
Effects of mesenchymal stem cell culture on radio sterilized
human amnion or radio sterilized pig skin in burn wound
healing

B. Cabello-Arista . Y. Melgarejo-Ramı́rez . A. Retana-Flores .
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Abstract Deep second and third degree burns treat-

ment requires fibroblasts, keratinocytes and other skin

cells in order to grow new dermis and epidermis. Cells

can proliferate, secrete growth factors and extracellu-

lar matrix required to repair the damaged tissue.

Radiosterilized human amnion and radiosterilized pig

skin have been used as natural origin skin dressings for

burned patients. Adipose-derived mesenchymal stem

cells can differentiate into fibroblasts and ker-

atinocytes and improve wound-healing progress.

These cells can stimulate vascular tissue formation,

release growth factors, synthetize new extracellular

matrix and immunoregulate other cells. In this study,

we developed mesenchymal stem cells-cellularized

skin substitutes based from radiosterilized human

amnion or pig skin. Third-degree burns were induced

in mice animal models to evaluate the effect of

cellularized skin substitutes on burn wound healing.

Mesenchymal phenotype was immunophenotypically

confirmed by flow cytometry and cell viability was

close to 100%. Skin recovery was evaluated in burned

mice after seven and fourteen days post-coverage with

cellularized and non-cellularized sustitutes. Histolog-

ical techniques and immunofluorescence were used to

evaluate re-epithelization and type I collagen deposi-

tion. We determined that cellularized-human amnion
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or cellularized-pig skin in combination with mes-

enchymal stem cells improve extracellular matrix

deposition. Both cellularized constructs increase

detection of type I collagen in newly formed mouse

skin and can be potentially used as skin coverage for

further clinical treatment of burned patients.

Keywords Burns � Radiosterilized human amnion �
Radiosterilized pig skin � Mesenchymal stem cells �
Cellularized-skin substitutes � Type I collagen

Introduction

Burns are one of the most common causes of skin

damage. For patients with deep second and third-

degree burns, gold standard treatment involves healthy

skin autografting. It has been described that, for

patients with over 40% of total burn surface area

(TBSA), autografting is difficult to perform (Peck

2011). Non-cellularized skin substitutes are one of the

most used coverages for the treatment of burned

patients; however, treatment of deep burns requires

fibroblast and keratinocytes in order to grow new

dermis and epidermis. Therefore, cells that proliferate,

migrate, secrete growth factors, chemokines and

extracellular matrix (ECM) are required to be cultured

in a wide variety of biocompatible scaffolds in order to

repair the damaged tissue.

Cellularized skin substitutes are the best option for

skin coverage when TBSA does not allow use of

autografts in burn patients (Kinsner et al. 2001;

Llames et al. 2006; Auger et al. 2009). Mesenchymal

stem cells (MSC) are multipotent stromal cells able to

reduce inflammation, generate vascular tissue, may

differentiate into fibroblasts and keratinocytes, and

secrete growth factors and ECM involved in wound

healing (Fathke 2004; Aggarwal and Pittenger 2005;

Wu et al. 2007; Sasaki et al. 2008; Hocking and Gibran

2010). One of the greatest advantages from MSC is

that they can be obtained from different sources in

adults and added as cellular component in skin

substitutes to prevent rejection and disease transmis-

sion (Galipeau and Sensébé 2018).

Radiosterilized human amnion (RHA) and radios-

terilized pig skin (RPS) are suitable biomaterials for

skin coverage due to their ECM components, structure

and collagen content. They work as wound dressings

not only to prevent infections and water loss, but also

as cell carriers to promote tissue recovery. Collagen is

the most abundant protein in dermis and it is also the

most common used to develop skin substitutes (Jones

et al. 2002; Böttcher-Haberzeth et al. 2010; Yildirimer

et al. 2012). The aim of this study was to analyze

whether radiosterilized human amnion (RHA) or

radiosterilized pig skin (RPS) in combination with

adipose-derived mesenchymal stem cells improves

wound-healing progress in a deep-burn animal model.

