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1. Introduction 

Stem cell therapy has been a major focus of biomedical research over the last decade. Delivery of stem cells 

systemically to diseased patients or locally to injury sites is currently investigated by numerous pre-clinical and 

clinical studies to treat various conditions. Unfortunately, current stem cell-based regenerative strategies are 

restricted by inadequate cellular distribution, survival, and integration after transplantation, in part due to 

unfavorable methods of cell delivery to the site of tissue injury. Mesenchymal stem cells (MSCs), for instance, 

are anchorage-dependent cells; their survival and engraftment will be significantly impaired when they are 

delivered in suspension [1]. Moreover, it has been reported that after systemic delivery, many stem cells are 

entrapped in the lungs and capillaries of various tissues [2]. Direct delivery of stem cells to or near the injury 

site requires a biocompatible delivery vehicle to maintain cell viability and integration and combat detrimental 

environmental factors [3].  

Biomaterial-based scaffolds provide a three-dimensional (3D) environment for cell growth, enabling cell 

morphology, physiology and functionality unobtainable in two-dimensional (2D) conditions. Of these, 

hydrogels have become an attractive vehicle for stem cell culture and delivery due to their biocompatibility, 

flexibility of physical characteristics, structural similarities to native extracellular matrix (ECM) and ability to 

support cellular adhesion, survival and proliferation [4]. Hydrogel-based biomatrices could mimic the natural 

ECM environment and provide necessary binding sites for cell functions as well as nutrient and paracrine 

signaling access. Stem cells embedded in hydrogel scaffolds are also easily transplantable and can be injected or 

applied topically. Despite the wide range of synthetic and naturally derived biomaterials, high manufacturing 

costs, inadequate supply and host immune response have prompted researchers to look for better alternatives 

[5]. Fibrin and collagen-based matrices are among the most common materials for use in tissue repair and 

regeneration due to their good biocompatibility, ease of manipulation for implant formation, and ability to 

degrade through natural processes [6]. 

Recently, it was shown that decellularized tissues can be digested with pepsin and form hydrogels with 

mechanical and physiological properties that are compatible with cell culture [7]. Hydrogels from enzymatically 

degraded ECM retain cell adhesion proteins (collagens and elastin), glycosaminoglycans and growth factors [8]. 

Tissue-derived ECM is optimal for cell culture and delivery because of its tissue-relevant composition, structure 

and presence of bioactive molecules. However, detrimental human immune response against mammalian 

antigens, such as -gal epitope on ECM glycoproteins and proteoglycans in mammalian ECM products [9], 

may be developed when applied in humans, and various techniques have been developed to resolve this 

problem [10].  

We have expanded upon these findings and developed a cost-effective method to produce an optimized 

hydrogel scaffolding system from easily accessible human amniotic membranes. Amnion membrane (AM), a 

part of placenta, is a sac filled with amniotic fluid that encapsulates the developing fetus. Postpartum placentas 

are readily available sources of AM that possess beneficial health factors and are usually discarded when babies 

are born. Furthermore, studies have shown that in addition to supporting cell adhesion, distribution and 

assimilation, our delivery system is also characterized by gelation properties similar to those of existing 

hydrogels. Placenta also plays a unique role in fetomaternal tolerance, preventing the fetal “allograft” from 

being rejected. Therefore, amnion may have an additional application in reducing host immune response during 

allogeneic transplantation.  Ability to use this human-derived tissue can greatly decrease the need for 

xenogeneic scaffolds.  
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Mesenchymal stem cells (MSCs) are the most widely studied type of stem cells for cell therapy. 

According to the publicly available database on clinical studies (www.clinicaltrials.gov), there are over 450 

registered clinical trials that utilize MSC-based therapies. MSCs are being applied in a wide range of disease 

models, including brain and spinal cord injury, bone, cartilage and connective tissue diseases, graft versus host 

disease, cardiovascular disease, and diabetes [1]. Recent studies suggest that the beneficial outcomes of stem 

cell transplantation are due to a paracrine modulatory effect rather than the direct replacement of damaged 

tissue near the site of injury [11]. Several works have demonstrated that MSCs promote tissue repair by 

secreting a variety of cytokines and growth factors, which enhance the process of repair and regeneration [12]. 

