaffolds showed different surface morphologies under SEM, as
shown in Fig. 2. The Alg/Gel scaffolds were identified with flat surfaces.



Table 1
Mouse primers were used in this study for RT-PCR analysis.

Gene name Accession number Sequence Product size (bp)

1 Beta-actin NM_007393.5 F: 50 CTTCTTGGGTATGGAATCCTG
R: 50 GTGTTGGCATAGAGGTCTTTAC

96

2 Collagen I NM_007742.4 F: 50 GTTCAGCTTTGTGGACCTC
R: 50 TTGTGGCAGATACAGATCAAG

165

3 Collagen III NM_009930.2 F: 50 AAAAGGTGATGCTGGACAG
R: 50 CCACTTTCACCCTTGATACC

177

4 Vascular endothelial growth factor (VEGFA) NM_001110268.1 F: 50 TCGCTCCTCCACTTCTGAGG
R: 50 GGCCATTACCAGGCCTCTTC

93

5 Vascular endothelial growth factor receptor-2 (VEGF-R2) NM_010612.2 F: 50 AGATGCATTGTGCTGGCTCT
R: 50 AACTCGCCTGTAACCCGACT

122

6 Basic fibroblast growth factor (bFGF) NM_008006.2 F: 50 CCGGTCACGGAAATACTCCA
R: 50 CCTTCTGTCCAGGTCCCGTT

89

7 Transforming growth factor-beta 1 (TGF-β1) NM_011577.2 F: 50 GGACTACTATGCTAAAGAGGTC
R: 50 GCTTCCCGAATGTCTGAC

126
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In contrast, uneven and granular surfaces were seen with increasing ECM
concentration. Also, due to a lack of material accumulation and bio-ink
homogeneity, printed scaffolds' pore walls seemed like smooth surfaces.

3.2.2. Mechanical behaviors
The stresses and strains of the printed scaffolds were studied, and the

results are compared in Tables 2 and 3. Based on the obtained results, the
average compressive strength for the samples was reported in the range
of 1.24 � 0.68–0.67 � 0/31 MPa. The results demonstrated that the
compression modulus was increased with the increase of ECM concen-
tration in the scaffolds. There was a significant difference between stress
and Young's modulus in the group with 5% ECM and other groups.
Additionally, the difference between compressive strength and Young's
modulus between 1.5% and 0% was insignificant.

Also, the printed scaffolds' tensile strength was obtained in the range
of 0.689 � 0.65–0.243 - 0.57 MPa. Tensile strength was significantly
increased with the increase of ECM content in the scaffolds. The 0% and
5% ECM groups had the lowest and highest mechanical strength,
respectively, among the studied groups. The mechanical property results
were associated with the micropore size in each scaffold group. The 5%
ECM structures showed smaller pores and superior mechanical perfor-
mance because of the increased connectivity and complex network ar-
chitecture. The outcomes generally indicated that the mechanical
properties of systems containing 5%ECM were more favorable than
composite structures.

3.2.3. Degradation rate
Based on the results obtained from the degradation assay, the

degradation of the scaffolds increased over time, so that the rate of
degradation after 30 days of incubation for Alg/Gel, 1.5%ECM-Alg/Gel,
3%ECM-Alg/Gel and 5%ECM-Alg/Gel were 14.03 � 2.43, 23.2 �
0.91,30.16 � 1.8 and 38.56 � 2.7, respectively. According to the results,
the degradation rate increased with the ECM concentration. So that on
days 7, 14, and 30 of incubation, the difference in degradation rate be-
tween groups 5%ECM-Alg/Gel (G4) and Alg/Gel (G1) was statistically
significant. Nevertheless, there was no noticeable difference between the
experimental groups on other incubation days (P < 0.05) (Fig. 3 A).

3.2.4. Swelling rate
The ability to absorb liquids is an essential feature of hydrogel scaf-

folds, associated with the penetration and transport of nutrients, meta-
bolic products, and signaling molecules [36]. The scaffolds' water
absorption was assessed by comparing their weights before and after
being submerged for different time intervals, until 72 h, in distilled water
(Fig. 3B). The findings demonstrated that water absorption increased
with the ECM content in the composite scaffolds. The swelling rate (%) at
0.5 h submerged in distilled water in Alg/Gel, 1.5%ECM-Alg/Gel, 3%
ECM-Alg/Gel and 5%ECM-Alg/Gel was 116.33% � 3.12, 120.16% �
3.45,124.33% � 4.1 and 136.16% � 4.8, respectively so that this
5

increase was significant between 5%ECM-Alg/Gel (G4) and Alg/Gel (G1)
groups. The swelling ratio increased due to the presence of ECM and the
type of solvent (culture medium) used in the hydrogel preparation. The
outcomes of this assay were in line with the results of the degradation
experiment. Both swelling and degradation results showed a relationship
between weight loss and water absorption rate. The swelling rate did not
rise considerably in this research until from 0.5 to 72 h following incu-
bation. The equilibrium of the hydrogel scaffolds was attained 30 min
after water absorption, while the degradation index did not increase
more than 140.70%.