Materials and methods

Biological scaffolds

Radiosterilized human amnion (RHA) and radioster-

ilized pig skin (RPS) were processed and supplied

from Banco de Tejidos Radioesterilizados of the

Instituto Nacional de Investigaciones Nucleares

(BTR-ININ). The processing and final radiation

sterilization was performed according to standard

operation procedures, as requested by the quality

management system of ININ that applies to the

processing, research and development of biological

tissues sterilized with ionizing radiation, as previously

described (Martı́nez-Pardo and Mariano-Magaña

2007; Sánchez-Sánchez et al. 2015). The 25 kGy

radiation sterilization dose was calculated following

the Código de Prácticas para la Esterilización por

Irradiación de Tejidos Humanos para Uso Clı́nico:

Requisitos para la Validación y Control de Rutina,

OIEA, 2013.

Mesenchymal stem cell isolation and culture

Human adipose tissue (AT) was obtained from

aesthetic surgeries under informed consent and trans-

ported in 10% penicillin/streptomycin/DMEM-F12

medium (Gibco). Briefly, tissue was washed with

phosphate buffered saline (PBS, Gibco) 10% antibi-

otic for 10 min and digested with 1% Type II

collagenase [3 mg/mL] (Worthington Biochemicals)
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during 40 min. The stromal vascular fraction (SVF)

was collected and centrifuged at 1200 rpm during

5 min. Cell pellet was resuspended in 10% fetal

bovine serum (FBS, Gibco) and 1% of penicillin/

streptomycin-supplemented medium. Cells were

counted and seeded at 50,000 cell/cm2 in T25 culture

flasks for 24 h. Cells that failed to attach were washed

with PBS and new supplemented medium was added.

Cell immunophenotype characterization

To analyze the immunophenotype of ADMSC, a flow

cytometry test was carried out using CD90-APC (BD),

CD73-APC (BD), CD44-FITC, and CD105-PE as

MSC positive markers, and HLA-DR-APC, CD45-

FITC (BD), and CD34-PE (BD) as negative markers.

Data analysis was performed with the Cell Quest Pro

software (Becton Dickinson Immunocytometry

Systems).

Generation of constructs and cell viability assay

Mesenchymal stem cells (MSCs) were seeded onto 2.0

cm2 RHA and RPS pieces at a density of 60,000 cell/

cm2 and incubated for 1 h to allow cells attachment.

Biomaterials were then covered with a supplemented

medium on 24-well culture plates and incubated at

37 �C, 5% CO2 during 24 h before implantation. After

24 h, cell viability assay was conducted on cells

seeded onto cellularized RHA and RPS constructs, and

before implantation. Calcein assay (Live/Dead, via-

bility/cytotoxicity for mammalian cells, Molecular

Probes�) was performed following manufacturer’s

instructions. Briefly, constructs were incubated in

1 lM of calcein AM and 2 lM of EthD-1 solution for

45 min at 37 �C. Constructs were washed with PBS

and fluorescent signal was detected using an AxioVi-

sion epifluorescence microscope (Carl Zeiss).

Construct implantation in a mouse model of deep

burn

The Instituto Nacional de Rehabilitación Luis Guil-

lermo Ibarra Ibarra Animal Care Committee (CIC-

UAL) approved all procedures (protocol number

26/13). Three-month old male athymic nude mice

(Nu/Nu) were used for a deep-degree burn model.

Animals were anesthetized with 5% isoflurane, fol-

lowed by 1% isoflurane to actually perform the

procedure. A circular 2 cm2 cooper device and a 0.5-

kg support were heated to 105 �C for 20 s. The device

was then carefully placed on the back of the

anesthetized mice for 5 s and quickly removed.

Burned area was debrided with a scalpel to remove

necrotic tissue. RHA or RPS-MSCs constructs were

washed with PBS, placed onto the burned area with the

cellular component facing the wound, and covered

with hypoallergenic adhesive (Tegaderm). Experi-

mental conditions were as followed: MSC-cellularized

RHA (RHA ? MSC), MSC-cellularized RPS (RPS ?

MSC), non-cellularized RHA (RHA), non-cellular-

ized RPS (RPS) and Control (gauze with petroleum

jelly). Mice were injected with fentanyl (10 mg/kg) as

anesthetic. Photographs of experimental conditions

were taken at 7 and 14 days post-burn with a reference

scale.

Measurement of wound closure and tissue

processing

Five animals were used for each experimental condi-

tion, as recommended by the Animal Care Committee.

Recovery area during wound closure was measured

using photographs taken at the same distance and with

a scale located next to the animals. Photographs of

wound areas were used to calculate their progression.

