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Abstract

Pore size is generally small in nanofibrous scaffolds prepared by electrospinning polymeric 

solutions. Increase of scaffold thickness leads to decrease in pore size, causing impediment to cell 

infiltration into the scaffolds during tissue engineering. In contrast, comparatively larger pore size 

can be realized in microfibrous scaffolds prepared from polymeric solutions at higher 

concentrations. Further, microfibrous scaffolds are conducive to infiltration of reparative M2 

phenotype macrophages during in vivo/in situ tissue engineering. However, rise of mechanical 

properties of a fibrous scaffold with the increase of polymer concentration may limit the 

functionality of a scaffold-based tissue-engineered heart valve. In this study, we developed 

microfibrous scaffolds from 14%, 16% and 18% (wt/v) polycaprolactone (PCL) polymer solutions 

prepared with chloroform solvent. Porcine valvular interstitial cells were cultured in the scaffolds 

for 14 days to investigate the effect of microfibers prepared with different PCL concentrations on 

the seeded cells. Further, fresh microfibrous scaffolds were implanted subcutaneously in a rat 

model for two months to investigate the effect of microfibers on infiltrated cells. Cell proliferation, 

and its morphologies, gene expression and deposition of different extracellular matrix proteins in 

the in vitro study were characterized. During the in vivo study, we characterized cell infiltration, 

and myofibroblast andM1/M2phenotypes expression of the infiltrated cells. Among different PCL 

concentrations, microfibrous scaffolds from 14% solution were suitable for heart valve tissue 

engineering for their sufficient pore size and low but adequate tensile properties, which promoted 

cell adhesion to and proliferation in the scaffolds, and effective gene expression and extracellular 

matrix deposition by the cells in vitro. They also encouraged the cells in vivo for their infiltration 

and effective gene expression, including M2 phenotype expression.
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1. Introduction

Fibrous scaffolds produced by electrospinning method have been used in tissue engineering 

because fibrous morphology is conducive to culturing of cells - the prime and most 

important component in tissue engineering [1–3]. The seeded/infiltrated cells adhere and 

align along the fibers of a scaffold; thus, during tissue engineering, the deposited 

extracellular matrix (ECM) proteins align along the fibers. If the structure of a fabricated 

fibrous scaffold mimics the morphology of a native tissue, tissue engineering with that 

fibrous scaffold has more ability to mimic morphology of the native tissue compared to that 

with a 3D solid porous scaffold and a hydrogel scaffold [4–6].

However, fibrous scaffolds face some problems. One is pore size in the scaffolds [6, 7]. In 

general, a scaffold made of nanofibers has pore size less than 10 microns (usual cell size). 

During tissue engineering, obstacles in cell penetration occur with the increase of 

nanofibrous scaffold thickness [8, 9]. Conversely, a scaffold made of microfibers shows 

comparatively larger pore size in general, leading to better cell penetration into the scaffold 

[10, 11]. Therefore in tissue engineering with requisite scaffold thickness, a microfibrous 

scaffold will be more efficient than a nanofibrous scaffold.

Scaffolds made of microfibers have another advantage over nanofibrous scaffolds in both in-

vitro and in-vivo tissue engineering [12–15]. During in-vitro cell culturing, higher cell 

adhesion and spreading were observed in porous mesh, made of fibers with large diameter 

(in micron scale) [12]. After implantation, inflammation occurs at the implant site leading to 

infiltration of inflammatory Ml phenotype macrophages. At the end of inflammation cycle, 

reparative M2 phenotype macrophages take part in tissue generation through cellular growth 

and ECM deposition at the implantation site [16, 17]. Presence of microfibers in the 

scaffolds invokes more M2 phenotype macrophages leading to formation of thicker fibrous 

capsules compared to that with nanofibers in scaffolds [15].

We intend to produce microfibrous scaffold using electrospinning method for our heart valve 

tissue engineering project. Among various electrospinnable polymers, polycaprolactone 

(PCL) is easy to electrospin [18–20]. Further, biodegradation of PCL, in vitro or in vivo, 

does not produce any toxic byproduct, so, biomedical devices made of PCL do not face 

difficulties for FDA approval [20]. Biodegradation of PCL relates to its molecular weight, 

so, biomedical devices made of PCL will have varied in vivo shelf-life [20, 21]. Thus, we 

plan to use PCL microfibrous scaffolds in our future heart valve tissue engineering work.

Heart valve tissue engineering can be done in vitro, in vivo (subcutaneous) and in situ [22–

24]. After heart valve replacement with an in vitro or in vivo generated tissue-engineered 

valve or a fresh scaffold valve, remodeling will occur in the tissue-engineered valve and 

tissue engineering will occur in the implanted scaffold valve. In all cases, in situ cells will 

penetrate into the structure and will behave according to the morphology and properties of 

the structure. The residing cells in native valve leaflets, the valvular interstitial cells (VICs), 

play a crucial role in determining the fate of the leaflets depending on the characteristics of 

the surrounding environment including structure and mechanical/biochemical properties of 

the leaflets [22–24]. Higher mechanical properties of a leaflet structure may cause the 
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myofibroblast phenotype expression of VICs that may directly/indirectly involve the cells in 

producing fibrous collagen, i.e., further hardening of the structure [18, 25, 26]. This 

hardening will reduce the elastomeric property of the leaflet structure required for its smooth 

functioning and can cause heart valve diseases.