3.2.5. FTIR
The FTIR study findings for gelatin, alginate, and ECM alone, and

Alg/Gel, ECM-Alg/Gel contained different ECM contents (0%, 1.5%, 3%
and 5%w/v) are shown in Fig. 3C and D. The characteristic adsorption
bands to the OH tensile frequency were visible at 3392 cm�1 on the
alginate FTIR diagram. The –COO– group's asymmetric tensile and
symmetric tensile vibrations are responsible for the observed peaks at
1617 cm�1 and 1417 cm�1, respectively. In addition, the ether group
C–O-traction C's frequency is associated with the peaks at 1242 cm-1 and
1045 cm-1. The N–H group's tensile vibrations and the OH tensile fre-
quency are connected to a wide band at 3427 cm-1 in gelatin, while the
amide's (C ¼ O) tensile vibrations were detected at 1650 cm-1.

Additionally, at wavelengths 1554 and 1452 cm-1, respectively, the
N–H flexural and C–N tensile vibrations were demonstrated. The FTIR
spectrum obtained from ECM revealed gelatin-like spectra. –OH and –NH
tensile vibrations in alginate-gelatin hydrogel scaffolds shifted to 3204
cm-1, representing a partial displacement owing to the strengthening of
the hydroxyl bond and the weakening of –NH's intensity. The –COO–
group's asymmetric and symmetric tensile vibrations were altered to
1609 cm�1 and 1406 cm�1, respectively, and the tensile frequency of the
CO group appeared at 1018 cm�1. Gelatin's N–H flexural vibration at
1407 cm�1 indicates an intensified amide connection between alginate's
carboxylic acid groups and gelatin's amines. In composite scaffolds, the
bonds with peaks at 3354 cm�1, corresponding to free hydrogen bonds of
the –OH group, and peaks at 3294 cm�1, corresponding to O3S–NH
tensile vibrations, were found. In this area, NH-amide tensile vibrations
were discovered, showing a link between the amino gelatin molecules
and the ECM's carboxylic alginate group and between the amino and
carboxylic acid groups. The interaction of the amide groups of these
compounds to create hydrogen bonds increases the hydrophilicity of the
ECM-hydrogels.
3.3. In vitro cytobiocompatibility

3.3.1. 1. cell-scaffold morphology under SEM
The morphology of L929 fibroblast cells grown for 3 days on the 3D

printed scaffolds was observed under SEM (Fig. 4A). As seen, fibroblast
cells were attached and spread well to all the 3D scaffolds. The SEM



Fig. 1. Summary of the study design: Placental tissue was first decellularized using SDS and Triton-X100, followed by solubilization in urea, dialysis and lyoph-
ilization. The placenta ECM solutions with different concentrations (1,5%, 3% and 5%w/v) were printed with alginate and gelatin. Then, the printed scaffolds' physical
and biological structure, mechanical behavior, and biocompatibility were investigated. The in vivo angiogenesis was determined by CAM assay. The optimized ECM-
Alg/Gel 3D printed scaffold was implanted into the full-thickness wound created in mouse mode. The macroscopic, microscopic, and molecular examinations of wound
healing were evaluated in vivo and compared with those wounds implanted with Alg/Gel and injuries with no treatment (control).
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Fig. 2. Morphology and ultrastructure of printed hydrogel scaffolds under SEM. Alg/Gel hybrid scaffolds with flat surfaces and ECM-Alg/Gel composite scaffolds with
uneven surfaces and granular states were identified.

Table 2
Characteristics of the compressive strength of printed scaffolds.

Group Ultimate
compressive stress
(MPa)

Ultimate
compressive strain
(%)

Elastic modulus
(MPa) (Young's
Modulus)

0%ECM-
Alg/Gel

0.67 � 0.31 0.61 � 0.03 0.321 � 3.62

1.5%ECM-
Alg/Gel

0.71 � 0.45 0.65 � 0.04 0.398 � 2.59

3%ECM-
Alg/Gel

0.85 � 0.27 0.76 � 0.09 0.529 � 4.43

5%ECM-
Alg/Gel

1.24 � 0.68 0.88 � 0.07 0.734 � 5.18

Table 3
Tensile strength properties of printed scaffolds.