Histological sections were measured by analyzing the

distance between the epithelium of each burn side with

the same software. Analysis was performed after 7 and

14 days post-treatment. Animals were euthanized;

tissue samples were obtained and fixed in 4%

paraformaldehyde for 24 h, dehydrated and paraffin

embedded. In order to observe wound healing, 5 lm
tissue sections were stained with hematoxylin–eosin,

Herovici and Masson’s trichrome and examined under

light microscopy. Type I collagen (1:100, Abcam) and

nuclei (40,60-diamidino-2-phenylindole, DAPI) were

labeled and examined under epifluorescence micro-

scopy. Images were processed using ImageJ software.

Statistical analysis

For macroscopic photographs, wound size measure-

ment at time zero was considered 100% of the injury.

Fluorescence intensity for Type 1 collagen at post-

implantation day 7 was calculated in different regions

of interest using Image J software. Data from wound

closure and collagen fluorescence intensity were
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analyzed with Kolgomorov-Smirnov for a normality

test. A one-way ANOVA and a Tukey post hoc test

were used to compare the sample means.

Results

MSC-cellularized constructs do not promote faster

closure of the burned areas.

Adipose-derived mesenchymal stem cells were char-

acterized before construct generation and implanta-

tion. Flow cytometry showed positive expression for

the characteristic markers, 99.8% CD90, 98.6%

CD73, and 97% CD105, and negative expression for

hematopoietic markers, including 0.28% CD34,

0.28% CD45 and 0.09% HLA-DR, (Fig. 1). MSC

multipotent differentiation, cell viability, adhesion,

migration, and cytokines release profile were previ-

ously described (Sanchez-Sanchez et al. 2015). Before

implantation in deep-burn site, cell viability ofMSC in

RHA ? MSC and RPS ? MSC constructs was eval-

uated to determine whether the cells were alive at the

time of treatment or if manipulation had some effects.

Calcein assay revealed almost 100% cell viability of

MSC at the time they were used to cover deep-degree

burn in animal model (Fig. 2a). We confirmed that the

hot device used for this study generated a third-degree

burn. The temperature calculated with an infrared

thermometer was 105 �C, which explained the

considerable damage to both, dermis and epidermis

(Fig. 2b). Wound closure was analyzed in pho-

tographs from each condition. None of the treatments

promoted a faster closure of the wound versus the

control group by post-treatment day 14 (Fig. 3a and b).

This result was confirmed analyzing the distance

between the opposite sides of the epithelialization

zone. Again, no differences were found in wound

closure between the control and the experimental

conditions on post-treatment days 7 and 14 (Fig. 3c

and d).

MSC-cellularized RPS reduced granulation tissue

enhanced by RPS itself.

To analyze the histological structure of the skin after

treatments with RHA ? MSC or RPS ? MSC con-

structs, histological sections were stained with hema-

toxylin and eosin. By day 7, epithelial layer had not

appeared yet covering the wound in any of the

treatments, nor the untreated burn versus healthy skin

(Fig. 4). This is attributable to the third-degree burn,

since all the necrotized tissue was removed with a

scalpel. Wounds treated with gauze and petroleum

jelly (Control) developed some granulation tissue

(three arrows), they lost collagen fibers in dermal layer

and tissue resembled a homogeneous extracellular

matrix (ECM). None of the mice treated with non-

cellularized RHA showed a significant development of

granulation tissue; however, mice treated with

Fig. 1 Immunophenotypic characterization of MSC. Histograms show that mesenchymal stem cells were CD90, CD73, and CD105

positive, but CD34, CD45, and HLA-DR negative
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RHA ? MSC revealed an increase of granulation

tissue was observed. Wounds treated with non-cellu-

larized RPS showed increased granulation tissue but

the addition of MSC reduced the presence of granu-

lation tissue. By day 14, all treatments showed basal

granulation tissue, which was not significant when

compared to day 7 post-implantation (Supplementary

Fig. 1).

MSC-cellularized RHA or RPS improves

extracellular matrix deposition in deep-burn

wound healing.

Different strategies were used to determine if conven-

tional wound dressings or MSC-cellularized con-

structs regulate extracellular matrix deposition in

deep burn wounds. First, Masson’s stain was

Fig. 2 Cell viability before implantation and histological burn

at time 0. a Cell viability of mesenchymal stem cells seeded on

the radiosterilized pig skin or radiosterilized human amnion.