PCL and PCL-based fibrous scaffolds have been used in heart valve tissue engineering and 

fiber diameters in those scaffolds are in nanoscale and/or microscale [23, 25]. We previously 

stated that microfibers are preferable to nanofibers for in vivo or in situ tissue engineering, 

especially heart valve tissue engineering; however, no reports indicate to what extent PCL 

microfibers will play a positive role in heart valve tissue engineering as increase in fiber 

diameter increases the mechanical properties of the scaffold, which adversely influences the 

functionality of a developing tissue heart valve, especially its leaflets. Thus, our goal is to 

find a PCL microfibrous scaffold with lowest allowable mechanical properties for heart 

valve tissue engineering.

Previous studies show that chloroform was applied as a solvent to prepare PCL solution for 

electrospinning PCL fibers with a diameter in the range of 3 – 5 μm [27, 28]. In our lab, we 

tried electrospinning of PCL (MW=80,000) at different concentrations to produce 

microfibers with a diameter close to 5 μm. Diameter of produced PCL fibers at the 

concentration of 12% (wt/v) and below was not uniform: we observed presence of 

nanofibers and microfibers. At 14%, diameter of the electrospun fibers was uniform and in 

micron scale. We thus chose three concentrations − 14%, 16% and 18% (wt/v) to prepare 

microfibrous scaffolds and characterize their pore sizes, fiber diameters and tensile 

properties. We did not choose much higher PCL concentration PCL concentration (such as 

22% and upwards) as mechanical properties of fibrous scaffolds produced from high PCL 

concentrations could be very high, which may affect heart valve tissue engineering [25]. To 

find the best scaffold among all three types of microfibrous scaffolds produced from 14%, 

16% and 18% (wt/v) PCL for heart valve tissue engineering, porcine valvular interstitial 

cells (PVICs) were cultured on those scaffolds for 14 days. Cell proliferation, its gene 

expression and deposition of different ECM proteins including collagen, 

glycosaminoglycans and elastin were assayed. Further, these three types of scaffolds were 

implanted for two months in a rat model subcutaneously for in vivo tissue engineering. 

Infiltration of cells, and their myofibroblast and M1/M2 phenotype expression were 

characterized to find whether in vivo outcomes can validate in vitro results.

2. Materials and methods

2.1. Nanofibrous scaffold fabrication

14%, 16% and 18% (wt/v) polycaprolactone (PCL, MW: 80 KD, Sigma Aldrich, USA) 

solutions in chloroform (Sigma Aldrich, USA) were electrospun on a metal plate collector to 

prepare three types of microfibrous scaffolds. Electro pinning parameters were: voltage - 

8kV, flow rate - 0.5 ml/hr and distance between the spinneret and the collector - 15 cm. The 

thickness of the scaffolds was measured using a thickness measurement gauge (Mitutoyo, 

Japan).
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2.2. SEM imaging

Dry scaffold samples were sputter coated with gold-palladium at 18 mA for 15 seconds for 

imaging with a scanning electron microscope (SEM) (Hitachi, Japan). Using their SEM 

images, morphology, fiber diameter and pore size of scaffolds were analyzed. Fiber 

diameters at different areas (n=10) of the SEM images (n=3 for each type) were measured 

using MetaMorph software (Molecular Devices, USA). Means and standard deviations of 

obtained data were calculated to find the fiber diameters of different types of scaffolds. Pore 

size was calculated from the SEM images (n=7 for each type) using ImageJ software (NIH, 

USA) in terms of their histogram charts which were then used to calculate their means and 

standard deviations.

Wet cell-cultured samples were fixed in 10% formalin for 24 hr and then were dried using 

critical point drying (CPD) method. Dried samples were then processed as before for SEM 

imaging and imaged with the SEM (Hitachi, Japan).

2.3. Tensile test

Tensile tests on scaffold samples were performed in a tensile tester (Instron, USA). Details 

of sample preparation and tensile testing can be found in our previous published papers [25, 

29]. In brief, for each tensile test sample preparation, two hard paper window-frames with 

window dimensions of 10 mm × 7 mm were made. A rectangular-shaped test sample with 

dimensions of 14 mm × 4 mm was cut from a large fibrous scaffold and was then 

sandwiched and glued (Loctite super glue) between two window-frames to make a tensile 

test sample. The test sample was placed between the grips of a tensile tester, vertical sides of 

the window frames were snapped and the sample was loaded at a rate of 0.1 mm/second. 

The data from tensile tests (n=5 for each type of scaffold) were recorded and were used to 

calculate mean tensile modulus and strength for each type of scaffold and their standard 

deviations.

2.4. Cell seeding, culture and proliferation

Circular-shaped scaffold samples that fit to a well of a 24-well plate were cut from a large 

fibrous scaffold and were used for cell proliferation study. The samples were degassed 

overnight to remove any toxic solvent from the samples, sterilized in an ethylene oxide gas 

chamber and then soaked with sterile PBS in a sterile container. 1 million porcine valvular 

interstitial cells (PVICs) in 1 ml culture media (DMEM, 10% FBS and 1% antibiotic/

antimycotic) were seeded onto each circular-shaped scaffold sample placed in a well of a 24-

well plate.

Several samples of each type of scaffold were used for cell culture. After first day of culture 

for cell-adhesion, the seeded scaffolds were transferred to the wells of new 24-well plates in 

order to discard the unattached cells. The seeded cells on the scaffolds were cultured in 

media for 14 days with replenishing of media every three days.