Group Ultimate tensile
Stress (MPa)

Maximum tensile
strain (%)

Elastic modulus (MPa)
(Young's Modulus)

0%ECM-
Alg/Gel

0.243 � 0.57 0.35 � 0.02 0.415 � 2.63

1.5%ECM-
Alg/Gel

0.272 � 0.42 0.425 � 0.05 0.493 � 1.77

3%ECM-
Alg/Gel

0.536 � 0.61 0.67 � 0.06 1.37 � 4.26

5%ECM-
Alg/Gel

0.689 � 0.65 1.2 � 0.08 2.159 � 4.82
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Fig. 3. Degradability, swelling, and FTIR analysis of the printed scaffolds. A) the degradation rate and B) Swelling rate in the printed scaffolds. The data are provided
as mean � SD. G1, G2, G3, and G4 represent Alg/Gel, 1.5%ECM-Alg/Gel, 3%ECM-Alg/Gel and 5%ECM-Alg/Gel, respectively. (*P < 0.05 and **P < 0.01). C) FTIR
analyses of ECM, sodium alginate (Alg) and gelatin (Gel). D) FTIR analysis for Alg/Gel alone contained 1.5%, 3% and 5%ECM.
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micrographics confirmed good cytocompatibility of the Alg/Gel and
ECM-Alg/Gel 3D printed scaffolds.

3.3.2. Cell viability assay
The MTT assay indicated that the Alg/Gel 3D printed scaffold and

Alg/Gel 3D printed scaffold loaded with ECM (1.5%, 3% and 5% ECM)
did not change the viability of the fibroblast cells during 1,3 and 7 days
culture periods when compared with control (the cells cultured in cell
culture plate as 100% cell viability). Although on day 7, a slight increase
in cell viability was observed in those scaffolds with ECM, the difference
was insignificant (Fig. 4B).
3.4. In vivo biocompatibility

In this investigation, the printed scaffolds were subcutaneously
implanted in an animal model, removed after 7 and 28 days post-
implantation (Fig. 5A) and stained with H&E. The biodegradation,
infiltration of lymphocyte, macrophages, and fibroblasts into the defect
site, neovascularization, necrosis and scar formation were evaluated
histologically. Microscopic examination of scaffolds after 7 and 28 days
of transplantation revealed a normal physiological response. Among the
inflammatory cells, the presence of lymphocytes shows an immunolog-
ical attack on the transplant. A macrophage's presence signifies the
breakdown of biological material and the restoration of the injured tissue
8

[52]. Thus, the quantity of inflammatory cells, such as lymphocytes,
provides a precise indication of the healing process and the reaction of
the local tissue. The examination of biocompatibility by subcutaneous
scaffold engraftment revealed the creation of new blood vessels in all
samples at days 7 and 28. The results showed that the number of vascular
formations was higher in ECM 5%-Alg/gel treated animals than in ani-
mals of the Alg/Gel group. Microscopic analysis showed the penetration
of connective tissue cells after 7 and 28 days of implantation (Fig. 5B and
C), but no signs of inflammation or scar formation were observed.
Although the findings demonstrated an increase in the number of lym-
phocytes in all implants compared with the control sample after 7 and 28
days of implantation, the difference was not significant (P < 0.05). Also,
a reduction in macrophage and fibroblast was observed from 7 to 30 days
in all groups (Fig. 5D, E, and 5F). The histological analyzes also showed
minimal capillaries around the scaffolds, and the attachment of the
scaffolds to the adjacent tissue was detectable.
3.5. CAM assay

CAM assay was used for angiogenesis evaluation of 3D printed scaf-
folds. Fig. 6 depicts the scaffolds with ECM that were compared with
scaffolds without ECM. After 7 days of incubation, significant growth in
the number of blood vessels was detected in the scaffold with ECM
compared with the scaffold without ECM. New vessel formation (%) in



Fig. 4. In vitro cytobiocompatibility assays. A) The morphology of fibroblast cells cultured for 3 days on the 3D printed scaffolds under SEM. B) MTT results for
fibroblast cells exposed to scaffolds for 1, 3, and 7 days. G1, G2, G3 and G4 represent Alg/Gel, 1.5%ECM-Alg/Gel, 3%ECM-Alg/Gel and 5%ECM-Alg/Gel, respectively.
Yellow arrows show the cells.
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group 5%ECM-Alg/Gel at day 7 compared with day 0 was around 25%�
2, while group Alg/Gel showed lower new vessel formation aroun 16.6%
� 2.3.
3.6. Animal study

3.6.1. Macroscopic evaluations
The Alg/Gel and 5%ECM-Alg/Gel 3D printed scaffolds were

implanted into full-thickness wounds created in the mouse model. After
the treatment of scaffolds for mice excisional injuries, the macroscopic
analysis of the wound size, representing wound closure, was carried out.
The wound size reduction and wound closure were analyzed at days 0, 7,
14 and 21 days post-surgery. The wounds treated with Alg/Gel and 5%
ECM-Alg/Gel scaffolds showed 60.3% and 86.66%wound closure on day
21, respectively. In contrast, injuries without treatment (control group)
showed a 55.4% wound size reduction after 21 days. The wounds
implanted with Alg/Gel and 5%ECM-Alg/Gel did not show any signifi-
cant visual signs of infection or inflammation. In injuries without treat-
ment, mild redness was observed as a sign of mild inflammation,
especially on day 7 (Fig. 7A).