Paracrine and autocrine activity of MSCs was also shown to decrease immune response and scar formation, 

stimulate angiogenesis, and activate differentiation and proliferation of tissue-specific stem cells [13]. A 

number of recent publications suggest that placenta-derived mesenchymal stem cells (PMSCs) have a wide 

range of cell-based therapeutic applications [14-16] and can serve as an effective alternative to bone marrow-

derived MSCs (BM-MSCs). While PMSCs and BM-MSCs share similarities in their phenotype and 

immunomodulatory functions [17], PMSCs were shown to surpass BM-MSCs in secretion profile [15], 

proliferation rate, maximum number of passages and plasticity [18]. Considering their inherent anatomical 

affiliation, we tested the biocompatibility of AM-ECM hydrogel with PMSCs, as well as other cells, and 

compared its efficacy as a delivery vehicle to conventional collagen and fibrin hydrogel matrices. 

 

2. Materials and methods 

2.1 Cell cultures 

2.1.1 Placenta tissue and cells 

Discarded, de-identified placental tissue was collected at the University of California, Davis Medical Center in 

Sacramento, CA. Protocols were submitted to the UC Davis Institutional Review Board (IRB) and deemed 

exempt from review. PMSCs were isolated via explant culture of chorionic villus tissue from early gestation 

placentas using established protocol [19]. Chorionic villus tissue was carefully dissected into fragments <5 mm 

and washed in sterile phosphate-buffered saline (PBS) containing 100 units/mL of penicillin and 100 µg/mL of 

streptomycin. Dissected tissue was spread evenly across sterile tissue culture-treated dishes and PMSCs were 

allowed to migrate from the tissue explants. Cells were harvested at 3-4 weeks and then re-plated as a 

monolayer. Culture media for PMSCs consisted of DMEM high glucose supplemented with 5% fetal bovine 

serum, 100 units/mL of penicillin (Invitrogen), 100 µg/mL of streptomycin (Invitrogen), 20 ng/mL recombinant 

human bFGF (Peprotech), and 20 ng/mL recombinant human EGF (Peprotech).  

2.1.2 C2C12, BM-MSCs 

C2C12 myoblasts were donated from Nobuko Hagiwara, Ph.D. from the Dept. of Internal Medicine, Division of 

Cardiovascular Medicine, UC Davis. BM-MSCs were a gift from Claus Sondergaard, Ph.D., Dept. of Surgery, 

UC Davis. All cells were cultured in 37°C, 5% CO2. SH-SY5Y cell line was purchased from ATCC (# CRL-

2266). BM-MSCs and C2C12 cells were expanded in DMEM supplemented with 10% FBS, no growth factors. 

SH-SY5Y were cultured in F12 supplemented with 10% FBS, no growth factors.   

2.1.3 Endothelial progenitor cells 

Outgrowth endothelial cells (OECs), a subtype of endothelial progenitor cell (EPC), are widely investigated for 

vascular regeneration and tissue engineering applications. They can be isolated from peripheral blood or cord 

blood. In this study, the OECs were isolated from human umbilical cord blood as previously described [20, 21], 

with modification. Human umbilical cord blood was obtained from the UC Davis Umbilical Cord Blood 
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Collection Program (UCBCP) and diluted 1:1 with phosphate-buffered saline (PBS), without calcium and 

magnesium, pH 7.2 (Hyclone). 15 mL Ficoll-Paque PLUS (Amersham Biosciences) was laid at the bottom of 

20 mL diluted blood and centrifuged at 2000 rpm for 30 minutes at room temperature. The hazy layer of 

mononuclear cells (MNCs) that seat at the interface between the Ficoll and serum was collected and dispensed 

into a 50 mL conical tube containing 10 mL EBM-2 (Lonza) and centrifuged at 1500 rpm for 10 min at room 

temperature. The pellets were treated with red blood cell lysis buffer (eBioscience, Inc.) and then sorted by 

CD34 microbead magnetic sorting (Miltenyi Biotec GmbH). The CD34
+
 cells were seeded on rat-tail collagen I 

(BD Biosciences Discovery) coated tissue culture plates and cultured in EGM-2 media (Lonza). After 24 h, 

non-adherent cells were removed. Endothelial colonies appeared between day 4 and day 7 of culture and OECs 

formed thereafter. Individual colonies were isolated, expanded and allowed to grow to 80% to 90% confluency 

before first passage. OECs were used between P3 and P5 for all experiments.  

