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The aim of the investigation was to study biocompatibility and biomechanical properties of recellularized non-woven materials based 
on collagen-filled polylactide under in vitro and in vivo conditions and to assess the potential of their use for diaphragm defect replacement 
in the experiment on small laboratory animals.

Materials and Methods. Non-woven materials were obtained by electroforming of polylactide in a tight box with subsequent specimen 
vacuumization. 9% aqueous solution of polylactide was prepared in the solvent mixture: chemically pure chloroform with 10% addition of 
chemically pure ethanol. The microfibrous material was enriched with collagen in a weight concentration of 0.1 and 0.5% with subsequent 
freezing at –40° or in liquid nitrogen. The structure of non-woven polylactide matrices was assessed by a scanning electron microscopy 
while mechanical properties were evaluated during cyclic tests for strength and fatigue properties using tensile-testing machine. The 
fabricated non-woven matrices were recellularized by mesenchymal stromal cells under static conditions. The quality of the fabricated 
tissue-engineered constructs was evaluated morphologically by routine histological investigations. The viability of the cells on the matrices 
and the cytotoxic properties of the matrices were determined using XTT tests. The least toxic specimens were orthotopically implanted into 
the rats with subsequent morphological examinations.

Results. The morphological analysis and viability study of the cells on the matrices of those specimens which underwent freezing in 
liquid nitrogen during forming were found to be inexpedient for orthotopic transplantation. The specimens frozen in the refrigeration unit 
demonstrated permissible cytotoxicity levels and were implanted. The morphological examination after explantation of the given specimen 
groups did not reveal significant damage to the structure and inflammatory changes though the signs of the marked adhesive process in the 
implantation area were evident.

Conclusion. In spite of the ability of the non-woven matrices to stimulate fibrinogenesis, absence of cytotoxic properties and evident 
reactions of transplant rejection allow the non-woven polylactide matrices undergone freezing in the refrigeration unit at –40° during the 
forming process to be considered promising for creation of tissue-engineered constructs of a diaphragm.
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Introduction

Congenital and acquired malformations of various 
organs, including the diaphragm, remain a serious 
problem with a high level of lethality [1]. Though the 
arsenal of therapeutic and surgical treatment methods 
has recently enlarged, the most serious cases still 
have fatal outcomes. Regenerative medicine offers 
new methods of treating congenital and acquired 
pathologies creating tissue-engineered constructs (TEC) 
based on biological and/or synthetic matrices and a cell 
component [2]. For example, presently, there are various 
open and minimally invasive ways of plastic defect 
closure including the diaphragm [3]. 

The majority of plastic operations are performed using 
synthetic materials based on polytetrafluoroethylene, 
polyethylene, and polypropylene (AlloDerm, Gore-
Tex, Marlex) which lack bioresorbability and, therefore, 
promote the recurrence of the pathological process 
[1, 4]. Non-woven biodegradable polycaprolactone-
based materials are considered by many authors 
the most perspective for replacing the defects of the 
skin, bone tissue, small vessels, and diaphragm [5–8]. 
At the same time, polylactide, being an inexpensive 
material, possesses a required strength (greater than 
polycaprolactone), biocompatibility, biodegradability 
without toxic metabolites making it rather promising for 
fabricating implants and non-woven materials necessary 
in regenerative medicine. Unfortunately, much less 
attention is paid to the study of the biocompatibility 
of polylactide-based TECs compared to the 
polycaprolactone-based matrices [9].

There are data on a successful application of 
combined synthetic non-woven collagen-filled materials 
for the replacement of vast (more than 70%) defects 
of the diaphragm in the experiment even without the 
addition of a cellular component [8]. However, at present, 
the non-woven matrices are often used as carriers for 
mesenchymal stromal cells (MSC) during the creation of 
synthetic prostheses in order to improve biocompatibility 
and decrease immunogenicity of the implanted material 
[10, 11]. 

The majority of the investigations performed [8] are 
focused on the study of biomechanical and bioresorptive 
properties of the non-woven materials, the choice 
of optimal way of implant population in vitro. And a 
cellular component is considered as an additional 
factor promoting the replacement of the prosthetic area 
by the autologous connective tissue of the recipient 
[7] without adequate reconstruction of the anatomical 
and physiological properties of the native organ. 
Implantation of recellularized synthetic matrix into the 
animal organism and subsequent examination of the 
efficiency of the tissue defect replacement, cell growth, 
and MSC proliferation on the synthetic matrix as a 
stage of TEC creation is an interesting but insufficiently 
studied task [2]. Selection of the polymer, a carrier of a 
cell component, as well as optimal conditions of material 

forming is also an important constituent of the problem of 
creating TEC based on the non-woven matrices. 