On day 14 post-implantation, the control group wounds with no
treatment and those treated with Alg/Gel scaffolds showed a remarkably
slower rate of wound closure (31.2% and 34%, respectively) than those
wounds implanted with 5%ECM-Alg/Gel scaffolds (55.3% wound
closure rate). A significant difference between the wound size (%) in the
5%ECM-Alg/Gel group and other groups was observed on day 21
(Fig. 7B). The results indicated that the 3D printed ECM-based scaffolds
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significantly accelerated the re-epithelialization and wound closure
compared with other examined groups.

3.6.2. Histological observations
The H&E images of the wounds implanted with Alg/Gel and 5%ECM-

Alg/Gel scaffolds at days 7, 14 and 28 post-implantation are presented in
Fig. 8A. A thick epidermis with a relative generation of skin appendages
was observed in the wounds treated with ECM5%-Alg/Gel. The control
wound group (with no treatment) had an irregular and wide epidermal
layer with minimum or without the formation of hair follicles (Fig. 8A).
According to the histological study, the 5%ECM-Alg/Gel group had a
thicker regenerated epithelial layer (filled with keratinocytes) than the
Alg/Gel and control groups. H&E stained images revealed almost com-
plete epidermis reconstruction and re-epithelialization in the wounds
treated with ECM matrices at day 14 post-implantation. In contrast, the
scars in Alg/Gel and control were still open with incomplete re-
epithelialization. On day 21, the growth of the epidermis' sublayer,
stratum spinosum, was also seen in the 5%ECM-Alg/Gel scaffold-treated
group. Compared to other groups, the animals treated with 5%ECM-Alg/
Gel 3D printed scaffolds had mature hair follicles. In addition, mature
blood vessels in the wounds treated with 5%ECM/Alg/Gel scaffolds were
seen compared with control and ECM-Alg/Gel groups (Fig. 8A). Simi-
larly, the wound healing scoring showed that, the 5%ECM/Alg/Gel had
higher collagenesis at day 14 and 21 compared with control and Alg/Gel
groups. In addition, the wounds treated with Alg/Gel also showed higher
collagen density than control at day 21 (Fig. 8B).

In addition, the Safranin O and Alcian blue staining was also carried



Fig. 5. In vivo biocompatibility assessment of printed scaffolds (with and without ECM): A) Subcutaneous engraftment of printed scaffolds in NMRI mice (a, b and c).
The control group had a left suture snipped with no scaffold inserted (d). B) Specimens removed from the skin and stained with H&E after 7 days and short-term (1
week) penetration of cells into the scaffolds (a, b). C) Specimens were removed from the skin and stained with H&E after 28 days and long-term (4 weeks) penetration
of cells into the scaffolds (c, d). White arrows mark the implanted scaffolds, while a black indicator identifies the scaffolds' link to adjacent tissues. The quantitative
examination of mouse connective tissue infiltrating cells, including D) lymphocytes, E) macrophages, and F) fibroblasts inside the scaffolds following long-term (4
weeks) and short-term (1 week) periods of implantation.
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out to visualize the tissue morphology with residual biomaterials; the
results are shown in Fig. 9A and B. The newly formed epidermis and
dermis thickness could be seen in each treated and untreated group. Also,
10
the residual biomaterials (indicated with black arrows in Fig. 9) are seen
in the Alg/Gel group. A small piece of biomaterial was observed in 5%
ECM-Alg/Gel group at day 7 post-treatment.



Fig. 6. A) CAM assay results for the angiogenesis potential of the scaffolds with and without ECM. B) Increase in new vessel formation (%) in each group on day 7
compared with day 0. * indicates p < 0.05.
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3.6.3. Molecular evaluations of angiogenesis and wound healing
The evaluation of wound healing and angiogenesis in the wounds

treated with Alg/Gel and 5%ECM-Alg/Gel 3D printed scaffolds in gene
expression level was carried out by RT-PCR technique, and the relative
gene expression fold was measured and compared with those in control
(no treatment) wounds (gene expression fold was considered as 1). The
RT-PCR results are shown in Fig. 10. At all the sacrificed time points, the
expression of the examined wound healing genes (TGFβ1, Col1a and
Col3a) and pro-angiogenic genes (bFGF, VEGFA and VEGFR) in the
wounds treated with Alg/Gel and 5%ECM-Alg/Gel was considerably
more than control wounds with no treatment. The presence of 5%ECM in
the 3D printed scaffolds dramatically induced the expression of TGFβ1,
Col1a and Col3a compared with Alg/Gel with no ECM. Alg/Gel and 5%
ECM-Alg/Gel showed no significant difference in Col1a gene expression
on days 14 and 21 and Col3a on days 21.5%ECM-Alg/Gel showed a
significantly highest level of bFGF, VEGFA and VEGFR gene expression
compared with other experimental groups in all time points.