Three samples of each type of scaffold were used for proliferation test. Alamar Blue 

(Thermo Fisher Scientific, USA) assay was performed on them at 1-, 4- and 7-day time 

points for the test following the company protocol. Absorbance data of assay solutions were 
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collected through a spectrophotometer (SpectraMax Plus 384, Molecular Devices, USA). 

Form the obtained data, percentages of Alamar Blue reductions were calculated following 

the company protocol and compared.

2.5. Implantation and explantation

Rats (Sprague Dawley, 1–2 months, ~250 gm) were used for in-vivo tissue engineering. A 

total of four rats (n=4) were used for this study and a total of three scaffold samples—one 

scaffold sample of each type (14%, 16% and 18%) were implanted in each rat. The samples 

were vacuum degassed overnight to remove any toxic solvent from the samples and then 

sterilized in ethylene oxide gas. Blood was collected from the tail vain to soak the samples 

before their implantations. A 4 cm incision at the dorsal region of a rat was made and the 

skin was loosened from the muscle to create a pocket to implant three scaffold samples 

sufficiently away from each other. Each scaffold sample was sutured at its four corners with 

a Polypropylene 5–0 suture to prohibit its displacement. After 2 months, the samples were 

gently explanted for their assessments. This study was performed in accordance with 

authorization and guidelines of the Ethical Committee of Mayo Clinic, Rochester, MN, 

USA.

2.6. Staining

Wet cell-cultured samples were fixed in 4% methanol-free formaldehyde (Thermo Fisher 

Scientific, USA) overnight at 4°C. Applying paraffinization process, samples were 

paraffinized. 5 micron thick sections were cut from the paraffinized samples for staining.

The sections were stained separately with hematoxylin and eosin (Thermo Fisher Scientific, 

USA), picrosirius red (ScyTek Lab, USA) and Safranin O (ScienCell Research Lab, USA) 

for their histological analysis following manufacturer protocols and/or our previously 

defined protocols [18, 29].

The sections were stained separately with elastin (ab21610, abeam, USA), tropoelastin 

(ab21600, abeam, USA), vimentin (ab92547, abeam, USA) and α=smooth muscle actin 

(SMA) markers for their immunohistochemical analysis following manufacturer protocols 

and/or our previously defined protocols [18, 29].

Following the procedures stated above, explanted samples were fixed, paraffinized, 

sectioned and stained separately with DAPI (Thermo Fisher Scientific, USA) for their 

immunofluorescent analysis [18, 25, 30].

2.7. Gene expression

Fresh cell-cultured samples and explanted samples were collected. Applying RNeasy mini 

kit from Qiagen, Germany, RNAs from the cells in the samples were extracted. The RNAs 

were then purified with DNase I from Life technologies, USA. Applying High-Capacity 

cDNA Reverse Transcription kit with RNase Inhibitor from Applied Biosystems, USA, 

purified RNAs were converted to first-strand cDNAs. Applying Lightcycler 480 Probe 

master mix from Roche, USA, the produced cDNA transcripts were then probed with 

TaqMan assays for vimentin (Ss04330801_gH), and α-smooth muscle actin (α-SMA, 
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Ss04245588_ml) on in vitro samples, for vimentin (Rn00579738_ml), α-SMA 

(Rn01759925_g1), INOS (Rn06325074_m1) and CD-163 (Rn01492530_ml) on in vivo 

samples. In all steps, protocols supplied by manufacturers were used to obtain gene 

expression data. Obtained target gene data were normalized against ACTB level and 

analyzed using the comparative cycle threshold (Ct) method.

2.8. Image Quantification

MetaMorph software (Molecular Devices Inc., USA) was used to quantify the signal in the 

images obtained from histology-stained and immunostained samples. Percentage of area 

covered by any specific signal in a stained image with respect to total area of that image was 

used as quantified data for that signal. Sufficient number of samples (n=10) was used for 

each type of scaffold for a particular signal to obtain data that were used to calculate the 

mean and standard deviation.

ImageJ software (NIH, USA) was used to create intensity profile across the H&E-stained 

cross-sectional images of PVIC-cultured scaffolds in transverse direction.

2.9. Statistical analysis

Mean ± standard deviation (SD) was used to report data. An unpaired t-test for two-group 

comparisons and a one-way ANOVA with Tukey’s post-hoc test for three-group 

comparisons were conducted. P values <0.05 were applied to indicate significance.

3. Results

3.1. Fibrous scaffold fabrication

14%, 16% and 18% polycaprolactone solutions in chloroform were electrospun with specific 

electrospinning parameters (flow rate: 0.5ml/hr, voltage: 8kV and spinneret-collector 

distance: 15 cm) to produce fibrous scaffolds containing microfibers only. Thicknesses of 

the produced scaffolds were in the range of 200 – 300 μm. Scanning electron microscopic 

(SEM) images of the scaffolds were obtained to observe their morphologies (Figure 1). In all 

types of scaffolds (14%, 16% and 18%), fibers were evenly distributed and perfectly 

cylindrical. It was also observed that fibers were separate from each other (did not coalesce). 

At higher magnification it was clear.

Using ImageJ software, pore size in each type of scaffold was assayed (Figure 2). Pore size 

in 14% scaffold (20.19 ± 7.36 μm) was significantly lower than that in both 16% (27.46 ± 

11.58 μm) and 18% scaffold (27.14 ± 12.14 μm). Pore size in 16% scaffold was higher than 

that in 18% scaffold but was not significantly high. SEM images of fibrous scaffolds at 

higher magnification in Figure 1 show the differences in their pore sizes.