The aim of the investigation was to study the 
properties of recellularized non-woven materials based 
on collagen-filled polylactide under in vitro and in vivo 
conditions and to assess the possibility of using these 
materials for diaphragm defect replacement in the 
experiment on small laboratory animals.

Materials and Methods
Fabrication and description of matrices, 

preparation to recellularization and its conduction. 
Polylactide-based non-woven materials were obtained 
by electroforming in a tight box at room temperature with 
subsequent vacuumization of the specimens at 1 mbar 
evacuation till the complete solvent removal. 9% aqueous 
solution of polylactide (4032D; Nature Works, USA) was 
preliminarily prepared in the solvent mixture: chemically 
pure chloroform with 10% addition of chemically pure 
ethanol. The microfibrous material was obtained on the 
mandrel 12.0±0.5 cm in diameter, rotating at 40 rpm, 
and the applied voltage was 15.0±1.0 kV. The process 
flow rate was 5 ml/h. The obtained fibrous matrix was 
0.40±0.05 mm thick. The fiber diameter ranged from 
4.5 to 5.5 μ with an average value of 5.0 μ. The packing 
density in the middle area was 10%.

To enrich collagen matrices, improve their adhesive 
properties and biocompatibility, we used collagen in 0.1 
and 0.5% weight concentration with subsequent freezing 
in a refrigeration unit at –40° or in liquid nitrogen. 
Then the specimens underwent lyophilisation in Alpha 
2–4 LSCplus freeze-dryer (Martin Christ, Germany) 
for 24 h. Thus, four groups of matrices have been 
fabricated for subsequent recellularization under in vitro 
conditions. Experimental group 1 included polylactide 
specimens containing 0.1% of collagen which underwent 
freezing in liquid nitrogen; group 2 was comprised of 
the specimens with the same content of collagen but 
frozen at –40°. Groups 3 and 4 consisted of non-woven 
polylactide matrices containing 0.5% of collagen and 
frozen in liquid nitrogen and at –40°, respectively. A non-
woven material consisting of collagen-free polylactide 
was used as a control. The structural and mechanical 
properties of the obtained non-woven materials were 
assessed by a scanning electron microscopy using 
Helios NanoLab 450S system (Thermo Fisher Scientific, 
USA) and by cyclic mechanical tests for strength and 
fatigue characteristics using Instron 5965 tensile testing 
machine (ITW, USA). 

Before recellularization, the specimen were sterilized 
with UV irradiation for 30 min, immersed in 70° ethanol 
for 10 min, washed three times in the solution of 
phosphate buffer for 15 min (Thermo Fisher Scientific, 
USA), and placed in the DMEM/F12 culture medium 
(PanEco, Russia) for 20 min. Using DERMO-PUNCH 
device (Sterylab, Italy) for skin biopsy, specimens of 
non-woven materials 5 mm in diameter were obtained 
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to investigate in vitro the viability of the cells on the 
matrices and cytotoxic properties of the matrices 
themselves (XTT tests).

Specimens measuring 1.5x2 cm, that is about 70% 
of the left diaphragm cupula, were chosen for orthotopic 
transplantation. Static recellularization of these 
specimens was performed in 6-well plates for 16 days 
in a CO2 incubator under standard conditions. Matrices 
displaying the least cytotoxic properties were chosen 
for implantation. The efficiency of recellularization 
of the remained specimens was evaluated during 
morphological examination by staining with hematoxylin 
and eosin according to the standard protocol.

Rat bone marrow-derived MSCs of the fourth passage 
were used for the experiments on non-woven matrix 
population. Cell lineage was verified by immunotyping, 
assessment of superficial antigen expression, and by 
the capability of directional differentiation in three cell 
lines using specialized StemPro media (Thermo Fisher 
Scientific, USA) with subsequent qualitative detection.

The study of viability of the cells on matrices. 
Colorimetric XTT test with the following quantitative 
counting was chosen to determine the percentage of 
viable cells on the matrices and the cytotoxic index. 
The process solution of the XTT reagent was prepared 
according to the manufacturer instructions (Cell 
proliferation assay XTT; AphliChem GmbH, Germany). 
Recellularization of the experimental and control samples 
was performed in 96-well plates by a static method, 
130 μl cell suspension containing 20,000 cells was added 
to each well. The cell suspension was applied to the 
specimen central zone and uniformly distributed over the 
entire surface. The total time of incubation was 72 h. Then 
100 μl of the XTT working solution was added followed 
by a further 3 h incubation. The optical density was 
measured by means of FilterMax F5 reader (Molecular 
Devices, USA) at 450 nm working wavelength (620 nm 
reference wavelength). The quantitative values of the cell 
viability were calculated as a ratio of the difference of the 
optical density values in the experimental wells and the 
wells with the medium to the optical density of the wells 
containing the control cells [12]. 