4. Discussion

Wound healing is a complex biological process limited to deep
wounds, and tissue regenerationmay not occur naturally and completely.
Due to the limitations of the autologous skin graft method, including pain
and complications of the patient donor area and source limitation, other
methods, such as reconstructive medicine, have been introduced. Scaf-
folds can improve skin function and repair deep wounds by creating an
appropriate environment for cell growth, proliferation and differentia-
tion. They can also create a barrier against infection and external damage
[53–56]. A variety of advanced therapeutic approaches, from different
biomaterials to cell-derivedmatrices to deliver stem cells, have been used
for wound healing and skin regeneration [57]. Skin scaffolds have been
used in various fibrous, sponge, hydrogel, 3D print or composite forms
[58–60]. In recent decades, ECM-derived scaffolds have been developed
as skin substitutes from multiple tissue sources of the dermis, amnio-
tic/chorionic tissues, intestines, and peritoneum [61,62]. The scaffolds
based on natural ECMmodulate angiogenesis, cell migration, and cellular
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organization during wound healing due to the preservation of the 3D
structure, cell attachment, and availability of biologically active com-
ponents [63–65].

Various methods are commonly used for tissue decellularization
based on chemical, physical, and biological agents [66,67]. Recently, we
achieved a successful decellularization approach of placental tissue. We
have subsequently, with great success, used them for sponges for skin and
bone tissue regeneration, as well as in several reproductive applications
[14,68,69]. This study used the same procedure to decellularize placental
tissue with minor modifications. Histological and DNA content assays
were carried out to verify that the cells were successfully removed after
decellularization. Similar to this study, Willemse et al. (2020) also used
SDS alone or in combination with Triton to decellularise pig liver. Ac-
cording to their report, Triton þ SDS gave less damage to collagen and
GAGs compared to tissues treated with SDS alone [70]. The findings of
our research also demonstrated that SDS removed nuclear debris.

As a result, the decellularization of human placental tissue fragments
using the SDS/Triton protocol effectively eliminated cell debris and
preserved ECM compounds of placental tissue fragments. In addition to
the decellularization protocol, an appropriate digestive solution can also
affect the quality of ECM-derived hydrogels. Most studies use pepsin (an
enzyme purified from pig gastric juice) with hydrochloric acid or acetic
acid to prepare ECM-derived hydrogels. Previous studies have reported
that the use of acid, due to its high acidity, can irreversibly disintegrate
intermolecular bonds of collagen and jeopardize the polymerization of
filaments during future gelatinization [71]. Enzyme solubilization also
alters ECM-derived hydrogel proteins. Interestingly Pouliot et al. (2016)
examined the ECM protein profile of lung tissue before and after enzy-
matic digestion using SDS-PAGE,. In the protein profile, spots of small
proteins were observed in the solution after enzymatic digestion, indi-
cating that small proteins were degraded by the enzyme [72]. In another
study by Marc et al. (2015) urea was employed for extracting ECM from
human placental tissue and downstream solubilization processes. Their
procedure preserved the ECM proteins, cytokines and growth factors at
physiological levels [73]. In our study, on the other hand, non-covalent
bonds were further disrupted due to the usage of urea and increased



Fig. 7. A)Macroscopic images of the wound size after treatment with Alg/Gel and 5%ECM-Alg/Gel 3D printed scaffolds for three weeks. Scale bars represent 1 cm. B)
The wound size reduction (%) at days 7, 14 and 21 post-treatment. P < 0.0001, P < 0.001, P < 0.01, and P � 0.05 are indicated by ****, ***, **, and *, respectively.
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solubility of ECM proteins, which confirmed the results of other studies
[36].

In this study, we used sodium alginate/gelatin as a supporting ma-
terial to increase the mechanical properties of placental tissue ECM. For
this purpose, different sodium alginate/gelatin concentrations were
tested to make a hydrogel solution with the highest printability capacity.
Low concentrations of sodium alginate/gelatin mixture did not lead to
hydrogel formation due to low viscosity, and high concentrations of gel
mixture did not allow extrusion. But finally, the sodium alginate/gelatin
hybrid with 6%/6%w/v ratio was optimized as a printable hydrogel. In
the present study, different concentrations of human placental ECM
12
(1.5%, 3% and 5%) were also composited with sodium alginate/gelatin
hybrid to prepare a printable bio-ink. One of our challenges in this study
was the crosslinking of ECM-based printed hydrogel. CaCl2, glutaralde-
hyde, and culture media were used to improve ECM's printability and
mechanical characteristics. The different concentrations of CaCl2 and
glutaraldehyde were used at other times for crosslinking. Finally, a
concentration of 300 mM CaCl2 with 0.25% glutaraldehyde and duration
of 30min were selected, which limits the speed of scaffold decomposition
and cell viability was not impaired. Then, morphological, structural,
mechanical, biocompatibility and cell viability characteristics of the 3D-
printed hydrogel scaffolds were investigated.