Fiber diameter in each type of scaffold was measured using MetaMorph software (Figure 2). 

Fiber diameter in 14% scaffold (4.50 ± 0.53 μm) was significantly lower than that in 16% 

scaffold (6.00 ± 0.40 μm) and fiber diameter in 16% scaffold (6.00 ± 0.40 μm) was 

significantly lower than that in 18% scaffold (6.86 ± 0.37 μm). SEM images of different 

fibrous scaffolds at higher magnification in Figure 1 distinctly show the differences in their 

fiber diameters.
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3.2. Tensile test

Tensile tests on different types of scaffolds (14%, 16% and 18%) were performed in a tensile 

tester. Figure 3a shows the typical tensile curves of different types of scaffolds. Apparently, 

it can be observed that 16% scaffold was stronger than 14% and 18% scaffold was stronger 

than 16%. Then, recorded data from the tensile tests of different types of scaffolds were 

analysed to find their tensile moduli and strengths (Figure 3b). Tensile moduli of both 16% 

and 18 % scaffolds (7.88 ± 1.10 MPa and 8.91 ± 0.40 MPa, respectively) were significantly 

higher than that of 14% scaffold (3.41 ± 0.40 MPa). Similarly, tensile strengths of 16% and 

18 % scaffolds (0.99 ± 0.16 MPa and 1.26 ± 0.18 MPa, respectively) were significantly 

higher than that of 14% scaffold (0.59 ± 0.05 MPa). However, both tensile modulus and 

strength of 18% scaffold were not significantly higher than that of 16% scaffold.

3.3. Cell proliferation

Circular-shaped samples were cut from different types of scaffolds (Figure 4a) and 1 million 

PVICs were cultured on the circular surface of each of them for a total of 7 days for a cell 

proliferation study. Cells were counted after 1-, 3- and 7-day periods of culture to verify the 

proliferation of PVICs on 14%, 16% and 18% scaffolds (Figure 4b) in terms of Alamar Blue 

reduction. The higher the reduction, the higher the cell number presents on a scaffold. After 

the first day of culture, cell number was highest on 14% scaffold (39.48 ± 0.51) and lowest 

on 18% scaffold (34.21 ± 0.96) which meant that cell adherence was best on 14% scaffold 

and worst on 18% scaffold. Number of cells on 16% scaffold (35.63 ± 2.21) was not 

significantly higher than that on 18% scaffold (34.21 ± 0.96) at day 1. A close to similar 

trend was seen at day 4, except the number of cells on 18% scaffold (37.92 ± 1.47) was bit 

higher (not significant) than that on 16% scaffold (37.49 ± 0.69). Number of cells on 14% 

scaffold (40.95 ± 0.82) was significantly higher than that on both 16% (37.49 ± 0.69) and 

18% (37.92 ± 1.47) scaffolds at day 4. At day 7, lowest to highest cell number was in this 

order: 16% scaffold (41.35 ± 1.28), 14% scaffold (41.70 ± 2.11) and 18% scaffold (42.72 ± 

0.93) but they were not significantly different. After 7 days culture, After 7 d culture, 

proliferation of cells was lowest on 14% scaffold (5.63%), and highest on 18% scaffold 

(24.88%), while proliferation on 16% scaffolds (16.02%) was in between.

3.4. Cell morphology and cell penetration

PVICs were cultured on different types of scaffolds (14%, 16% and 18%) for 14 days. To 

observe cell morphology on the circular surfaces of the scaffolds, cell-cultured samples were 

processed and imaged with scanning electron microscopy (SEM) (Figure 5a). Cells on the 

14% scaffold had an oval shape whereas they were flat on 16% scaffold. Flatness of the cells 

was greater on 18% scaffold. Due to the oval shape of cells on 14% scaffold, the area of 

spreading of each cell was less compared to that on 16% and 18% scaffolds. Spreading of 

each cell was greatest on 18% scaffold.

To confirm cell penetration into the scaffolds, cross-sections (transverse to circular surface) 

of 14-day-cultured samples were stained with hematoxylin and eosin and imaged with a 

light microscope (Nikon, Japan) (Figure 5b). Presence of cells inside each type of scaffold 

was observed. During cell seeding, cells penetrated into the scaffolds, and then proliferated 

with passage of time. The PVICs in each scaffold can be seen distinctly in the image at 
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higher magnification (Figure 5c). Each image in figure 5c relates to the square section in the 

corresponding image in figure 5b. However, this square section is only part of the whole 

image; thus, ImageJ software was used to create an intensity profile across each image strip 

in transverse direction (Supplementary section, Figure S1). The intensity profile is quite 

horizontal along the strip i.e., PVICs were present throughout each scaffold.

A cellular layer (pointed by a black arrow) formed on the circular surface of each type of 

scaffold after 14 days cell culture. On the surface of 14% scaffold, the cellular layer was 

thicker (visually) compared to that on the surfaces of 16% and 18% scaffolds. The thinnest 

cellular layer was observed on the surface of 18% scaffold. This observation confirmed the 

oval shape of PVICs on 14% scaffold and comparatively flat shape on 16% and 18% 

scaffolds that were seen in their SEM images (Figure 5a).

3.5. Gene expression

Gene expression assay was performed on the cells from 14-day cell-cultured samples. 

