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Abstract: Incisional hernia affects up to 20% of patients after abdominal surgery. Unlike other 

types of hernia, its prognosis is poor, and patients suffer from recurrence within 10 years of the 

operation. Currently used hernia-repair meshes do not guarantee success, but only extend the 

recurrence-free period by about 5 years. Most of them are nonresorbable, and these implants 

can lead to many complications that are in some cases life-threatening. Electrospun nanofibers 

of various polymers have been used as tissue scaffolds and have been explored extensively in 

the last decade, due to their low cost and good biocompatibility. Their architecture mimics the 

natural extracellular matrix. We tested a biodegradable polyester poly-ε-caprolactone in the 

form of nanofibers as a scaffold for fascia healing in an abdominal closure-reinforcement model 

for prevention of incisional hernia formation. Both in vitro tests and an experiment on a rabbit 

model showed promising results.

Keywords: nanofibers, growth factors, surgical mesh, hernia regeneration, in vivo

Introduction
Incisional hernia is the most common postoperative complication following abdominal 

surgery, affecting up to 20% of patients after midline incision, with 10-year recur-

rence rates exceeding 60%.1,2 Unlike in surgical repair of inguinal hernia, there are 

many solutions and none of them is ideal.3 Repair of a large incisional defect often 

requires the use of an allogeneic, and in some cases even a xenogeneic implant. This 

can expose the patient to various long-term complications, ie, adhesion formation, 

graft infection/rejection, fistula formation, and hernia recurrence.4–7 At the present 

time, more than 100 surgical meshes are available on the market.8 However, the ideal 

mesh does not yet exist, and still needs to be developed.

Clearly, the optimal and most suitable material for manufacturing a biological 

implant has to be biocompatible, should not cause a major inflammatory response, 

should not show any adverse immune response or cytotoxicity, and should be easily 

sterilizable without changing its properties. The mechanical properties of the selected 

material in hernia repair are also important. The ideal mesh should withstand the 

implantation process and also the patient’s postoperative activities. In addition, the 

optimal mesh should minimize complications connected with the wound-healing 

process. This process consists of five overlapping stages: hemostasis, inflammation, 

proliferation, contraction, and remodeling.9,10

Implanting a material into a living body can be considered an injury, and likewise 

evokes a cascade of host reactions, including blood–material interactions with the 
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formation of a fibrin matrix, inflammation, cellular infiltra-

tion, new tissue formation, and remodeling. After the initial 

inflammatory response, blood vessels and mesenchymal cells 

will start to approach and eventually invade the implant. The 

kind of tissue that is finally formed depends on the microen-

vironment that the migrated cells will be exposed to.11,12

Synthetic material implementation has become the 

standard for care in the repair of ventral hernias. Numer-

ous synthetic surgical meshes have been designed for use 

in hernia-repair procedures. However, no single mesh has 

yet demonstrated the ability to promote reliably both host-

tissue remodeling and high-strength repair of abdominal 

wall defects. Unresorbable synthetic meshes are made of 

polypropylene (PP; Prolene® [Johnson & Johnson, New 

Brunswick, NJ, USA], Marlex® [Phillips 66, Houston, TX, 

USA], Vypro® [Johnson & Johnson], ProLite™ [Maquet, 

Rastatt, Germany]), polyesters (Dacron® [DuPont, Wilm-

ington, DE, USA], Mersilene® [Johnson & Johnson]) and 

expanded polytetrafluoroethylene (Gore-Tex®; Newark, 

DE, USA). Among these types of meshes, the most widely 

used synthetics for hernia repair worldwide are PP-based 

materials. Absorbable synthetic prostheses, including gly-

colic acid (Vicryl®; Johnson & Johnson), polyglycolic acid 

(Dexon), and carboxycellulose, are generally reserved for 

temporary abdominal closure, or are used in conjunction 

with permanent synthetics.8 In addition to these, alternative 

methods of different surgical mesh classification are used 

worldwide.13,14

In living systems, the extracellular matrix (ECM) plays a 

pivotal role in controlling cell behavior, such as adhesion, pro-

liferation, migration, and differentiation.15 Optimal scaffolds 

designed in tissue engineering should mimic natural ECM. 

Such a scaffold would create the finest microenvironment 

for cell adhesion and proliferation. Clearly, nanofibrous 

scaffolds meet these requirements not only due to their 

topography but also due to their high surface-to-volume 

ratio and the possibility to modify their surface and 

interior to improve biocompatibility.16,17 In recent years, 

the electrospinning method has been applied for this 

purpose, as it is a simple and cost-effective way to fabri-

cate fibers both from synthetic polymers and from other 

substances.18 The topographical features of the fibers can 

easily be adjusted to fit specific applications by controlling 

various parameters.18–20

The polyesters of the poly(α-hydroxy acid) family 

are significant bioresorbable materials used in biomedical 

applications. Poly-ε-caprolactone (PCL) has frequently 

been chosen for electrospinning, because it is a US Food 

and Drug Administration-approved, biocompatible, and 

biodegradable semicrystalline aliphatic polyester. PCL 

has been shown to support the attachment and growth 

of chondrocytes,21 osteoblasts,22,23 smooth-muscle cells 

(SMCs),24 fibroblasts,22,25,26 myoblasts,27 and mesenchymal 

stem cells.28

In a recent study, we developed a composite nanofiber–PP 

mesh. The purpose of this study was to evaluate the potential 

benefit of the PCL nanofiber mesh in vitro and in vivo in 

hernia surgery. Additionally, in order to support cell adhe-

sion and growth after implantation, PCL nanofibers were 

further functionalized by adsorption of growth factors (GFs). 

Biomechanical support for a PP mesh in combination with 

the ECM-mimicking structure of PCL nanofibers could lead 

to improved healing outcomes.