Fig. 8. Histological analysis of wound tissue. A) H&E histological staining of the full-thickness wounds with no treatment (control), treated with Alg/Gel and 5%
ECM/Alg/Gel 3D printed scaffolds. On days 7, 14 and 21 post-surgery. Blue arrows represent the regenerated epidermal layer. Red arrow: hair follicles, K: Kerati-
nocytes, FB: Fibroblasts and Gr: Granulation tissue. B). Scoring of the wound healing after treatment with 3D biomaterials and no treated wounds.
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3D printing makes it possible to fabricate scaffolds with controlled
and more precise structures compared to salt-leaching [74], foaming
[75], electro-spinning [34], freeze-drying [76] techniques, and do not
have the problem of repeatability and uncontrolled geometry [77]. Many
natural and synthetic biomaterials have been used as bio-ink for 3D
printing applications [78]. Notably, a bio-ink must be biocompatible for
cell growth, mechanically stable, and have high fidelity after printing
13
[40,79,80]. After the introduction of 3D bioprinting, the search for
printable and biocompatible polymers has become more and more
essential. According to the report, the use of 3D bioprinting for wound
healing and skin regeneration began in 2012 with collagen bio-inks.
Natural biopolymers have different advantages over synthetic bio-
polymers due to their high similarity to human ECM, and therefore lack
the same properties in terms of promoting cell differentiation, spreading



Fig. 9. Safranin O with fast green and Alcian blue with nuclear fast red histological analysis. A) Safranin and B) Alcian blue staining of the full-thickness
wounds with no treatment (control), treated with Alg/Gel and 5%ECM/Alg/Gel 3D printed scaffolds, at days 7, 14 and 21 post-surgery. The residual biomaterials
are indicated with black arrows.
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and proliferation [81,82]. For this reason we have used human placenta
ECM-based printed scaffolds. Indeed, Decellularized ECM-based bio-inks
are an intriguing choice for 3D printing of tissues and organs due to their
unique biochemical features. Fabrication of ECM-derived bio-ink for 3D
printing is challenging. Nevertheless, their structural stability after
printing is insufficient because of poor mechanical properties of decel-
lularized ECM-based bio-inks. In recent years, advances have been made
to improve the printability of decellularized ECM-based bio-inks to create
14
structures diplaying similar mechanical properties as natural tissues. For
instance, some studies have used supporting materials such as PCL [83],
PEVA [84] or Pluronic F-127 [85] to build 3D models. Decellularized
ECM-based bio-inks and cross-linkable hydrogels can also be employed to
create stable mechanical structures without supporting materials.
Cross-linkable hydrogels significantly increase the mechanical properties
of printed designs. For example, a study combined decellularized ECM
solution obtained from liver tissue with HA-Gel. The resulting compound



Fig. 10. Relative gene expression (fold) in the wound with no treatment (control) and treated with Alg/Gel and 5%ECM-Alg/Gel for wound healing genes (TGFβ1,
Col1a and Col3a) and pro-angiogenic genes (bFGF, VEGFA and VEGFR). *, ** and *** indicate the significant difference with p � 0.05, p < 0.01, and p < 0.001,
respectively.
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was crosslinked by a thiol-acrylate bond, which provided a soft,
extrudable gel [86]. In another study, decellularized ECM obtained from
vascular tissue was composited with alginate through an ionic cross-
linking procedure. This bio-ink was printed with CPF127 solution to
allow the alginate gelation by releasing Caþ2 ions [87]. Recently, we
investigated the effect of different concentrations of testicular tissue ECM
(0, 1.5%, 3% and 5%) to fabricate printed hydrogel scaffolds. We found
that the combination of crosslinker CaCl2, glutaraldehyde and a culture
medium as a solvent could stabilize the structure, while simultanously
increasing the viability of seeded cells [36].

It is well-documented that a humid environment leads to faster and
more effective wound healing, improves metabolism in the wound and
reduces bacterial pain, infection, and scar formation [88]. Therefore, an
ideal skin scaffold should absorb wound secretions and moisten the
damage. For this reason, scaffold swelling behavior facilitates cell
migration, proliferation, oxygen uptake, and waste disposal [89]. The
swelling property of hydrogel scaffolds depends on hydrophilic groups
that absorb water and transport nutrients. Our results showed that
increased ECM concentration increased the swelling rate of the resulting
scaffolds. This increasemay be attributable to the presence of hydrophilic
groups, such as amines, hydroxyl, and carboxyl, which was confirmed by
Rezaei et al. They reported that the decellularized testis ECM-derived
scaffold had the highest water uptake in the first 30 min, and no signif-
icant difference in water uptake was observed until 72 h later. They also
reported that the swelling rate increased with increasing testis ECM
scaffold density [90]. Our study followed the highest amount of water
absorption in scaffolds containing 5% ECM.