 

2.2 AM decellularization and preparation of AM ECM hydrogel  

2.2.1 AM decellularization 

AM was mechanically delaminated from the fresh placenta and washed in saline solution. Next, the membrane 

was decellularized according to a decellularization protocol for porcine dermal tissue [22], with modification. 

Briefly, after 3 freeze-thaw cycles, AM underwent the following treatments: 3 cycles of membrane massaging 

on a mesh filter in running water for 10 min; rinsing the membrane with 0.05% Trypsin/0.02% EDTA (Life 

Technology) on shaker (Incu-Shaker Mini, Bechmark Scientific) for 1 hour; 2 cycles of rinsing the membrane 

with 3% Triton (Sigma-Aldrich) on shaker for 1 hour; 2 cycles of rinsing the membrane with 3% Triton on 

shaker for 1 hour; 2 cycles of rinsing the membrane with 4% sodium deoxycholic acid on shaker for 1 hour; 

rinsing the membrane with 0.1% paracetic acid/4% ethanol (EMD Millipore) solution on shaker for 4 hours, 

followed by rinsing with sterile PBS for 15 min and 2 cycles of rinsing the membrane with sterile DI water for 

15 min. Decellularized AM-ECM was lyophilized and stored at room temperature.  

2.2.2 AM-ECM hydrogel preparation 

Decellularized AM-ECM was digested in a solution of 1 mg/ml porcine pepsin (Sigma-Aldrich) and 0.01 N 

HCl followed by agitation on a shaker at 200 RPM for 72 hours at room temperature. AM-ECM pepsin digests 

with a final concentration of 10 mg ECM/ml were stored at -20°C. AM-ECM digests were neutralized by 

adding appropriate volumes of 0.1 N NaOH and then 10X PBS to provide an isotonic solution. AM-ECM 

hydrogel polymerization was initiated by neutralization of pH to 7.0 and incubation at 37°C. 

 

2.3 Preparation of fibrin and collagen hydrogels 

The fibrin glue was prepared from the commercially available FDA-approved TISEEL fibrin sealant kit, which 

consists of human plasma fibrinogen solution (~85 mg/mL), aprotinin (2250 - 3750 KIU/mL), Thrombin 

(Human, ~500U/mL), and calcium chloride (36 –44 μmol/m). Fibrinogen was dissolved in PBS to prepare 5 

mg/ml and 20 mg/mL concentrations. Thrombin was dissolved in PBS to reach the final concentration of 

10U/ml. Collagen was prepared using PureCol® EZ Gel purified Type I bovine collagen in DMEM/F-12 

medium at concentrations of 5 mg/ml and 3 mg/ml. Collagen gelation was initiated by incubation at 37°C for 1 

hour.  

 

2.4 Histology of decellularized AM-ECM 
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AM was decellularized as described above. After fixing in 4% paraformaldehyde, the decellularized and control 

samples were dehydrated, embedded in O.C.T compound, and sectioned at 10 µm thickness using a microtome. 

Hematoxylin and eosin (H&E) and Trichrome (Masson) stains were employed to detect the presence of 

nucleated cells and compare tissue morphology. Stained samples were imaged using a Carl Zeiss Axio Observer 

D1 inverted microscope. 

 

2.5 AM-ECM cytocompatibility 

Decellularized AM-ECM was placed in a 100 mm culture dish and soaked in 2 ml of culture medium overnight 

at 37°C. The next day, PMSCs were seeded on the membrane surface and cultured for 72 hours. Cell culture 

viability was evaluated with LIVE/DEAD® Viability/Cytotoxicity assay (Life Technologies). Part of the cell-

seeded membrane was fixed with 4% paraformaldehyde, dehydrated, lyophilized, sputter coated (Pelco Auto 

Sputter Coater SC-7) and imaged with a scanning electron microscope (Phillips XL30 TMP) at 1000x. 