Materials and methods
Preparation of the meshes and scaffolds
PCL nanofibers were prepared by an electrospinning method 

from PCL with a molecular weight of 45,000 (Sigma-

Aldrich, St Louis, MO, USA).18 Electrospinning was 

performed from a 14 wt% solution of PCL dissolved in 

chloroform:ethanol with a ratio of 8:2. A high-voltage 

source generated voltages of up to 50 kV, and the polymer 

solution was connected to a high-voltage source. Electro-

spun nanofibers were deposited on the grounded collecting 

electrode. The PP surgical mesh (Prolene) was coated with 

PCL nanofibers. Prolene was attached to the grounded col-

lecting electrode, and the PCL nanofibers were deposited 

on the mesh from both sides.

For in vitro tests, Prolene and Prolene coated with PCL 

nanofibers were cut into round patches 6 mm in diameter 

and sterilized using ethylene oxide at 37°C. For in vivo 

tests, PCL nanofibers, Prolene, and Prolene coated with 

PCL nanofibers were cut into rectangular shapes with 4 cm 

and 8 cm sides. The scaffolds were sterilized using ethyl-

ene oxide at 37°C. The GFs were bound to the scaffold by 

12 hours’ incubation in a phosphate-buffered saline (PBS; 

pH 7.4) solution, which contained 200 ng/mL IGF-I [IGF-1, 

human recombinant (hr) (Sigma-Aldrich), 40 ng/mL basic 

FGF (bFGF; hr; Hoffman-La Roche, Basel Switzerland), and 

4 ng/mL TGF-β
2
 from porcine platelets (Sigma-Aldrich). 

After incubation, GFs were adhered on the surface of nano-

fibers. The release of GFs from nanofibers was in the order 

of 1–3 weeks.29 Implanted scaffolds without the GF were 

incubated in PBS (pH 7.4) for 12 hours.
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In vitro analysis
scanning electron microscopy and stereological 
analysis of native meshes and scaffolds
Nanofibers were sputter-coated with a layer of gold approxi-

mately 60 nm in thickness using a Polaron sputter coater 

(SC510; Quorum Technologies, East Grinstead, UK). The 

samples were examined in an Aquasem (Tescan, Brno, Czech 

Republic) scanning electron microscope (SEM) in secondary 

electron mode at 15 kV.

The electrospun scaffolds were characterized in terms of 

fiber diameter and pore size using mathematical stereological 

methods, as described in detail in Mickova et al.30 Briefly, 

the stereological parameters were measured from arbitrarily 

selected sections of the SEM images, using Ellipse software 

(version 2001; ViDiTo, Košice, Slovakia). The distribution 

of the fiber diameters and pore sizes were determined quan-

titatively from 200 measurements.

cell cultivation and seeding
The mouse 3T3 fibroblast cells (line 3T3-Swiss albino 

CCL-92™; American Type Culture Collection, Manas-

sas, VA, USA) were routinely maintained in a humidi-

fied incubator with an atmosphere of 5% CO
2
 in air at 

37°C with fresh medium changed every 2 days. The cells 

were cultured in  Dulbecco’s Modified Eagle’s Medium 

(Pan-Biotech,  Aidenbach, Germany) supplemented with 

10% fetal bovine serum (PAA Laboratories, Pasching, 

Austria) and penicillin–streptomycin (100 IU/mL and 

100 μg/mL, respectively;  Sigma-Aldrich). When the 

cells reached 80%–90%  confluence, they were suspended 

using trypsin– ethylenediaminetetraacetic acid (PAA 

Laboratories). For detection of metabolic activity, the 

scaffolds were seeded with 3T3 fibroblasts at a density 

of 3×103 cells/cm2.

Metabolic activity of fibroblasts cultivated on the 
surface of meshes and scaffolds
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-

lium bromide, 50 μL, 1 mg/mL; Sigma-Aldrich) in PBS 

(pH 7.4) were added to 150 μL of the sample medium 

and incubated for 4 hours at 37°C. Using mitochondrial 

dehydrogenase of normally metabolizing cells, the MTT 

was reduced to purple formazan. Formazan crystals were 

solubilized with 100 μL of 50% N,N-dimethylformamide 

in 20% sodium dodecyl sulfate at pH 4.7. The results were 

examined by spectrophotometry in an enzyme-linked 

immunosorbent assay reader (EL 800; BioTek, Winooski, 

VT, USA) at 570 nm (reference wavelength 690 nm).  

The metabolic activity of 3T3 fibroblasts on a scaffold was 

tested on days 1, 3, 7, and 10.

In vivo study
animal model, study groups, and animal care
A total of 27 rabbits were randomly divided into six groups. 

In group I (the control group), the tissue defect in the fascia 

was primarily closed using a 4/0 PP suture. In groups II, III, 

and V, the defect in the fascia was closed with a 4/0 PP suture, 

and a 4×8 cm mesh was placed over the fascia in an onlay 

position, overlapping the incision by 2 cm circumferentially. 

Group II was treated with a Prolene mesh only (the second 

control group), while group III was treated with a Prolene 

mesh functionalized with PCL nanofibers enriched with GF, 

and group V was treated with a Prolene mesh functionalized 

with PCL nanofibers without GF. The mesh was then fixed 

with a continuous suture technique, using a 4/0 PP suture. 

The last continuous stitch was used to suture the mesh to 

the incision line. Groups IV and VI were treated with PCL 

nanofibers only, with adhered GF (group IV) or without GF 

(group VI). For better understanding, the groups are sum-

marized in Table 1.