Live cells are stained with calcein (green), while dead cells are

ethidium homodimer positive (red). b Histological section of

mouse skin immediately after the burn (time 0); the edge of the

burn (eb) is also visible: to the left, the skin is healthy and there

is epidermis; the two dermis layers are also visible: papillary

layer (pl) and reticular layer (rl); well organized muscles (Ms)

are also visible. To the right of the burn edge, the dermis and the

papillary layer are absent; both the reticular layer and muscle

section are denatured (d)

Fig. 3 Constructs fail to enhance wound closure time.

A Photographs at different days after treatment with all

experimental conditions. B Percentage of wound closure in all

experimental conditions at different days. C Distance between

new epithelium measured in histological samples at day 7.

DDistance between new epithelium in histologic samples at day

14
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performed to analyze total collagen deposition after

different treatments. In non-wounded skin, most of the

ECM found in dermis is constituted by collagen,

stained in blue, and epithelium stained in red. On post-

burn day 7, control wound treated with petroleum jelly

did not show presence of collagen in the dermis, unlike

treatments with RHA and RPS, which showed few

signs of collagen. However, treatments with RHA ?

Fig. 4 Granulation tissue increased with RPS treatment, but

decreased when in combination with MSC at treatment day 7.

Photographs show histological samples stained with hema-

toxylin & eosin at post-treatment day 7. The images to the left

are reconstructions of complete tissue. To the right, three

asterisks in the enlarged representative images show a

population of granulation tissue. Scale bars represent 50 lm
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MSC and RPS ? MSC stained positive for collagen

deposition, suggesting that MSC-cellularization and

RPS improve ECM composition at the same time they

protect wound areas (Fig. 5). By day 14-post implan-

tation, all treatments showed presence of collagen,

including the control treated with conventional wound

dressing, which lacked this characteristic on day 7.

Nevertheless, the most intense staining among exper-

imental groups was observed in wounds treated with

MSC-cellularized RHA (Fig. 6).

Fig. 5 Collagen deposition is enhanced by constructs. Masson’s stain at post-burn day 7. The images to the left are complete

reconstructions of the tissues, whereas those to the right are enlarged images of the tissues. Scale bars represent 50 lm
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Herovici staining was performed to determine

whether the collagen deposited into the wounds was

newly synthesized (mainly type III) or more mature

(type I). As shown in non-wounded skin (Fig. 7), there

Fig. 6 Constructs increase collagen deposition in the wounds at

post-treatment day 14. Masson stain at post-burn day 14. The

images to the left are complete reconstructions of the tissues,

whereas those to the right are enlarged images of the tissues.

Scale bars represent 50 lm
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is a specific separation between the two layers of the

dermis. The papillary layer of the dermis shows newly

synthesized collagen (stained in blue), whereas the

reticular dermis expresses mature collagen (stained

red). On day 7-post burn; wounds with conventional

treatment only exhibited young collagen deposition in

Fig. 7 Treatments with constructs enhance mature collagen deposition. Herovici stain at post-burn day 7. The images to the left are

complete reconstructions of the tissues, whereas those to the right are enlarged images of the tissues. Scale bars represent 50 lm
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the dermis, whereas the non-cellularized RHA and

RPS treatments induced deposition of mature colla-

gen. Deposition was enhanced by the addition of

MSC, especially in the MSC-cellularized RHA con-

struct on post-treatment day 7. By day 14-post

treatment, re-epithelialization progress started in all

treatments and there was a combination of newly

synthesized andmature collagen composition in ECM.

Remarkably MSC-cellularized constructs had an

increased deposition of mature collagen (Fig. 8).

By day 7-post treatment, presence of Type I

collagen was analyzed via immunofluorescence assay.

This protein is abundant in the dermis of healthy skin;

however, by day 7-post burn, collagen was absent in

wounded tissue (control with petroleum jelly). Non-

cellularized RHA and RPS showed an increase of type

I collagen in their composition compared to petroleum

jelly treatment; but the addition of MSC in both cases

resulted in major detection of Type I collagen in early

stages of wound healing (Figs. 9 and 10).