 

2.6 Hydrogel gelation time testing 

Gelation time of fibrin glue was determined by quantifying changes in turbidity upon the combination of 

solutions with various concentrations of fibrinogen and thrombin. Collagen and amnion hydrogels were 

prepared on ice. For each group 100µl/well of gel was added in a 96-well plate in triplicate. The turbidity of 

material then was measured spectrophotometrically with a microplate reader at 550nm every minute for 60 

minutes at 37°C. 

 

2.7 Biochemical composition of AM-ECM hydrogel 

In order to analyze the components of decellularized amnion ECM, a series of biochemical analysis was 

performed. Two different batches of AM-ECM derived pH neutralized gel were assayed for collagen, elastin 

and GAG proteins. The concentration of acid-pepsin soluble collagens (Types I to V) was determined using 

Sircol
TM

 soluble collagen assay (Biocolor, Northern Ireland). Elastin was quantified using Fastin
TM

 Elastin 

Assay (Biocolor, Northern Ireland), while sulfated proteoglycans and glycosaminoglycans were measured by 

Blyscan
TM

 assay (Biocolor, Northern Ireland) upon digestion with papain extraction reagent at 65ºC for 3 hours 

according to the manufacturer’s instructions.  

 

2.8 Evaluation of hydrogel nanostructure 

Scanning Electron Microscopy was utilized to evaluate scaffold morphology. Hydrogel molds were prepared by 

pouring 500ul of gel per well in a 48-well plate and allowed to polymerize at 37°C for 1 hour. Next they were 

fixed overnight in a solution of 2.5% glutaraldehyde in cacodylate buffer at 4°C. Next gels were washed for 10 

minutes in series of ethanol concentrations in distilled water for dehydration: 40%, 60%, 75%, 85%, 90%, 95%, 

and 100%. After critical point drying, gels were coated with metal 3 times using a sputter coater (Pelco Auto 

Sputter Coater SC-7) and imaged with a scanning electron microscope (Phillips XL30 TMP). 

 

2.9 In vitro PMSC viability and proliferation tests 

PMSCs were loaded in hydrogels at a final concentration of 1 x 10
4
 cells/200ul/well of a 96-well non TC-

treated plate. Following gelation, cell-loaded hydrogel constructs were placed in a 37°C CO2 incubator for 1 

day, 4 days and 6 days periods. CellTiter 96 AQueous One Solution Cell Proliferation MTS Assay (Promega 



 

 

6 

 

Corporation, Madison, WI) was used to assess the relative number of viable cells. Cell proliferation 

measurements were performed in triplicate. 

 

2.10 Analysis of the presence of bioactive molecules in AM-ECM hydrogel 

The presence of angiogenesis-related factors in hydrogel derived from decellularized amnion ECM was also 

assessed. Amnion hydrogel was prepared as discussed above without final polymerization at 37°C. Hydrogel 

solution was analyzed with Proteome Profiler™ Human Angiogenesis Antibody Array kit according to the 

manufacturer’s instructions (R&D Systems). Membrane images were analyzed using ImageJ software with the 

Dot Blot Analysis plugin and integrated density values obtained from images were then plotted using Microsoft 

Excel. Reference spot densities are also included to estimate relative protein concentrations.  

 

2.11 Cytokine array analysis of PMSC secreted proteins 

Angiogenesis-related cytokines were analyzed from the culture supernatant. PMSCs were seeded at a density of 

1 × 10
5 

per 1ml of hydrogel per well in a 6-well plate. Culture supernatants were collected at 24 hours, 

centrifuged to remove particulates and then assessed for the relative levels of 55 angiogenesis-related cytokines 

using Proteome Profiler™ Human Angiogenesis Antibody Array kit according to the manufacturer’s 

instructions (R&D Systems). Supernatants from a monolayer cell culture as well as from AM-ECM hydrogel 

and growth media (no cells) were also collected as negative controls. Stained membrane blots were imaged on a 

Bio-Rad ChemiDoc MP, and images were analyzed using ImageJ software with the Dot Blot Analysis plugin. 