Twenty seven Chinchilla rabbits (3.2±0.3 kg), 4 months 

old, were obtained from a conventional breed (CB Bio, 

Prague, Czech Republic) and bred in standard cages with-

out bedding. The rabbits were fed ad libitum using the 

standard granular diet for rabbits (TM-MaK 1; Akvaristika  

Bergman, Karlovy Vary, Czech Republic). Ethical prin-

ciples and guidelines for scientific experiments on animals 

were respected throughout this study. The maintenance and 

handling of the experimental animals followed EU Council 

Directive 86/609 EEC, and the animals were treated in 

accordance with the principles of care and use of animals. 

The investigation was approved by the Expert Commit-

tee of the Institute of Physiology, Academy of Sciences, 

Prague, Czech Republic, and conformed to Czech Animal 

Protection Law 246/92.

Table 1 groups and meshes used

Group Mesh

I suture only
II PP
III PP + PCL nanofibers + growth factors
IV PCL nanofibers + growth factors
V PP + PCL nanofibers
VI PCL nanofibers

Abbreviations: PP, polypropylene; Pcl, poly-ε-caprw olactone.
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Surgical procedure, killing, and sample collection
The animals were premedicated with intramuscular 15 mg 

diazepam pro toto (posterior thigh: semitendinosus and 

semimembranosus muscles). The surgical procedure 

was conducted under general anesthesia using ketamine 

(35 mg/kg) and xylazine (3 mg/kg) and subsequent inhalation 

of O
2
 +1.5%–2.0% halothane during surgery. Following com-

pletion of all the preoperative preparations, a skin incision of 

about 6 cm was cut through the midline of the abdomen, start-

ing 3 cm below the xiphoid. Another 5 cm-long midline inci-

sion was made in the fascia as an abdominal closure model. 

Antibiotics (20 mg/kg/day subcutaneously of cefalexinum 

monohydricum [cefalexin] for veterinary use) and analgesics 

(0.1 mg/kg/day subcutaneously of butorphanol tartrate for 

veterinary use) were administered during the first 3 days. 

The rabbits were not limited in their movement after surgery. 

The animals were killed using T61 (Merck, Whitehouse  

Station, NJ, USA) 6 weeks later. Samples for histological and 

immunohistochemical analysis were fixed in 10% phosphate-

buffered formalin for 48 hours. Two samples of 1×6 cm 

of full-layer abdominal wall with mesh were removed for 

biomechanical testing (Figure 1), and two samples from the 

suture line and two from the edge of the mesh were harvested 

for histological testing. All suturing material was explanted 

prior to all tests.

Video-recorded biomechanical assay  
(tensile strength)
The hysteresis curve and maximum tensile strength were 

determined on a MicroTester digital tension meter (Device 

was developed in Department of Anatomy and Biomechan-

ics, Faculty of Physical Education and Sport, Charles Uni-

versity in Prague, Utility model with document/registration 

number 25008, Industrial Property Office, Czech Republic). 

The structure of each sample was scanned throughout the 

experiment by an SZX-12  microscope (Olympus, Tokyo, 

Japan) equipped with an ultrasensitive SensiCam video cam-

era (PCO, Kelheim, Germany). The force response of each 

sample was detected at the branches of the tension meters 

during the whole cycle. Both static and dynamic properties of 

each of the samples were analyzed. The following quantities 

were measured: elasticity in traction E (N/mm2), maximum 

strength force σ
max

 per square unit (N/mm2), and the corre-

sponding proportional elongation value ε
max

. The localization 

and the character of the tear line were also analyzed. The 

tissue samples (1×6 cm strips of regenerated abdominal 

wall) were individually attached to the branches of the ten-

sion meter in a longitudinal manner, not including the place 

covered with scaffolds of a particular type (Figure 2). The 

samples were stretched by 5 mm at a speed of 10 mm/second 

ten times, and were then pulled at a speed of 0.5 mm/second 

until the sample broke (Figure 3).

histological evaluation
The tissue samples were fixed with buffered formalin, 

dehydrated, and embedded in paraffin blocks. Six serial 

histological sections 5 μm in thickness were processed from 

each paraffin-embedded tissue block. α-Smooth-muscle actin 

was used as a marker of the contractile SMC phenotype 

and myofibroblasts, and CD31 was used as an endothelial 

marker (Table 2). Endogenous peroxidase activity was 

blocked with 3% H
2
O

2
 in PBS. Nonspecific binding activ-

ity was blocked with normal goat or horse serum (Table 2)  

in a phosphate-buffered salt solution at room temperature. 

The sections were incubated overnight with primary anti-

bodies (Table 2) at 4°C. Immunoreaction products were 

detected using the immunoperoxidase technique (Table 2), 

and the reactions were visualized with diaminobenzidine 

Figure 1A, B Full-layer repaired abdominal wall for biomechanical and histological analyses.
Notes: (A) Incision of abdominal wall closed with polypropylene mesh; (B) incision of abdominal wall closed with simple suture. White boxes correspond to the samples 
of biomechanical analysis.

A B
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(Sigma-Aldrich). All sections were counterstained with 

Gill’s  hematoxylin. (Dr Kulich Pharma, Otrokovice, Czech 

 Republic). Quantification of area fractions of tissue constitu-

ents and quantification of microvessel density were done 

using the stereological point-counting method and the unbi-

ased counting frame provided by the Ellipse software.31

histological scoring system
In the literature, there are no references to a method for com-

paring histological evaluations related to incisional hernia 

examinations. We suggest a novel scoring system, which is 

here described in detail.

Two tissue blocks were examined in each animal, one 

representing the medial region of the abdominal wall with the 

healing incision, and the other approximately 20 mm lateral 

to the median incision. Six serial histological sections 5 μm 

in thickness were processed. Two sections were stained with 

hematoxylin and eosin (Merck KGaA, Darmstadt, Germany), 

two sections were stained with Verhoeff’s hematoxylin 

(Merck KGaA) and green trichrome (DiaPath, Martinengo, 

Figure 2 Tensiometer branches with anchored samples during biomechanical analyses.