PVICs are fibroblast-like cells that show quiescent fibroblast phenotype in a healthy valve 

leaflet and quiescent or active myofibroblast phenotype in growing state, remodeling state or 

damaged state of a valve leaflet depending on degree of any state. Vimentin marker (of 

fibroblast cell) along with alpha-smooth muscle actin (α-SMA) marker (of smooth muscle 

cell) represent a marker for myofibroblast phenotype of PVICs.

The vimentin expression of the PVICs from 18% and 14% scaffolds were highest and 

lowest, respectively and they were significantly different (Figure 6a). This expression from 

16% scaffold was in between. Similarly, the α-SMA expression of the PVICs from 18% and 

14% scaffolds were highest and lowest, respectively and they were significantly different. 

The α-SMA expression of the PVICs from 16% scaffold was in between the expression 

from 14% and 18% scaffolds.

To see the presence of vimentin and α-SMA protein markers in PVICs, different types of 

cell-cultured scaffolds were stained cross-sectionally with those markers and imaged with a 

light microscope (Nikon, Japan) (Figure 6b). The PVICs in all types of cell-cultured samples 

showed presence of vimentin and α-SMA protein markers.

3.6. Extracellular matrix assay

In tissue engineering, deposition of various extracellular matrices including collagen, 

glycosaminoglycans and elastin is important to achieve the desired functionalities. Staining 

method was applied to see their presence in the PVIC-cultured scaffolds. For collagen 

detection, PVIC-cultured scaffolds were stained cross-sectionally with picrosirius-red stain 

and imaged with bright-field light (Figure 7a). To confirm their presence, SEM images of 

PVIC-cultured scaffolds were taken cross-sectionally at high magnification. In all three 

scaffold systems, collagen fibrils were present (Figure 7b). Visually, both in stained and 

SEM images, density of deposited collagen in 18% scaffold was lower than that in the two 

other types of scaffolds. To confirm it, image-based collagen quantification was performed 

on picrosirius-red stained images (Figure 7c). Amount of collagen was highest on 14% 

scaffold (12.41 ±1.3) and lowest on 18% scaffold (5.58± 0.95); they differed significantly. 

Also amount of collagen on 14% scaffold (12.41 ± 1.3) was significantly higher than that on 
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16% scaffold (10.09 ± 1.22) which was higher than the amount of collagen on 18% scaffold 

(5.58 ± 0.95).

Glycosaminoglycans (GAG) in the PVIC-cultured scaffolds were stained cross-sectionally 

with Safranin O stain (Figure 8a). All scaffolds showed the presence of GAG after 14 days 

culturing of PVICs. The amount of GAG found through image-based quantification 

measurement was highest on the 16% scaffold (3.10 ± 0.97) and lowest on 18% scaffold 

(2.33 ± 0.73); however, their difference was not significant. Amount of GAG on 14% 

scaffold (3.00 ± 0.35) was significantly higher than that on 18% scaffold (2.33 ± 0.73) 

(Figure 8d).

To detect presence of tropoelastin and elastin in the cultured scaffolds, the samples were 

immunostained cross-sectionally with their respective markers (Figure 8b–c). Presence of 

both tropoelastin and elastin in cultured scaffolds were observed. Tropoelastin is a precursor 

of elastin in matrix development. By applying MetaMorph software, their quantities were 

assessed (Figure 8d). Amount of tropoelastin in 14% scaffold (10.80 ± 1.20) was 

significantly higher than that in both 16% (8.74 ± 0.65) and 18% (6.49 ± 1.87) scaffolds. 

Similarly, amount of tropoelastin in 16% scaffold was significantly higher than that in 18% 

scaffold. Among all three types of scaffolds, elastin deposition was highest on 16% scaffold 

(2.93 ± 0.59) and was lowest on 14% scaffold (2.65 ± 0.53). On 18% scaffold, elastin 

deposition (2.75 ± 0.76) was in between.

3.7. In vivo study

3.7.1. Cell infiltration—14%, 16% and 18% microfibrous scaffolds were implanted 

subcutaneously for two months in a rat model for in vivo tissue engineering assays 

(Supplementary section, Figure S2). Explanted samples were stained cross-sectionally with 

DAPI to find the infiltrated cells. Cells were observed in all explanted samples (Figure 9a). 

Visually, more cells were observed in 14% scaffold compared to that in 16% and 18% 

scaffolds. In 14% scaffold, cells were infiltrated deep inside the scaffold whereas in 16% and 

18% scaffolds, more cells were on the scaffolds’ circular surfaces (shown by white arrows) 

that were attached to the skins of rats during implantation. To compare number of cells in 

those scaffolds accurately, MetaMorph software was applied to assess their numbers (Figure 

9b). Number of cells in 14% (1 ± 0.10) scaffold was significantly higher than that in both 

16% (0.78 ± 0.13) and 18% (0.73 ± 0.12) scaffolds and number of cells in 16% (0.78 ± 0.13) 

and 18% (0.73 ± 0.12) scaffolds did not differ significantly.

3.7.2. Gene expression—Vimentin expression of infiltrated cells in 14%, 16% and 

18% scaffolds were not significantly different (Figure 10a). This gene expression of 

infiltrated cells was quite similar to that of in vitro-cultured PVICs. Conversely, α-SMA 

expression of infiltrated cells in 14% scaffold was significantly lower than that of infiltrated 

cells in both 16% and 18% scaffolds. However, α-SMA expression of these cells in 16% 

scaffold and 18% scaffold were not significantly different. Interestingly, α-SMA expression 

of infiltrated cells in different scaffold systems was quite similar to that of in vitro-cultured 

PVICs.
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It is reported that microfibers invoke more M2 phenotype macrophages than do M1 

phenotype macrophages [15]. To find the efficacy of 14%, 16% and 18% microfibrous 

scaffolds on invoking M2 phenotype macrophages, Ml and M2 gene expression assays on 

infiltrated cells were performed. M2 phenotype expression of the infiltrated macrophages 

wassignificantly higher than Ml phenotype expression of those infiltrated macrophages in all 

three 14%, 16% and 18% scaffolds (Figure 10b).