Integrated density values obtained from membrane images were then plotted using Microsoft Excel. 

 

2.12 Amnion hydrogel cytocompatibility 

The cytocompatibility of AM-ECM hydrogel was tested with representative stem cells, including PMSCs, BM-

MSCs, C2C12 myoblasts and SH-SY5Y neuroblastoma cells. Briefly, cells were mixed with decellularized AM 

digests (6 mg/ml) to form cell-hydrogel constructs containing 1 × 10
5 

cells per 1ml of hydrogel per well of a 6-

well plate. Cell-hydrogel constructs were then placed in a 37°C 5% CO2 incubator for 1 hour to gel before the 

addition of 2 mL respective culture media to cover the hydrogel. Cell-seeded hydrogel constructs were 

incubated for 3 days before cell viability was assessed using LIVE/DEAD® Viability/Cytotoxicity assay (Life 

Technologies). Stained constructs were imaged using a Carl Zeiss Axio Observer D1 inverted microscope, and 

images were processed with ImageJ software. 

 

2.13 In vivo biocompatibility 

Twelve-week-old male Sprague–Dawley rats were obtained from Harlan Laboratories and acclimated 1 week 

prior to exposure. All animal experiments were performed under protocols approved by the University of 

California Davis IACUC in accordance with National Institutes of Health guidelines. A total of 4 rats were used 

in the study. AM-ECM hydrogel and collagen hydrogel, both at 10mg/mL concentration, were implanted into 

the back of rats by subcutaneous injection. After 14 days, the rats were sacrificed and the residual hydrogels 

with adjacent tissues were collected. The specimens were fixed in 10% formalin, washed in DI water and 

dehydrated in 30% sucrose before being embedded in O.C.T compound (Tissue Tek), and sliced at 20 μm 

thickness using a freezing microtome. Hematoxylin and eosin (H&E) staining was employed to detect the 

residual bulk and the cell infiltration into the AM-ECM hydrogel and collagen gel. To identify the infiltration 

cell type, macrophage marker CCR7 and EPC marker CD34 were used. The sections were incubated with 10% 
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(w/v) bovine serum albumin in PBS for 30 minutes to inhibit nonspecific binding of IgG. Next, the sections 

were incubated with rabbit anti-rat CCR7 (Epitomics) and goat anti-rat CD34 (R&D) antibodies for 2 hours and 

detected with Alexa Fluor 488 mouse anti-rabbit and Alexa Fluor 546 donkey anti-goat (Invitrogen, 

ThermoFisher Scientific) secondary antibodies. Lastly, the sections were counterstained with DAPI for 1 

minute to identify cell nuclei. All the sections were observed with a Carl Zeiss Axio Observer D1 inverted 

microscope. ImageJ software was employed to quantify the cell infiltration of the AM-ECM hydrogel and 

collagen. 

 

2.14 Statistical analysis 

For two-sample comparison, Student’s t-test was used. For multiple-sample comparison, analysis of variance 

(ANOVA) was performed to detect whether a significant difference existed between groups with different 

treatments, and Tukey’s multiple comparisons test was used for post-analysis. A p-value of 0.05 or less 

indicates significant difference between samples in comparison. 

 

3. Results 

3.1 AM morphology 

HE and trichrome stains reveal that amniotic membrane is comprised of several major layers: a single layer of 

columnar epithelial cells, a dense basement membrane, an acellular compact collagen rich layer, and underlying 

fibroblast and spongy layers (Figure 1A, 1C). The decellularization process was successful since no cells were 

detected after the procedure (Figure 1B, 1D). This is a novel effective method for removing all cells from 

human amniotic membrane without the use of toxic SDS.  

 

3.2 AM biocompatibility 

We also tested the cytocompatibility of the acellular human AM. Live-dead assay showed that placenta derived 

MSCs remain metabolically active after 72 hours of culture on the membrane (Figure 2B), while electron 

microscopy revealed normal morphology of cells attached to the scaffold (Figure 2C). This opens an array of 

possible applications for this human derived biomaterial.  

 

3.3 Hydrogel nanostructure 

Hydrogel prepared from fibrin, collagen and AM-ECM exhibit similar surface topology and density (Figure 3). 