Figure 3A–F Video-recorded biomechanical assay (tensile strength).
Notes: (A) simple suture tears in the line. (B) Healthy muscle broke at the edge, and the PP mesh slid on the top of the muscle. (C) Tissue treated by a PP mesh 
functionalized with PCL nanofibers enriched with adhered GF tore at the edge of the mesh and healthy muscle, and the slide was localized between muscle fibers.  
(D) In some PCL-nanofiber samples with adhered GF, the suture line tore first, but in others a tear occurred between muscle fibers or at the edge of the muscle and the mesh.  
(E) Healthy muscle tore at the edge, and a PP mesh functionalized with PCL nanofibers slid on top of the muscle, or the tear was localized not between the mesh and the 
muscle layer but in between muscle fibers. (F) In some PCL-nanofiber samples, the suture line tore first, but in others a tear occurred between muscle fibers or at the edge 
of the muscle and the mesh. White circles indicate areas of regenerated incision.
Abbreviations: PP, polypropylene; Pcl, poly-ε-caprolactone; gF, growth factor.

A

B

C

D

E

F
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ficial to the abdominal muscle. The presence of collagen, 

adipose tissue, and granulomatous infiltrates was assessed in 

the sections stained with Verhoeff’s hematoxylin and green 

trichrome (Figure 4A). The presence of α-smooth-muscle 

actin and the presence of CD31-positive microvessel profiles 

were assessed in immunohistochemical sections (Figure 4B 

and C). Two micrographs for each staining and tissue block 

were taken in a systematically random manner, using 20× 

magnification (quantification of CD31-positive microvessels) 

Italy) to visualize the connective tissue,32 and two sections 

were processed immunohistochemically in order to reveal 

the presence of microvessels, SMCs, and myofibroblasts. 

We used α-smooth-muscle actin as a marker of the con-

tractile SMC phenotype and myofibroblasts, and CD31 as 

an endothelial marker, as previously described. All sections 

were counterstained with Gill’s hematoxylin.

We used five continuous variables describing the tissue 

reaction of the connective tissue below the dermis and super-

A B

C

Figure 4A–C Histological quantification.
Notes: (A) In sections stained with Verhoeff’s hematoxylin (Merck KGaA, Darmstadt, Germany) and green trichrome (DiaPath, Martinengo, Italy), the area fraction of collagen 
(stained green), adipose tissue, and granulomatous infiltrates (red arrow) was quantified. The area occupied by dissolved tissue scaffolds (asterisk) or by artificial microcracks (black 
arrow) was excluded from the reference area. Magnification 100×, scale bar 200 μm. (B) For all area quantifications, stereological point grids were superimposed on histological 
micrographs, points striking the structures of interest within the total area were counted, and the sum of these points was multiplied by the area corresponding to each point 
(marked “a” within the square). This is illustrated in an immunohistochemical section showing α-smooth-muscle actin-positive vascular smooth-muscle cells (yellow arrow) and 
myofibroblasts (green arrow). Magnification 200×, scale bar 100 μm. (C) Counting CD31-positive microvessel profiles per section area using projection of an unbiased counting 
frame consisting of two admittance borders (green) and two forbidden borders (red). Magnification 200×, scale bar 100 μm. Counterstaining Gill’s hematoxylin (Dr Kulich Pharma, 
Otrokovice, Czech Republic) (B, C).

Table 2 Primary antibodies used for immunohistochemistry

Antibody Blocking serum Pretreatment Detection

Monoclonal mouse antihuman smooth-muscle  
actin, clone 1A4, (Dako, Glostrup, Denmark)

Normal goat serum (Dako)  
in PBs at room temperature

None N-Histofine kit (Nichirei  
Biosciences, Tokyo, Japan)

Monoclonal mouse antihuman and antirabbit cD31,  
clone Jc/70a (Vector laboratories, Peterborough,  
UK), dilution 1:25 (endothelial marker)

Normal horse serum  
for 20 minutes at room  
temperature

enzyme-induced epitope  
retrieval with Proteinase  
K (Dako) for 6 minutes

ImmPress reagent kit with  
antimouse immunoglobulin  
peroxidase MP-7402  
(Vector laboratories)

Abbreviation: PBs, phosphate-buffered saline.
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or 10× magnification (other parameters). Next, a randomly 

positioned uniform grid of equidistant points was placed on 

the micrographs in an overlay, so that the number of points 

striking the collagen, adipose tissue, granulomatous infiltrates, 

and α-smooth-muscle actin-positive cells was proportional 

to their area. We counted the number of points striking these 

structures within the area of the abdominal scar. The area of 

each major tissue component A was calculated by multiply-

ing the number of counted points by the area corresponding 

to each point.30 The presence of each tissue component in the 

study was then expressed as their area fraction (Aa) within 

the connective tissue of the scar and abdominal wall. The 

area not occupied by connective tissue (tissue microcracks, 

dissolved mesh and surgical stitches, borders of the section) 

was excluded from the reference area. The sum of the area 

fraction of collagen, adipose tissue, granulomatous infiltrates, 

and α-smooth-muscle actin represented the main tissue con-

stituents. The remaining fraction of the tissue was occupied 

mostly by fibroblasts and scattered connective tissue cells, 

individual skeletal muscle fibers, ground substance of the 

ECM, immature collagen, and lumina of blood and lymphatic 

vessels. In sections stained for α-smooth-muscle actin and 

CD31, we assessed the quantity of microvessels as the num-

ber of microvessel profiles per section area (Qa), using an 

unbiased counting frame.33 Although the α-smooth-muscle 

actin did not label the capillaries that were lacking SMCs, 

we found a strong positive correlation ( Spearman’s R=0.91) 

between microvessels labeled with α-smooth muscle actin and 

CD31-positive microvessels in a pilot study based on 12 tis-

sue samples. Due to a stronger immunohistochemical reac-

tion, we decided to consider the number of α-smooth-muscle 

actin-positive microvessels as an acceptable estimate for the 

 presence of microvessels. In total, the quantification was based 

on 220 micrographs. An estimate was made of the density 

of the microvessel profiles, and 117 microvessel profiles per 

sample were counted on average.