Discussion

Autologous skin graft is the gold standard coverage of

third-degree burns. For patients who have suffered

burns of greater than 40% TBSA, complications ensue

and availability of healthy skin to perform autografts is

limited. Tissue engineering allows manufacture of

cellularized skin substitutes that can contain fibrob-

lasts, keratinocytes, or both cell types cultured onto

diverse synthetic or biological materials as an alter-

native skin coverage treatment for these patients.

Radiosterilized human amnion (RHA) and radioster-

ilized pig skin (RPS) are two biocompatible materials

that prevent water loss, infections and offer an

extracellular matrix composition similar to human

skin. Besides, they are widely available, and have a

low cost. We treated deep burn wounds with RHA or

RPS in combination with adipose-derived mesenchy-

mal stromal cells to analyze the cellular process

involved in wound healing progress.

Skin coverage with RHA decreases granulation

tissue. This could be indicative of a decrease in

inflammation, since it has been reported that amnion

contains IL-10, which is an anti-inflammatory cyto-

kine that has been related to regenerative process. This

suggests a possible mechanism through which gran-

ulation tissue is reduced, but it needs be further

analyzed (Genilhu Bomfim Pereira et al. 2015; King

et al. 2014). By contrast, RPS enhances the granulation

tissue. This response could be due to extracellular

matrix proteins or the cells found in porcine skin; also

explaining presence of B-lymphocytes and other

immune cells, even when Nu/Nu mice were used in

the study. Previous reports have shown that RPS

induces release of interleukin-1b (Sánchez-Sánchez

et al. 2015), which is capable of promoting prolifer-

ation of keratinocytes during re-epithelization phase.

However, skin coverage with adipose-derived

mesenchymal cells seeded onto RPS reduces granu-

lation tissue formation in wound site. It has been

reported that MSC have immunomodulatory proper-

ties via IL-10 and IL-6 secretion (Kyurkchiev 2014).

Growth factors and cytokines secretion profile could

help us understand whether MSC have an active role

during immune modulation. This release of growth

factors could induce synthesis of collagen by resident

dermal fibroblasts, or MSC could help synthesizing it

by them. It is also possible that mesenchymal stromal

cells could differentiate into fibroblasts and contribute

to collagen deposition. All these questions need to be

answered in the future.

MSC-cellularized wound coverage promoted type I

collagen (COLI) deposition, which was more abun-

dant by day 14 post-treatment, as revealed by Herovici

staining and immunodetection. This suggests that

there is a change in expression from type III collagen

(COLIII) to type I in those mice treated with the

cellularized scaffolds. This process could be explained

as an acceleration of skin repair, since collagen

synthesis improves from day 7 post-treatment com-

pared to control group; however, they never reach type

I collagen levels found in healthy skin (Figs. 9 and

10). At this stage, ECM synthesis was fast due to

absence of re-epithelization. This could also explain

formation of scars. Evaluating this process is not easy

since mice repair deep wounds by contraction, they do

not have the same mechanism as humans and they do

not develop scars (Abdullahi et al. 2014; Domergue

et al. 2015). This is considered a disadvantage because

one of the major problems in human wound healing is

scar development. Scars develop from a high inflam-

matory process that generates an imbalance between

COLI and COLIII deposition, causing formation of

keloid scars, predominantly constituted by COLI

(Sidgwick and Bayat 2012).
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Mice model does offer some advantages; it is cost-

effective compared to bigger animals, there is no need

for large areas to maintain them and they provide us

with an approach for the cellular mechanisms involved

in the wound healing process. Contraction as a

mechanism mice have to heal wounds; as result, they

Fig. 8 RHA in combination with MSC promotes collagen

maturation at post-burn day 14. Herovici stain at post-burn day

14. The images to the left are complete reconstructions of the

tissues, whereas those to the right are enlarged images of the

tissues. Scale bars represent 50 lm
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heal deep wounds in a short time (Domergue et al.

2015). This could be the reason for no evident

differences in wound closure between treatments

versus controls, even when higher collagen deposition

was observed in the animals treated with ASC-

cellularized RHA and ASC-cellularized RPS.

Conclusions

This research provides evidence that radiosterilized

human amnion and radiosterilized pigskin cellularized

with adipose-derived mesenchymal stromal cells pro-

mote and increase collagen deposition during wound

healing progress. These constructs have the potential

to be further used as skin coverage for clinical

treatment of burned patients. However, more studies

are necessary to elucidate the role of MSC and their

interaction with these biomaterials during wound

healing.
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