Scanning electron microscopy of collagen, fibrin and amnion gels revealed their fibrous structure and changes 

in fiber morphology with alteration of ECM concentration (Figure 4 A-F). The pore size is inversely 

proportional to the concentration of hydrogel. Also, at higher ECM concentration one can observe increased 

thickness of strands.  

 

3.4 Gelation kinetics 

Fibrin gel becomes solid quickly within 1-2 minutes even with very low (10U/ml) thrombin concentration 

(Figure 5A). This low concentration is useful when quick polymerization is required for cell delivery into the 

fluid abundant compartments. Amnion hydrogel reached 90% of its rigidity within 30 minutes after incubation 

initiation (Figure 5B). While increased concentration played a role in physical gel density, it did not affect its 

gelation time. When compared to Type I collagen hydrogel, amnion derived hydrogel polymerizes at least 15 
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minutes earlier. This phenomenon can be attributed to the presence of cross-linkable components in addition to 

Type I collagen and/or molecular interaction between collagen and other components of the diverse amnion 

scaffold.  

3.5 Biochemical composition of amnion hydrogel 

The soluble collagen content of AM-ECM hydrogel with a concentration of 10 mg/mL was 33.5±0.9% and 

41.0±0.9% for batch 1 and 2 (n=3 each). The elastin content was 24.1±0.9% and the total sGAG content was 

0.40±0.03% and 0.43±0.03% for each batch (n=3) (Figure 6). 

3.6 Analysis of bioactive molecules presence in decellularized amnion ECM  

Angiogenesis array screening revealed relatively low levels of 8 cytokines in cell-free amnion hydrogel (Figure 

7A). Nevertheless, these factors can play a modulatory role in the behavior of embedded cells. The following 

proteins were detected: serpin E1 and F1, placenta growth factor, platelet factor 4, persephin, MMP-8, insulin-

like growth factor-binding protein 1, and endocrine gland-derived vascular endothelial growth factor (Figure 

7B). 

3.7 In vitro MSC viability and proliferation tests 

All hydrogels support proliferation of PMSCs (Figure 8A). However, at day 4 we noticed degradation of the 

fibrin 5 mg/ml matrix, and by day 6 most of the matrix was degraded, making it impossible to assess 

corresponding cellular propagation.  Fibrin gel at 20 mg/ml concentration retained most of its volume, but a 

significant portion of it was degraded by day 6. PMSCs proliferate in amnion hydrogel significantly better than 

in collagen hydrogel (Figure 8B). 

3.8 Cytokine array analysis of PMSC secreted proteins 

According to results from the human angiogenesis array kit we detected 22 factors secreted by PMSCs in 

hydrogels (Figure 9A-B). Generally, PMSCs shared their cytokine secretion profiles when cultured in 

hydrogels. Compared to a monolayer culture, some factors were upregulated in cells grown in 3D matrix 

supported culture, including vascular endothelial growth factor (VEGF), hepatocyte growth factor, 

thrombospondin-2, platelet factor 4, matrix metallopeptidase 9, and angiopoietin. PMSCs cultured in amnion 

hydrogel expressed elevated levels of placental growth factor (PlGF), VEGF, prolactin, IL-8, FGF-7 and 

amphiregulin (Figure 9A). Fibrin based matrix stimulated secretion of platelet factor 4, matrix metallopeptidase 

9, insulin-like growth factor-binding proteins 2 and 3, dipeptidyl peptidase 4 and angiostatin. Cells cultured in 

collagen based matrix expressed high levels of urokinase-type plasminogen activator (uPA), TIMP 

metallopeptidase inhibitor 1 (TIMP 1), and serpin peptidase inhibitor, clade E (Serpin E1).  

 

3.9 Amnion hydrogel cytocompatibility 

Results from the live-dead assay show that amnion derived hydrogel supports viability of various stem cell 

types, including C2C12 myoblasts, SH-SY5Y neuroblastoma cells, BM-MSCs, and PMSCs. Very few dead 

cells (in red fluorescence) were noticed, while the vast majority of cells were alive with intact membranes (in 

green fluorescence). All cell types exhibited normal and healthy morphology in the 3D amnion hydrogel matrix 

(Figure 10 A-D). 