statistical analysis
The quantitative histological data were processed using 

Statistics Base 9 (StatSoft, Tulsa, OK, USA). Spearman 

rank-order correlations were used as a measure of the sta-

tistical relations between the variables, and Kruskal–Wallis 

analysis of variance was used for testing the equality of the 

population medians between the groups under study. We 

used the Wilcoxon matched-pairs test for paired samples of 

the medial and lateral abdominal wall of the same animals. 

Values were considered statistically significant for P0.05. 

Only significant findings and findings close to significant 

values are reported.

Quantitative data obtained from the in vitro tests and 

biomechanical assay are presented as means ± standard devia-

tion. In the MTT assay the average values were determined 

from four independently prepared samples. The results were 

evaluated statistically using one-way analysis of variance 

(ANOVA) and the Student–Newman–Keuls method. Levels 

of significance were set at 0.001 and 0.05.

Results
In vitro study
seM and stereological analysis of native  
meshes and scaffolds
Various types of functionalized scaffolds were examined 

using an SEM in secondary electron mode: a sample of 

PCL nanofibers (Figure 5A), a PP mesh (Figure 5B), and a 

PP mesh functionalized with PCL nanofibers (Figure 5C).  

SEM showed a randomly oriented nanofiber layer and 

Figure 5A–C scanning electron microscopy of the implanted scaffolds.
Notes: (A) PCL nanofibers (magnification 230×); (B) PP mesh (magnification 18×); (C) PP mesh functionalized with PCL nanofibers (magnification 18×).
Abbreviations: PP, polypropylene; Pcl, poly-ε-caprolactone.

A B C
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deposition of these nanofibers onto the PP mesh. Stereo-

logical analyses showed two fractions of PCL fibers. In one 

fraction, there were fibers with an average diameter of 

1.28×103±0.33×103 nm, and in the second fraction the aver-

age diameter was 466±170 nm. The average diameter of the 

PP mesh fibers was about 150×103±5.4×103 nm.

Metabolic activity of fibroblasts cultivated  
on the surface of meshes and scaffolds
The scaffolds were pretested in vitro for preliminary biocom-

patibility determination. The PP mesh, PP mesh functionalized 

with PCL nanofibers, PCL nanofibers, and tissue-culture poly-

styrene were seeded with 3T3 fibroblasts and the cells cultivated 

for 10 days. An MTT assay was performed on days 1, 3, 7, and 

10 to determine the metabolic activity of the cells (Figure 6).  

We compared the results acquired from days 1, 3, 7, and 

10 between cells seeded onto different kinds of scaffolds. The 

MTT assay showed significantly higher metabolic activity of 

the cells on days 1, 3, and 7 on the PP mesh functionalized 

with PCL nanofibers or PCL nanofibers alone than on the 

simple PP mesh. Additionally, on day 10, the 3T3 fibroblasts 

showed metabolic activity at a level of statistical significance 

of P0.001 on the PCL and PP + PCL scaffolds. The highest 

metabolic activity of cells was on tissue-culture polystyrene, 

which was considered to be a positive control.

In vivo study
clinical postoperative course
The animals were killed after 6 weeks. We did not observe 

any evident changes of condition or weight loss of any  animal. 

A macroscopic evaluation of samples from all groups was  

made after explantation of the abdominal wall (Figure 1).  

The surface of the regenerated tissue showed no signs of 

inflammation or infection in any groups. The incidence of 

hernia was not observed in any samples.

Video-recorded biomechanical assay  
(tensile strength)
The animals were killed 6 weeks after surgery, and samples of 

their abdominal walls, including the scar, mesh, and healthy 

tissue were harvested. Strips of regenerated abdominal wall 

(1×6 cm) of each animal (Figure 1), as described in the 

Materials and methods section, were tested for hysteresis and 

maximum tensile strength, using the MicroTester digital ten-

sion meter (Figure 2). The tissue samples were individually 

attached to the branches of the tension meter in a longitudinal 

manner, not including the area covered with scaffolds of  

a particular type. The samples were stretched by 5 mm at a 

speed of 10 mm/second ten times, and were then pulled at a 

speed of 0.5 mm/seconds until the sample broke (Figure 3). 

The force response of each sample was detected, and both 

the static and dynamic properties of each of the samples 

were analyzed. Average values of all measured data are 

summarized in Table 3.

Values of the variables differed minimally among 

the groups, because the breach of the tear was almost 

unconditionally localized at the level of a muscle. The 

locations of the tear, however, varied significantly among 

the groups. The suture line broke first if it was not sup-

ported by any mesh. Therefore, we have confirmed that 
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the suture line is the weakest point of the abdominal wall 

6 weeks postsurgery (Figure 3A). In all samples with the 

PP mesh, the tissue broke first at the edge of the mesh 

and healthy muscle, followed by a slide of the PP mesh 

on top of a muscle (Figure 3B, C, and E). The boundary 

of the mesh and the muscle created a stress concentration, 

leading to the slip.