4. Discussion

Tissue engineering approach is a prudent solution to current problematic prosthetic heart 

valves that are applied to mitigate heart valve diseases [24, 31, 32]. In the scaffold-based 

tissue engineering method, a scaffold in which cells can reside needs to be favorable for 

sufficient cell penetration/infiltration, cell proliferation and ECM deposition, etc. [33–35]. 

For sufficient cell penetration/infiltration, pore size of a scaffold should be more than the cell 

size generally 10 μm [6, 27].

Among different types of scaffolds, fibrous scaffolds are unique for the superior cell 

adhesion to the fibers in a scaffold and cell orientation along the fibers [35–37]. Fibrous 

scaffolds applied for tissue engineering are usually produced by electrospinning method and 

fibers both in nanoscale and microscale can be produced with this method by varying the 

concentration of polymer solution and electrospinning parameters including voltage, flow 

rate of solution and distance between a spinneret and a collector [27, 35]. One disadvantage 

with nanofibrous scaffolds is that with the increased thickness, pore size in the scaffolds 

decreases leading to prohibition of cell penetration/infiltration into the scaffolds during 

tissue engineering [8, 9]. Conversely, microfibrous scaffolds show sufficient pore size for 

cell penetration/infiltration throughout the scaffolds; with increase of polymer concentration 

in an electrospinning polymer solution, pore size generally increases which is favorable for 

improved cell penetration/infiltration [10, 11]. Further, microfibers showed some specific 

advantages over nanofibers in tissue engineering including better cell adhesion and 

spreading. However, increase of polymer concentration augments the mechanical properties 

of microfibrous scaffolds, and those with high mechanical properties may not be useful for 

heart valve tissue engineering. This especially applies for leaflet tissue engineering as the 

VICs in a tissue-engineered leaflet may show unwanted myofibroblast phenotype [26, 38]. 

This study aims to find an optimal polycaprolactone (PCL) concentration to develop a 

microfibrous scaffold for efficient heart valve tissue engineering.

It is observed that chloroform-based PCL solution was used to produce microfibers in an 

electrospinning setup [27, 28]. In our preliminary study, microfibers were produced from 

PCL (MW=80,000) at its lowest concentration of 14% (wt/v) in chloroform; fiber diameter 

was close to 5 μm. Therefore, PCL with concentrations of 14% (wt/v) and above (16% and 

18%) in chloroform were applied to produce electrospun scaffolds consisting of only 

microfibers. Those microfibrous scaffolds were produced with specific electrospining 

parameters - flow rate: 0.5ml/hr, voltage: 8kV and spinneret-collector distance: 15 cm. If the 

parameters were changed a bit - for example, flow rate: 1ml/hr and voltage: 10kV, presence 

of nanofibers along with microfibers in the scaffolds were observed (Supplementary section, 

Figure S3). Higher flow rate and voltage caused the formation of two Taylor cones at the tip 
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of the spinneret—the larger Taylor cone produced microfibers while the smaller one 

produced nanofibers [39]. Another reason was that higher amount of solution jet was liable 

to split during whipping in air leading to formation of both nanofibers and microfibers. High 

voltage would create high repulsion force among the similarly charged molecules in the 

Taylor cone-shaped solution at the needle tip and higher electrostatic force between the 

solution at the needle tip and the collector. Both would work against the surface tension of 

the solution at the tip and the solution would split causing the generation of nanofibers and 

microfibers. However, with increase of PCL concentration, nanofibers decreased in number. 

Viscosity of PCL solutions increases with PCL concentration i.e. high PCL concentration 

creates high viscoelastic forces which resists splitting of charged solution jet during 

whipping leading to less number of nanofibers in the scaffold [40].

The produced microfibrous scaffolds were characterized physically and biologically for their 

usefulness in heart valve tissue engineering. With the increase of PCL concentration, both 

fiber diameter and pore size in the respective scaffolds increased. Increase of PCL 

concentration increases the viscoelastic forces of the solution, which decreases splitting of 

the charge solution during whipping, resulting in increase of fiber diameter [40]. Further, 

with the increase of fiber diameter, average pore size in the electrospun scaffolds increases 

[19, 41]. High pore size will certainly improve cell penetration/infiltration during tissue 

engineering leading to improved tissue formation.