The effect of different concentrations of ECM on the mechanical
properties of our printed scaffolds was also investigated in this study. Our
findings indicated that increasing the ECM concentration increased
compressive and tensile strength (0.734 � 5.18 and 2.159 � 4.82,
respectively). The increase in stress and Young's modulus in systems
containing ECM could be due to new hydrogel bonds (between the amide
groups) confirmed by Xing et al. [91].

The degradation rate of a scaffold should be proportionate to its
hydrogel composition type and the rate of tissue regeneration. The skin
scaffold should not be destroyed before the wound healing stage is
complete. Therefore, in this study, the degradation rate of samples during
30 consecutive days was investigated. In our research, with increasing
15
the incubation time, the percentage of scaffold degradation increased
slowly. The scaffold degradation rate decreased over time and was lower
in the second week than the first one. The scaffold weight remained
approximately 61.44% intact after 30 days of incubation, and scaffolds
containing 5% ECM showed the maximum degradation rate. In general,
the degradation rate of specimens seems appropriate for skin tissue en-
gineering, as they do not entirely disintegrate within three weeks [88].

FTIR spectroscopy results gave us insight into the integration of ECM
with Alg/Gel compounds and the preservation of the molecular structure
of scaffolds after crosslinking. Our findings demonstrated that the
reproducibility to fabricate scaffolds is high, and there is no excess or
impurity peak in the scaffold's composition. Tissue engineering scaffolds
must have suitable surface chemical properties and non-cytotoxicity so
that after cell culture, proper adhesion and attachment are established
between the cells and the scaffold. SEM imaging was used to evaluate
morphology and cell adhesion after seeding cells on the scaffold. It is
noteworthy that with the increase in ECM concentration, some granules
were observed on the samples' surface, thus providing suitable connec-
tion points for cell expansion.

The excellent cell binding properties of the printed scaffolds can be
attributed to the structure's hydrophilicity and unique ECM properties. It
seems that the cells were in shock after first day of culturing on the
scaffolds. Still, by increasing the incubation time to 3 and 7 days, the
survival rate increased due to the adaptation and proliferation of fibro-
blast cells. The results of MTT test showed that scaffolds containing ECM
were not toxic for fibroblast cells and provided an effective substrate for
wound healing during 7 days of culturing time. The high survival rate
and cell adhesion in all scaffolds in our study indicated the proper per-
formance of hydrogel scaffolds [92].

In addition to mechanical stability, biocompatibility is a vital feature of
any scaffold that should be evaluated in vivo [93]. In this regard, a sub-
cutaneously implanted mouse model was used to assess the in vivo
biocompatibility of ECM-based printed scaffolds. Scaffolds were subcuta-
neously implanted for 7 and 28 days and then the samples were histo-
logically stained to determine the cell penetration into the scaffolds and
host immune system reaction. Cell penetration is an essential feature of
scaffolds because it proves that scaffolds have the potential for cell infil-
tration, growth and migration and that fibroblasts can begin their cellular
function after penetration. The results of the histological analysis
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confirmed that the printed scaffolds showed high compatibility. There
were also no signs of severe inflammation, long-term external reaction, or
wound formation. Quantitatively, there was a slight increase in the average
number of cells within the scaffold, but this difference was not statistically
significant. The results of our study were consistent with the data of other
studies that have examined the biocompatibility of testis ECM-based
printed scaffolds after subcutaneous transplantation and showed no signs
of scar formation. Also, Dulany et al. (2020) showed that porous nano-
composite scaffolds containing poly (1,8 octanediol-co-citrate),
beta-tricalcium phosphate and cerium oxide nanoparticles were biocom-
patible after subcutaneous transplantation in mice and supported cell
penetration and had aminimal immune response surrounding the scaffolds
[94]. According to the results of biological and biomechanical tests, the 5%
ECM-Alg/Gel composite scaffold was considered an optimal scaffold and
examined for further angiogenic and in vivo wound healing investigations.
CAM analysis was carried out to assess the impact of placental ECM loaded
in Alg/Gel printed scaffold on the angiogenesis capacity in vivo. The results
showed that the percentage of blood vessels in samples containing ECM
was significantly higher than in scaffolds without ECM. , The angiogenic
property of decellularized placental sponge was proved in our recently
published study, as it could keep its angiogenesis potential even after six
months' preservation at �20 �C [68].