Implantation and explantation of recellularized 
non-woven matrices. The TEC diaphragm based on 
MSC recellularized non-woven matrices enriched with 
collagen (n=25) was orthotopically transplanted to 5 
Wistar male rats weighing 240±20 g. The experiments 
on the animals were conducted in the Laboratory of 
Basic Research in Regenerative Medicine in Kuban 
State Medical University in compliance with the Guide 
for the Care and Use of Laboratory Animals (National 
Research Council, 2011). The study protocols were 
designed according to the European Convention for the 
Protection of Vertebrate Animals used for Experimental 
and Other Scientific Purposes (Strasbourg, 2006) and 
approved by the Ethics Committee of the Kuban State 
Medical University.

The operative interventions on animals were done 

under general anesthesia, the protocol of which was 
worked out together with the colleagues from the 
Karolinska Institute (Stockholm, Sweden). It implied 
intramuscular injection of 5 ME of 2% Xylazine solution 
(Intervet, Netherlands) in combination with 3 ME Zoletil 
100 (Virbac, France) and subcutaneous introduction 
of 5 ME of 0.1% Atropine sulfate solution (Pilot Plant 
“GNCLS”, Ukraine). According to the protocol, rat 
tracheas were intubated with a polyethylene catheter 
2.42 mm in diameter followed by the connection to the 
artificial pulmonary ventilation device Inspira ventilator 
(Harvard Apparatus; USA) for small animals with 
a specified respiration rate of 100 per minute. The 
animals were fixed in a supine position for oblique 
paracostal laparotomy, left approach. About 70% of 
the left diaphragm cupula was ablated and replaced 
with the non-woven material populated with the rat 
MSCs. Implants were fixed to the pericostal part of the 
diaphragm by continuous sutures using monofilament 
polypropylene suture (size 6-0). The laparotomy wound 
was closed in layers using a continuous suture with a 
monofilament polypropylene suture (size 4-0) (all sutures 
were Prolene; Ethicon, USA). The total length of the 
operative intervention made 50 min. In the postoperative 
period, in case of wound suppuration, infectious 
complications were prevented using 2.5% solution of 
Baytril preparation (VNIIZG, Russia) at a dose of 0.2 ml/
kg animal body mass, immunosuppressive therapy was 
not administered.

21 days after the implantation, the non-woven 
recellularized grafts were explanted after the 
intraperitoneal introduction of the lethal dose of 
barbiturates (150 mg/kg). A left paracostal approach was 
used during surgery, the process of explantation was 
accompanied by macrophotography. Blood was washed 
off the specimens in a sterile solution of the phosphate 
buffer. Then specimens were placed in 10% solution of 
buffered formalin for histological investigations.

Statistical data processing was performed using 
GraphPad Prism v. 6.04 software (reference: www.
graphpad.com). The results obtained were presented 
as the mean (M) and standard deviation (SD). The 
probability of the possible error was determined using 
the Student’s t-test table for paired samples. Mann–
Whitney test was used for the samples from compared 
populations different from normal distribution. The 
differences were considered significant at p<0.05. 

Results
The description of the structure and methods of non-

woven specimen treatment is presented in Table 1, their 
mechanical parameters are shown in Table 2. 

The cell culture used for recellularization of the non-
woven matrices demonstrated its ability to adhesion and 
colony formation growing on the cultural plastic. The cells 
had CD90+, CD105+, CD34–, CD45– phenotype, after 
the induced differentiation they were positively stained 

Application of Non-Woven Materials for Diaphragm Defect Replacement



 BIOTECHNOLOGIES 

38   СТМ ∫ 2019 ∫ vol. 11 ∫ No.2 

with Oil Red O, toluidine blue, alizarin red, that validates 
the differentiation in adipogenous, chondrogenous, and 
osteogenous directions, respectively.

According to the data of the XTT test, the viability of 
the cells after recellularization of the specimens from 
the control group after the static population by MSCs 
was 59.76%, the cytotoxicity — 27.23%. Among the 
specimens of the experimental groups, the matrices of 
group 2 and 4 frozen in the refrigeration unit possessed 
the least cytotoxic properties. The same groups of 
specimens were characterized by the highest viability of 
the cells on the matrices (Figure 1).

It was decided to examine the histological structure 
of the specimens with high values of cytotoxicity 
(group 1 and 3) to establish the reasons for such high 
indices. Staining with hematoxylin and eosin showed 
heterogeneity of the structure on the frontal sections, 
stratification of the material, and fiber constrictions 
on the sagittal sections; cells were absent (Figure 2). 
Scanning electron microscopy of the non-woven matrix 
specimens from these groups performed before MSC 
population showed marked interfibrillar connections in 
the form of membranes and constrictions (Figure 3). 