Residing VICs in native leaflets are sensitive to the mechanical properties of their 

surrounding structures, and phenotype of VICs changes with the variation of the mechanical 

properties [26, 38]. VICs show quiescent fibroblast phenotype in mature healthy leaflets and 

quiescent to active myofibroblast phenotype during their remodeling, growth and diseases 

depending on the degree of their states [38, 42]. They also show active myofibroblast 

phenotype on scaffolds with high mechanical stiffness [25]. Active myofibroblast phenotype 

in PVICs caused by any abnormal (diseases and damage) and/or external (mechanical 

stiffness), may result in production of fibrotic ECM, which reduces the functional efficiency 

of the remodeled or engineered tissues [43]. Tensile properties of scaffolds increased with 

the increase of polymer concentration in the scaffolds. Although no scaffold structure would 

exist at the end; during tissue engineering the mechanical properties of the fibrous scaffold 

would influence the phenotype of seeded/infiltrated PVICs. Among 14%, 15% and 18% 

microfibrous scaffolds, tensile stiffness was lowest in 14% scaffold. Considering the 

adversary of high tensile stiffness of a scaffold on PVICs, 14% scaffold may be more 

appropriate than others in heart valve tissue engineering. Tensile modulus of 14% scaffold 

was ~3.41 MPa and previous studies show that tissue engineered valves with a tensile 

modulus of 3.49 MPa were successfully tested in heart valve application in an animal model 

[44, 45]. Thus, a microfibrous heart valve scaffold produced with 14% PCL is expected to 

bear the physiological pressure upon heart valve replacement with the microfibrous scaffold.

Adhesion of PVICs was highest on 14% scaffold and comparatively less on 16% and 18% 

scaffolds. Higher tensile properties of 16% and 18% scaffolds compared to 14% were the 

reason for less cell adhesion [46]. Although adhesion of PVICs to softer 14% scaffold was 

higher compared to other stronger scaffolds (16% and 18%), less proliferation of the cells 

occurred in 14% scaffold compared to that in other scaffolds; however, the differences in cell 
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proliferation in those scaffolds were not significant. Considering this proliferation outcome, 

14% scaffold may take more time for tissue growth compared to other scaffolds; yet, 14% 

scaffold would have less adverse influence on the cells in producing fibrotic ECM during 

tissue engineering due to its lower mechanical properties [26, 47].

Like previously reported studies, PVICs on the microfibrous scaffolds with lowest tensile 

modulus i.e. on 14% scaffold showed oval shape; on scaffolds with comparatively higher 

tensile modulus i.e. on 16% and 18% scaffolds, PVICs showed comparatively flat cell shape 

[37, 47, 48]. When cells come in contact with scaffolds, their adhesion, shape, proliferation 

and differentiation are influenced by several factors including composition, morphology and 

mechanical properties such as stiffness/strength of the scaffolds [49, 50]. Due to sufficient 

pore size in the scaffolds, seeded PVICs penetrated into the scaffolds and grew over time. 

PVICs in 14% scaffold showed less expression of both vimentin and α-smooth muscle actin 

(α-SMA) compared to that in 16% and 18% scaffolds. Thus, although PVICs showed 

myofibroblast phenotype in all types of scaffolds, the cells were less active in 14% scaffold 

than in 16% and 18% scaffolds. Highly active myofibroblast phenotype expression of PVICs 

may cause deposition of fibrotic collagen and the generated tissue, consisting of fibrotic 

collagen, may not achieve required functionalities [51]. Further, fibrotic collagen in a tissue-

engineered heart valve may cause calcification leading to stenosis and regurgitation in the 

heart valve [43, 52].

Deposition of collagen fibrils by PVICs in the scaffolds was characterized by picrosirius red 

staining and collagen fibrils were found in all of them. Their SEM images distinctly 

confirmed the presence of collagen fibrils in all scaffolds. The collagen contents in the 

scaffolds were quantified by applying a software-based method on their stained images 

instead of applying a calorimetric method on their PVIC-cultured samples [53]. The reason 

is that during protein quantification, the scaffold material (PCL) melted i.e. pores were 

sealed while heating the samples in respective liquid chemicals and the melted PCL barred 

the release of proteins from the scaffolds into the chemicals. In 14% scaffold, collagen 

deposition was significantly higher than that in both 16% and 18% scaffolds. Further, in 

16% scaffold, collagen deposition was significantly higher than that in 18% scaffold. These 

results suggest that lower mechanical properties of the 14% scaffold compared to that of 

other scaffolds may provide an appropriate environment for the cell growth and heart valve 

tissue engineering.

Beside collagen, deposition of glycosaminoglycans (GAG), tropoelastin and elastin by 

PVICs in the scaffolds were characterized qualitatively by staining. For the same reason 

stated before, their quantitative characterizations were assayed by applying a software-based 

method on their stained images instead of applying a calorimetric method on their PVIC-

cultured samples [53]. In all scaffolds, deposition of GAG was observed and GAG in 14% 

scaffold was significantly higher than in 18% scaffold. Presence of tropoelastin - a precursor 

of elastin was observed in all scaffolds. As with collagen, in 14% scaffold, tropoelastin 

deposition was significantly higher than that in both 16% and 18% scaffolds. On the other 

hand, similar to GAG, elastin deposition in 14% scaffold was significantly higher than that 

in 18% scaffold. Considering the above protein deposition results, it can be said that 

deposition of ECM materials in 14% scaffold was significantly higher than that in other 
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scaffolds. Heart valve leaflets consist of different ECM proteins including collagen, GAG 

and elastin and in 14% scaffold, we saw the highest deposition of these ECM proteins. Thus, 

among all the scaffold types, 14% scaffold may provide a comparatively better environment 

for functional heart valve tissue construct development.

To scrutinize the positive in vitro results, we performed in vivo tissue engineering in 14%, 

16% and 18% scaffolds by implanting them for two months in a rat model subcutaneously in 

its dorsal area. Comparatively, the softer 14% scaffold had more cell infiltration. Further, the 

cells in this 14% scaffold infiltrated deep inside the scaffold, while in 16% and 18% 

scaffolds, most cells were near their surfaces. Despite higher pore sizes in 16% and 18% 

scaffolds, fewer cells infiltrated inside the 16% and 18% scaffolds, which suggest that higher 

mechanical properties of 16% and 18% scaffolds compared to that of 14% scaffold possibly 

prohibited cell infiltration.