A human placental ECM (hp-bioink)-derived bioink was developed by
Duan et al. in 2022 with good printability and bioactivity. In suspended
hydrogels, they were able to embed and print 1%–2% of the hp-bioink.
They demonstrated how hp-bioink facilitated angiogenesis in vivo and
correleated this with human umbilical vein endothelial cell assembly in
vitro [49]. In another study, Ji-Yeun Park (2011) examined the effect of
human placenta injection on mouse wounds. They injected the human
placenta sample into the mice's back area and investigated the wound
healing process on days 7, 14, and 15. Their results showed that the
human placenta potentially affected skin wound healing by regulating
the entire wound-healing process, including inflammation, proliferation,
and reconstruction [95]. Clinical studies by Brigido et al. (2017), in a
similar v vein, shown that the matrix of human tissue without cellularity
could cause wound healing through cellular migration, rapid tissue
regeneration, and functional tissue remodeling [96]. It was also shown
that decellularized placental sheets effectively promoted keratinocyte
and epithelial cell migration and neovascularization, consequently
enhancing the quality of wound healing [97].

In the present study, the wound closure was significantly faster in the
group treated with 5%ECM-Alg/Gel than in those wounds treated with
ECM-free scaffolds and no treatment groups. The components of the base
membrane and the active biological molecules in the placenta ECM can
play a valuable role in the production of the primary membrane with the
proper structure, the growth and distinction of keratinocytes, and the
normalization of epithelial architecture. Throughout the recovery period,
wound healing using ECM-based scaffolds was significantly superior to
those without ECM. The ECM samples were well merged into the host
tissue due to cell penetration within 7 days. In the wound implanted with
the ECM scaffold, keratinocytes migrated rapidly into the wound site,
and new epithelial cells developed at the wound's edges. Notably, the
injuries implanted with 5%ECM-Alg/Gel scaffolds were quickly recon-
structed between 7 and 14 days. A continuous epidermis completely
covered the damage implanted with 5%ECM-Alg/Gel. The epidermal
appendages were entirely formed on day 14 and rebuilt on 28th. Safranin
O with fast green and Alcial Blue with nuclear fast red staining was
performed to determine the tissue morphology with residual bio-
materials in the wound bed. The residual biomaterials were only
observed at day 7 post-surgery of both Alg/Gel, and 5%ECM-Alg/Gel
treated wounds. The residual biomaterials are seen in the Alg/Gel group,
while a small piece of biomaterial was observed in 5%ECM-Alg/Gel
group at day 7 post-treatment. This finding indicates that the presence of
5%ECM in Alg/Gel construct accelerated the in vivo degradation rate,
16
which is consistent with our in vitro biodegradation (weight loss %) data.
Some growth factors, like bFGF, inhibit the phenotypic transformation of
fibroblasts into myofibroblasts, which may be implicated in wound
contraction. Regenerating injuries are complicated, including inflam-
mation, neovascularization, forming new tissue, and regeneration of
damaged tissue. Neovascularization supports low oxygen levels in re-
generated tissues [98]. In line with our study, Kim et al. (2018) used a
decellularized skin ECM solution to produce a 3D model of human skin
with total thickness. The ECM loaded with human skin fibroblast was
printed as a dermis structure. After the thermal crosslinking of the
printing structure, the epidermal compounds were printed with the dis-
tribution of the culture medium containing the keratinocytes using the
inkjet module. The exact design was also printed using collagen inkjet as
a control group. In the ECM structures, better epidermal organization and
ECM secretion were observed. Also, the printed structures improved the
efficiency of wound healing compared with the control group [99]. The
placenta contains several angiogenesis factors such as IGF-1, VEGFA,
HGF, PDGF-B, bFGF and others [100], and can enhance neo-
vascularization and wound healing. This tissue is considered an excellent
candidate for skin tissue engineering applications. Our study observed
significant neovascularization ability and accelerated re-epithelialization
in the ECM-loaded scaffolds compared with other experimental groups.
The wounds treated with the ECM scaffold showed increased expression
of wound-healing genes and pro-angiogenic genes such as bFGF, VEGFA,
and VEGFR. Inflammatory cell-derived factors contribute to neo-
vascularization by encouraging the formation of new capillaries and
stimulating endothelial cell proliferation. On the 7th day, fewer small
veins were observed in the wound implanted with the ECM scaffold
compared to the ECM-free and control groups. Our results revealed the
potential of a 5%ECM-Alg/Gel 3D printed scaffold with improved
biomedical and biological properties, angiogenesis, and wound healing
capacity compared to Alg/Gel.

5. Conclusion

Bioprinting is an emerging approach for reconstructing a cellular
microenvironment similar to that of the native ECM. This makes them, in
turn, suitable candidates for skin tissue engineering. In this research,
human placenta ECM solutions composed of different ECM components
and endogenous growth factors were 3D printed. By increasing the
concentration of ECM, the structural, mechanical, and cell interaction
properties were improved. In addition, ECM-based printed hydrogels
showed the ability to promote angiogenesis in vivo. Our findings showed
that ECM-based printed hydrogels might significantly enhance neo-
vascularization and wound healing and are thus a great scaffolding
candidate for skin tissue engineering. By simulating the complexity of the
natural extracellular matrix, our research can provide a new opportunity
to print vascular tissues and organs.
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