3.10 In-vivo hydrogel compatibility 
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Two weeks after subcutaneous implantation of hydrogel, in vivo host response was evaluated. Hemotoxylin and 

eosin (H&E) staining examination showed the residual hydrogel (area between the two yellow imaginary lines, 

Figure 11A) was thicker than collagen (Figure 11B) and there was less cell infiltration (black arrow) in 

hydrogel (Figure 11C) than in collagen (Figure 11D). Immunofluorescence examination showed the infiltrated 

cells in hydrogel and collagen were CCR7 positive (stain green with DAPI blue nucleus stain, Figure 11E-F). 

The density of CCR7+ cells in hydrogel (Figure 11E) was lower than in collagen (Figure 11F) and there was a 

significant difference between them (p<0.01) (Figure 11G). This indicated that the amnion hydrogel had a lower 

degradation rate and lower inflammatory reaction in vivo than the collagen hydrogel. 

 

4. Discussion 

Biological hydrogels that mimic ECM are novel candidates that support 3D cell culture and may be utilized for 

research and clinical applications such as tissue engineering and stem cell therapy. A number of biocompatible 

hydrogels, either synthetically produced or naturally derived from plant or animal tissues, have been shown to 

successfully mimic ECM structure and support cell culture and delivery. They include a hyaluronan and 

methylcellulose blend [23], Poly(ethylene glycol)-Poly(ɛ-caprolactone) [23],  alginate [24], collagen [25] and 

fibrin [4]. Animal derived collagen hydrogel is one of the most commonly used scaffolds for stem cell culture 

and delivery due to its abundance, accessibility and biocompatibility. Collagen is also compatible with multiple 

cell types and even was suggested for tissue and organ engineering [26, 27]. Fibrin based gel is another delivery 

system derived from human plasma and FDA-approved for surgical cosmetic and hemostatic applications [28]. 

It was shown that fibrin hydrogel facilitates cell attachment, proliferation, differentiation and tissue  

organization [29]. Nevertheless, the comparatively high cost of fibrin gel is a limiting factor for its widespread 

application.  

Existing hydrogels are either chemically produced, which usually lacks native cell interaction capability, 

or extracted from animal origins that could trigger undesired immune responses from the host. Consequentially, 

dependent cellular therapies have also had limited efficacy, such as in cases of MSCs. Decellularization of 

human tissues, including the skin, liver, blood vessels and small intestinal submucosa, has shown some success 

in early clinical trials. However, this method is recently discovered and still relatively under-explored. In 

addition, application of human tissue derived products is limited by tissue availability and accessibility.  

In this study, we showed that human amniotic membrane can be effectively decellularized without the 

use of sodium dodecyl sulfate (SDS). Since SDS has adverse effects on tissue architecture and cell viability, and 

residual SDS can be detected upon application of common decellularization methods, we employed a SDS-free 

protocol. We were able to produce a mechanically durable cell-free biomaterial that can also be used as a 

scaffold for cell culture where rigid form of base matrix is required. Such applications include cell 

transplantation to epithelial tissues.   

Next, acellular AM can be solubilized via pepsin digestion to form a hydrogel with biophysical 

characteristics similar to collagen and fibrin. On the nanoscale base, hydrogels produced with collagen at 

3mg/ml, fibrin at 5mg/ml and amnion at 4 mg/ml concentrations exhibited similar fiber thickness and density as 

well as pore size. Fibrin clot polymerization is the fastest among hydrogels, and takes about 2-3 minutes. 

Amnion hydrogel solidifies within 25 minutes at 37°C, whereas collagen based gel solidifies in about 45 
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minutes. Faster polymerization may be desired for in vivo applications to limit the cell loss from the site of 

application. Amnion and collagen hydrogel polymerization rate and mechanical strength can be further 

manipulated with non-cytotoxic cross-linking agents, such as transglutaminase and ribose via nonenzymatic 

glycation, and should be further investigated in stem cell therapy applications [30, 31].  

In vitro cell proliferation tests revealed the ability of amnion hydrogel to support the growth of PMSCs. 