During explantation, it was found that tissue-
engineered grafts obtained by recellularization of 
the non-woven materials were integrated into the 
surrounding tissues with the implantation area having 
a paler color compared to the normal diaphragm 
tissue. Explanted grafts with the highest cell viability 
were noted to have a high degree of adhesion of the 
implanted materials to the surrounding tissues. Thus, 
the specimen from group 2 fused to the stomach fundus 
and diaphragmatic surface of the liver, the specimen 
from group 4 to the diaphragmatic surface of the liver, 
the control specimen was seen to be tightly adhered to 

T a b l e  2
Mechanical characteristics of the non-woven material 
specimens (МPa)

Type  
of freezing

0.1% collagen 0.5% collagen
Young 

modulus Strength Young 
modulus Strength

0.05°С/min 434.0±25.0 13.2±0.8 508.0±31.0 20.7±0.9
10.0°С/min 338.0±21.0 11.3±0.7 529.0±34.0 21.8±1.1

T a b l e  1
Description of the structure and methods of non-woven material treatment

Specimen 
groups

Thickness  
of the fibrous matrix, 

mm/packing density (%)
Fiber  

diameter (μm)
Concentration  

of filler solution  
(collagen) (%)

Speed  
of freezing  

(°С/min)

The degree  
of filling the specimen  

with collagen (%)
1

0.40±0.05/10.0±1.0 5.0±0.5

0.1 10.0** 6.8
2 0.1 0.05* 4.3
3 0.5 10.0** 16.0
4 0.5 0.05* 20.7

* 0.05°С/min — freezing in a refrigeration unit; ** 10.0°С/min — freezing in liquid nitrogen.

Control

Viability
Cytotoxicity

Specimens 
of group 1

Specimens 
of group 2
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Figure 1. Indices of viability and cytotoxicity of the non-
woven synthetic matrix based on collagen-enriched 
polylactide with recellularization with bone marrow-
derived rat mesenchymal stromal cells
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Figure 2. Morphological in vitro examination of 
recellularized non-woven matrices: 
saggital (а) and frontal (b) sections of specimens from group 1; 
saggital (c) and frontal (d) sections of specimens from group 3; 
staining with hematoxylin and eosin; х100

Saggital section

Sp
ec

im
en

s 
of

 g
ro

up
 1

Sp
ec

im
en

s 
of

 g
ro

up
 3

Frontal section

E.V. Kuevda, E.А. Gubareva, Т.E. Grigoriev, S.V. Krasheninnikov, А.А. Verevkin, ..., S.N. Chvalun



 BIOTECHNOLOGIES 

СТМ ∫ 2019 ∫ vol. 11 ∫ No.2   39

Figure 3. Electron micrographs of the non-
woven matrices based on collagen-filled 
polylactide:
(а) fibers connected by membranes, degree 
of filling — 20.7%; (b) fibers connected by 
constriction, degree of filling — 6.8%; х2500
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Figure 4. Macro photography and histological examination of recellularized non-woven 
matrices 21 days after implantation: 
(а) adhesive process in the implantation area; (b) implanted specimen; (c) morphologic examination 
of the explanted specimens; staining with hematoxylin and eosin; х200

the stomach fundus (Figure 4 (a), (b)). Ablation of the 
left diaphragm cupula was done after blunt dissection of 
adhesions.

The morphological examination of the explanted grafts 
stained with hematoxylin and eosin allowed us to assess 
the general picture of cell infiltration, predominantly 
leukocytic. At the same time, no signs of evident 
inflammatory changes were found, the implanted TECs 
were not limited by the capsule from the surrounding 
tissues. The explants preserved a porous structure not 
typical for the native diaphragmatic tissue. Significant 
morphological differences between the specimens of the 
control group and experimental groups 2 and 4 have not 
been noted (Figure 4 (c)).

Discussion
The non-woven materials, their recellulalization, and 

the application of the fabricated grafts for native organ 

replacement are considered to be a promising way of 
solving the tasks on adequately functioning TECs. It has 
been shown that an important step in creation of synthetic 
prostheses is the process of electroforming with the choice 
of the optimal micropore diameter (within the range of 
20–80 μm), calculation of the porous material percentage, 
selection of matrix thickness, and fiber diameter [13]. 
Of equal importance are the method of the non-woven 
material population and potential ways of improving 
matrix functional properties using additional treatment (for 
example, enrichment with collagen) [14, 15]. The choice 
of the method of synthetic material population is known 
to depend on electroforming conditions determining 
the structural and mechanical properties of the created 
matrices and the required parameters [7, 16].

Though some investigators criticize the static method 
of recellularization [13], it was this particular method that 
we have chosen making some modifications regarding 
the application of cell suspension (by drops to the middle 
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