In the group with PP functionalized with PCL nanofibers 

(Figure 3E), two types of tear mechanism were recorded. This 

was the same as in the PP mesh group, but in some samples 

the slide was localized not between the mesh and the muscle 

layer but between the muscle fibers. In the group of PP mesh 

functionalized with PCL nanofibers enriched with adhered 

GF (Figure 3C), the tissue also tore at the edge of the mesh 

and the healthy muscle, and the slide was localized between 

muscle fibers, with the exception of one sample, where the 

recorded mechanism was exactly the same as in the PP-mesh 

group. The PCL nanofibers connected better to the abdominal 

wall than the PP mesh alone.

In the case of pure PCL nanofibers (Figure 3D and 

F), various types of tear were observed. In some samples, 

the suture line tore first. In other samples, a tear occurred 

between muscle fibers or at the edge of the muscle and 

the mesh.

Static and dynamic parts of the experiment are docu-

mented in Table 3. We compared the average maximal 

strength force values. All samples functionalized with PCL 

nanofibers (groups III–VI), with or without adhered GF, 

showed a significantly increased average maximal strength 

force (σ
max

) compared to a simple PP mesh or suture (groups 

I and II). Clearly, preserving the elasticity in traction and 

simultaneously increasing the maximum strength force value 

indicated a positive effect of nanofibers on fascia healing. 

Interestingly, PCL nanofibers alone (group VI) showed the 

highest average maximal strength force value among all 

samples. Significant differences of average maximal strength 

force (σ
max

) among the experimental groups are presented in 

Figure 7.

Our results also indicated somewhat more elastic samples 

in the presence of the PP mesh (groups II–V) compared to 

samples without the mesh (groups I and VI), as indicated by 

their slightly lower Young’s modulus. A significantly lower 

elasticity in traction (E) and higher elongation in group IV 

(PCL nanofibers with GFs) than in group VI (PCL nanofibers 

without GFs) indicated accelerated fascia regeneration, which 

can undoubtedly be attributed to the presence of GFs.

histological evaluation
The implants were prepared and implanted as described in 

the Materials and methods section, and were tested in vivo 

Table 3 average values of the biomechanical quantities

Group E (N/mm2) σmax (N/mm2) εmax (-)

I 3.73±1.21 0.50±0.14 0.30±0.04
II 2.55±0.75 0.46±0.07 0.71±0.16
III 2.73±0.20 0.61±0.08 0.61±0.06
IV 2.60±1.23 0.64±0.10 0.61±0.15
V 2.78±1.09 0.63±0.04 0.65±0.10
VI 3.11±1.43 0.68±0.08 0.49±0.08

Notes: The six experimental groups are presented in the Materials and methods 
section and in Table 1.
Abbreviations: e, elasticity in traction or Young modulus in N/mm2 (MPa); σmax, 
average values of maximal strength force per square unit in N/mm2 (MPa); εmax, 
maximal proportional elongation value.
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Figure 7 average values of maximal strength force per square unit in N/mm2 (MPa) after 6 weeks.
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on a small animal model (a rabbit). The animals were killed 

after 6 weeks. In all groups of scaffolds, there were some 

differences among the groups in the area fraction occupied 

by granulomatous infiltrate in medial samples taken from the 

healing incision, but the difference did not reach statistical 

significance (Figure 8A). Medial samples with the incision 

had a higher α-smooth-muscle actin fraction (P=0.003), a 

lower collagen fraction (P=0.035), and a higher density of 

microvessels (P0.001) in comparison with samples of the 

lateral abdominal wall without incision.

A considerable difference was observed in the area 

occupied by α-smooth-muscle actin-positive cells in medial 

samples of the healing incision (Figure 8B). There were more 

α-smooth-muscle actin-positive cells in all samples contain-

ing PCL nanofibers than in the controls (simple suture and 

PP mesh) (Figure 9). There was no significant  difference 

between the groups containing PCL nanofibers, with the 

exception of the samples from the lateral portion of the heal-

ing incision in PCL-only treated specimens.

Significant differences in the density of the microvessel 

profiles were observed between the groups in both the medial 

and the lateral parts of the healing fascia (Figure 8C and D). 

Samples containing PCL nanofibers had a greater density of 

microvessel profiles than the control groups (simple suture 

and PP mesh). The density was clearly highest in the lateral 

portion of samples with a PP mesh functionalized with PCL 

nanofibers enriched with adhered GF.

PCL-nanofiber scaffolds showed beneficial properties in 

fascia healing, and should be further tested in hernia repair 

application. From the histological point of view, the high-

est fraction of collagen was observed in samples with PCL 

nanofibers enriched with adhered GF, followed by samples 

with no mesh (incision) and by samples functionalized with  

PCL nanofibers (Figure 10). Samples functionalized with 

PCL nanofibers and enriched with adhered GF also contained 

low fractions of adipose tissue (Figure 10). The presence of 

PCL nanofibers and GF seemed to increase the granuloma-

tous infiltration and vascularization of the healing tissue, 

because the remnants of nanofibers were surrounded by 

granulomatous leukocyte-rich connective tissue at the end  

of week 6 after implantation. Tissue samples with heavier 

granulomatous infiltration also contained more blood ves-

sels and a higher fraction of vascular smooth muscle and 

myofibroblasts.

The nonparametric Spearman rank-order correlations 

between the quantitative histological parameters are listed 

in Table 4 (for this purpose, the data were pooled across 

all groups in the study). Tissue samples with heavier 

 granulomatous infiltration contained more blood vessels and 

a higher fraction of vascular smooth muscle and myofibro-

blasts at the site of the healing incision.

Discussion
The main aim of the present study was to develop a composite 

nanofiber–PP surgical mesh for the prevention of incisional 

hernia formation. We tested a biodegradable polyester PCL 

in the form of nanofibers that were deposited onto a PP 

mesh or implanted independently. Some of the composite 

scaffolds were further functionalized by adsorption of GFs 

to support cell adhesion and growth after implantation. Bio-

mechanical support of the PP mesh in combination with the 

ECM-mimicking structure of PCL nanofibers could lead to 

improved healing outcomes.