Moreover, cells embedded in amnion gel propagated at significantly higher rates when compared to collagen 

and fibrin embedded cells (Figure 6). Fibrin hydrogel degraded quickly and was unsuitable for 3D cell cultures 

lasting longer than 5 days. Protease inhibitors prolong the integrity of fibrin, but may limit its in vivo application 

due to undesirable side effects. At the end of 6-day culture amnion hydrogel retained most of its volume, 

indicating its potential to protect cells in the matrix for at least 1 week.  

Scientists agree that many of the therapeutic properties of MSCs are derivative of their paracrine activity 

[11]. Cytokine secretion assays demonstrated that, despite generally similar secretion profiles among hydrogel-

embedded PMSCs, extracellular scaffold derived variations in secretion levels of specific cytokines exist. Most 

notably, stem cells altered their secretion configurations when they were cultured in fibrin and amnion 

hydrogels. PMSCs that were cultured in amnion derived hydrogel were noted for expression of cytokines 

related to angiogenesis, such as PlGF and prolactin. PlGF along with VEGF play significant roles in 

angiogenesis, endothelial cell migration and proliferation [32, 33]. Also, amnion embedded PMSCs secreted 

higher levels of IL-8 and FGF-7. IL-8 is known for chemotaxis of granulocytes, cell survival and proliferation 

[34]. FGF-7, aka keratinocyte growth factor, is a mitogen, and participates in neuroprotection and wound repair 

[35]. This data suggests that PMSCs can affect angiogenesis related processes in response to environmental 

signaling, and proper considerations should be taken when selecting a cell delivery vehicle. To ensure the safety 

and effectiveness of stem cell therapy, cytokine secretion profiles should be carefully evaluated upon in vivo 

delivery of cells to the target site. 

Our preliminary data support that the amnion derived hydrogel is a suitable candidate for delivery of 

PMSCs. This matrix is able to maintain normal cellular attachment, proliferation, and migration. Unlike 

collagen, amnion hydrogel is human derived, eliminating host rejection concerns exerted by xenogeneic 

materials.  

To further investigate AM-ECM hydrogel cell delivery capabilities, we tested its cytocompatibility with 

several widely used cell lines. C2C12 cells are used to study myoblast differentiation, and are capable in 

producing skeletal muscle-like tissues [36]. The SH-SY5Y line serves as a model of neuron function and 

maturation, whereas BM-MSCs are the current gold standard in MSC-related therapies. All of these cells 

successfully adhered to the amnion hydrogel matrix, exhibited their normal morphology and proliferated at rates 

comparable to conventional 2D culture. The number of dead cells detected in the live-dead assay was 

negligible, signifying the cytocompatibility of amnion 3D matrix for cell culture.   

   

Preliminary in vivo studies demonstrated that AM-ECM hydrogel does not cause any visible tissue 

inflammation or active recruitment of immune cells. Additional experiments will be needed to investigate 

hydrogel degradation rate, cellular migration and distribution within the target site.  
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5. Conclusions 

Amnion hydrogel possesses a set of unique properties that makes it stand out from other biomatrices. This 

matrix is human derived, prepared from processed amnion ECM, and is inherently compatible with human 

PMSCs. This hydrogel is biocompatible with a wide range of stem cell types, supporting their normal 

morphology and physiology. AM-ECM hydrogel is a promising material for use in tissue repair and 

regeneration due to its angiogenic nature, biocompatibility, and the ability of AM-ECM to biodegrade through a 

natural process. To this end, extracellular matrix made from decellularized human AM (AM-ECM, in the 

formats of sheet and hydrogel) is a novel candidate for propagating and transplanting human stem cells. 

Considering that this material is readily available for both basic research and clinical applications, its 

development may lead to a breakthrough in stem cell therapeutic applications. So far, no human ECM based 

(xeno-free) hydrogel matrix for human stem cell culture, expansion and delivery is available on market. The 

result of this innovative advancement is a familiar and promising alternative that eliminates host rejection, 

decreases morbidity, promotes medical efficiency and reduces economic burdens that may otherwise arise from 

secondary care.  
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