A combination of PCL nanofibers with the most widely 

used PP surgical mesh (Prolene) was chosen as a suitable 

material for our study. Jakubova et al21 Chen et al26 and 

Rampichová et al28 proved that PCL nanofibers support the 

attachment and growth of fibroblasts, chondrocytes, and 

mesenchymal stem cells. In addition, PCL nanofibers as 

novel absorbable scaffolds for hernia-repair application were 

biomechanically tested by Ebersole et al.34 The authors have 

shown that electrospun PCL scaffolds retain suture material 

and possess tensile strength appropriate for hernia repair, and 

thus have the potential to be a novel class of hernia-repair 

materials. Our mesh combined good biocompatible proper-

ties, environment-promoting cell growth, adherence due to 

the PCL nanofibers, and tensile strength due to the PP mesh. 

This study has confirmed that PCL nanofibers promote the 

proliferation of 3T3 fibroblasts. The metabolic activity of 

cells cultured on a PP mesh functionalized with PCL nano-

fibers was significantly higher on day 10 than on a simple 

PP mesh. In addition, adhering various GFs on the surface of 

our nanofibers increased their regenerative potential. bFGF, 

IGF-1, and TGF-β
2
 may stimulate angiogenesis, fibroblast 

proliferation, and collagen synthesis, thus enhancing tissue 

stability.35–37 Their concentration ratio and their positive 

effect on cultivated cells were evaluated in our group by 

Filová et al.38

Ebersole et al and Deeken et al measured the tensile 

strength and other biomechanical parameters of the prosthetic 

material used in ventral (incisional) hernia repair without 

implantation into animal models or human patients.34,39 These 

studies showed that the tensile strength of PCL nanofibers 

was appropriate for most hernia repairs. Electrospun scaf-

folds possessing mechanical properties within the predefined 

range may be suitable for further evaluation in preclinical 
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Figure 8A–D Quantitative histological results.
Notes: (A) Inflammatory infiltrate in the medial healing incision in group I (suture only), II (PP mesh), III (PP mesh functionalized with PCL nanofibers enriched with adhered 
GF), IV (PCL nanofibers enriched with adhered GF), V (PP mesh functionalized with PCL nanofibers), and VI (PCL nanofibers alone). (B) Fraction of α-smooth-muscle actin-
positive vascular smooth-muscle cells and myofibroblasts in the medial healing incision in groups I–VI. (C) Density of microvessel profiles in medial healing incisions in groups 
I–VI. (D) Density of microvessel profiles in the abdominal wall 20 mm lateral from the incision in groups I–VI. Data are presented as medians with boxes spanning the upper 
limits of the first and third quartiles and with whiskers spanning the minimum and maximum values for each group. P-values of Kruskal–Wallis analysis of variance (ANOVA) 
show differences among groups under study.
Abbreviations: PP, polypropylene; Pcl, poly-ε-caprolactone; gF, growth factor; aa, area fraction; Qa, section area.

trials.39 In another study, Melman et al biomechanically tested 

samples implanted into a porcine model.40 Samples were 

attached into the tension meter branches over the entire thick-

ness of the abdominal wall, including the prosthetic material. 

We suggest a new biomechanical testing method, where the 

results reflect the real state of the repaired abdominal wall. 

In our design, the attachment points were adjacent to the 

implanted mesh, so we tested not only the strength of the 

implant but also the properties of the mesh–fascia interface 

and its resistance to distracting forces. We did not test the ten-

sile strength of our samples alone, because the biomechanical 

parameters of PP meshes are well known.40 We modified this 

prosthetic PP material with PCL nanofibers, and it was thus 

not necessary to evaluate biomechanical parameters before 

implantation.

Biomechanical testing at 6 weeks postimplantation showed 

that the PCL nanofibers improved the biomechanical properties 

of the healed tissue, as evidenced by a higher average maxi-

mal strength force. This applied not only to the nanofibers in 

combination with a PP mesh, but also to the suture alone. The 

group treated with suture and PCL nanofibers with or without 

adhered GFs showed a modulus of elasticity comparable with 

that of the PP mesh, but higher average maximal strength force. 

This could reflect lower fibroblast proliferation around the PP 

mesh, which might be caused by a reduction in the mechanical 

signals that arise as the structural soft tissue fails.9 In addition 

to these results, video analysis of the biomechanical testing 

revealed in most cases that if the tissue tore first between the 

edge of the mesh and healthy tissue, the PP mesh slid off the 

surface of the muscle. In samples functionalized with PCL 
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Table 4 Nonparametric Spearman rank-order correlations between the quantitative parameters at the healing incision (medial side)/
without incision (lateral side)

Aa (adipose) Aa (infiltrate) Aa (actin) Qa (microvessel) (mm-2)

aa (collagen) -0.59/-0.42 -0.46/-0.50 Ns/Ns Ns/Ns
aa (adipose) – Ns/Ns Ns/Ns Ns/Ns
Aa (infiltrate) – – 0.57/0.47 0.50/Ns
aa (actin) – – – 0.53/0.69

Notes: Marked correlations were significant at P0.05. autocorrelations and repeating values are replaced by en dashes.
Abbreviations: Aa, area fraction; Qa, section area; NS, not significant.

Figure 9A–F α-smooth-muscle positivity in the scaffolds under study.
Notes: The density of the microvessels (some of them pointed out with black arrows) and the area fraction of actin-positive cells (vascular smooth muscle and myofibroblasts, 
some of the accumulated myofibroblasts highlighted with blue arrows) were highest in the PP mesh samples functionalized with PCL nanofibers enriched with adhered GF 
(C), followed by the PP mesh functionalized with PCL nanofibers (E), PCL nanofibers (F), and PCL nanofibers enriched with adhered GF (D), while the lowest values were 
found in samples of pure PP meshes (B) and sham-operated animals with no mesh (A). Immunohistochemistry for α-smooth-muscle actin, counterstaining gill’s hematoxylin. 
Magnification 100×, scale bar 200 μm.
Abbreviations: PP, polypropylene; Pcl, poly-ε-caprolactone; gF, growth factor.
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nanofibers, we observed two types of tear mechanism. Some 

were like those in the PP-mesh group, but in other samples 

the slide was localized between muscle fibers. When the PCL 

nanofibers were used, different types of tear were observed. 

In some samples, the suture line tore first, whereas in oth-

ers a tear occurred between muscle fibers or at the edge of 

the muscle and the PCL nanofibers. This indicates that PCL 

nanofibers provide support for fusion of fascia without caus-

ing a significant increase in local stiffness, or the formation 

of a major tension concentrator, as in the case of a PP mesh. 

Finally, as we had expected, the suture line broke first if it was 

not supported by any mesh. Therefore, we have confirmed that 

the suture line is the weakest point of the abdominal wall at 

6 weeks postsurgery.

A B

C D

E F

Incision − no mesh PP  mesh

PP mesh + PCL nanofibers + GF PCL nanofibers + GF

PCL nanofibersPP mesh + PCL nanofibers

Figure 10A–F Collagen, adipose tissue, and granulomatous infiltration in the scaffolds under study.
Notes:  In samples without any mesh (A), the incision was healing with a mixture of collagen (black arrow), adipose connective tissue (red arrow), and inflammatory infiltrate 
(yellow arrow). samples with PP mesh (B) had a high fraction of adipose tissue, but the spaces showing the dissolved mesh (black arrows) were surrounded by only a few 
inflammatory cells. Remnants of the nanofibers (C–F) were surrounded by granulomatous leukocyte-rich connective tissue (yellow arrows). The highest fraction of collagen 
(red arrow) was in samples of PCL nanofibers with adhered GF (D), followed by samples with no mesh (A) and by samples of PCL nanofibers (F). low fractions of adipose 
tissue were found in samples of PCL nanofibers with adhered GF (D), samples with no mesh (A), and in samples of PCL nanofibers (F). Verhoeff’s hematoxylin and green 
trichrome staining. Magnification 100×, scale bar 200 μm.
Abbreviations: PP, polypropylene; Pcl, poly-ε-caprolactone; gF, growth factor.
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Prosthetic materials based on PP, which are most widely 

used, induce a rapid acute inflammatory response followed 

by a chronic foreign-body reaction.41 We did not observe any 

significant differences among any groups in the area fraction 

occupied by granulomatous infiltrate.

The quality of the ECM deposition is dependent among 

other factors on the content of collagen, which influenced the 

mechanical properties of the tissue and is notably influenced 

by the kind of mesh material.42 In the examined samples, 

there were no significant differences among the groups in the  

area fraction of total collagen. However, the analysis of  

the main tissue constituents, ie, the collagen fraction, the 

adipose tissue fraction, and leukocytic infiltration, suggested 

that the presence of a PP mesh resulted in the formation of a 

scar with a greater adipose tissue fraction (Figure 10). Tissue 

samples with heavier granulomatous infiltration also con-

tained more blood vessels and a higher fraction of vascular 

smooth muscle and myofibroblasts. This finding supports the 

hypothesis mentioned earlier that there is lower fibroblast 

proliferation.9 Simple sutures contained a large amount of 

collagen. This supports the hypothesis of tissue flexibility, 

but these samples also contained a decreased amount of 

α-smooth-muscle actin-positive cells.

There were more α-smooth-muscle actin-positive cells 

in both the medial and lateral parts of samples containing 

PCL nanofibers than in the other groups. We have proven 

that nanofibers are a good substrate for cell attachment, and 

thus they promote cell proliferation and ECM synthesis. In 

samples with a PP mesh functionalized with PCL nanofibers 

with adhered GF, there were also more α-smooth-muscle 

actin-positive cells in an area distant from the incision. This 

could be explained by chemotaxis in this area.

Importantly, our micro/nanofibrous structure showed 

both mechanical stability of the microfibers and a high 

surface ratio of nanofibers. A scaffold of this kind has 

already been reported as acceptable in terms of its bio-

mechanical properties in combination with enhanced cell 

attachment.43 Its structure mimics the ECM, composed of 

a combination of microfibers and nanofibers. Additionally, 

due to improved pore size, the scaffold enables efficient 

cell penetration. A micro/nanofibrous scaffold enabled 

efficient vascularization in vitro.44 We hypothesize that the 

micro/nanostructure of PCL enables cell penetration and 

efficient infiltration of blood microvessels.

Thanks to their nanofiber structure, PCL nanofibers provide 

a better environment for cell growth and proliferation, either in 

combination with a PP mesh or alone, and are thus a suitable 

alternative to a standard hernia mesh. Surprisingly, scaffolds 

with no PP mesh showed even better fascia healing and higher 

elasticity than a widely used surgical mesh. PCL-nanofiber 

scaffolds are promising materials for use in hernia repair. 

By adhering GF into their structure, we can further improve 

several parameters, especially in the quantity of collagen that 

is produced compared to the adipose tissue content.

Conclusion
In conclusion, our experiments have proved a positive effect 

of PCL nanofibers (submicrofibers) on the biomechanical 

properties of regenerating fascia. This positive effect was 

observed both in combination with a PP mesh and when 

there was a suture alone. In addition, the presence of GFs 

accelerated tissue regeneration, as was revealed both in bio-

mechanical testing and in histological analysis.
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