Higher vimentin and α-SMA expression of the infiltrated cells were observed in 16% and 

18% scaffolds than in 14% scaffold. There were differences in fiber diameter, pore size and 

mechanical properties of the scaffolds, and mechanical properties could be the main 

influence in determining the cellular characteristics. Thus, increase in mechanical properties 

of scaffolds raised myofibroblast phenotype expression of the infiltrated cells, which may 

provoke production of fibrous collagen leading to hardening of developing tissues, a 

phenomenon detrimental to heart valve tissue engineering [26, 54]. In this respect, 14% 

scaffold would have positive influence in terms of lower myofibroblast expression of the 

residing cells during heart valve tissue engineering. Due to microscale diameter of the fibers, 

more macrophages of M2 phenotype than of M1 phenotype infiltrated into the scaffolds, 

which confirmed our hypothesis that microfibrous scaffolds are more conducive compared to 

nanofibrous scaffolds for in vivo/in situ heart valve tissue engineering.

In summary, 14%, 16% and 18% scaffolds showed microfibers and sufficient pore sizes in 

their structures, required for sufficient cell penetration and cellularization during in-vitro or 

in-vivo tissue engineering. However, compared to the rest, 14% scaffold had lower tensile 

properties which possibly caused lower myofibroblast expression by the residing cells, 

higher ECM deposition by PVICs and higher M2 phenotype expression by the infiltrated 

macrophage in this scaffold compared to others; thus may be the best for heart valve tissue 

engineering. Our goal is to develop a heart valve-shaped microfibrous scaffold with three 

leaflets and a conduit that will be used for heart valve replacement. The heart valve scaffold 

will be transformed into a tissue-engineered heart valve through in situ tissue engineering.

5. Conclusion

This study sought a proper PCL concentration to produce a microfibrous scaffold with 

sufficient pore size for heart valve tissue engineering. Microfibrous scaffolds were produced 

from 14%, 16% and 18% (wt/v) PCL concentrations and PVICs were cultured in them for 

14 days. With increase of PCL concentration, fiber diameter and average pore size in the 

respective scaffolds increased. Tensile stiffness and strength of 14 % scaffold were less than 

that of 16% and 18% scaffolds. Adhesion of PVICs to 14% scaffold was higher than that to 

other scaffolds. Proliferation of PVICs in different types of scaffolds was not significantly 
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different. After 14 days culture, PVICs on 14% scaffold had oval-shaped morphology and on 

16% and 18% scaffolds, they had a comparatively flat-shaped morphology. Due to sufficient 

pore size in all types of scaffolds, PVICs penetrated into the scaffolds and grew with passage 

of time. PVICs in 16% and 18% scaffolds showed more active myofibroblast phenotype than 

in 14% scaffolds. Presence of different ECM including collagen, glycosaminoglycans and 

elastin was observed in all scaffolds after 14 days culture. Deposition of collagen and 

tropoelastin by PVICs on 14% scaffold was significantly higher than on 16% and 18% 

scaffolds and deposition of glycosaminoglycans on 14% scaffold was significantly higher 

than on 18% scaffold. Higher numbers of cell infiltration, and lower myofibroblast and 

higher M2 phenotype expression by the infiltrated cells in 14% scaffold compared to those 

in 16% and 18% scaffolds were observed in the in vivo study. Considering all these 

characterized data, it seems that microfibrous scaffolds made from 14% PCL could fit best 

for heart valve tissue engineering.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Scanning electron microscopy (SEM) images of fibrous scaffolds produced by electro 

spinning 14%, 16% and 18% PCL solutions in chloroform solvent. Fibers in the scaffolds 

were uniformly distributed and fiber diameter in a scaffold was uniform.
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Figure 2: 
Average pore size and fiber diameter were measured from SEM images of different types of 

scaffolds. Fiber diameters in the scaffolds were in micron scale and average pore size was 

sufficient for cell penetration into the scaffolds.
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Figure 3: 
Tensile properties of different types of scaffolds measured in a tensile tester. (a) Typical 

tensile curves of different types of scaffolds. (b) Tensile modulus and strength of each type 

of scaffold.
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Figure 4: 
Proliferation of porcine valvular interstitial cells (PVICs) on different types of scaffolds. (a) 

Circular-shaped scaffolds that fitted to wells of a 24-well plate were used for cell culture and 

for cell proliferation study. (b) Proliferation of PVICs on different types of scaffolds for 7-

day time period in terms of percentages of Alamar Blue reductions.
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Figure 5: 
Characterization of PVICs in 14%, 16% and 18% scaffolds after 14 days culture. (a) 

Morphologies of PVICs on the circular surfaces of these scaffolds obtained through SEM 

imaging. (b) Presence of PVICs inside these scaffolds was observed by H&E staining of the 

cross-sections of cultured scaffolds. A layer of cultured cells on the circular surface of the 

scaffold, is pointed by a black arrow. (c) At higher magnification, presence of PVICs in 

these scaffolds was distinct. Each image relates to the square section in the corresponding 

image in (b).
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Figure 6: 
Gene and protein expression of PVICs after 14 days of culture in different types of scaffolds, 

(a) Vimentin and α-smooth muscle actin (α-SMA) gene expression of PVICs were 

determined by RT-PCR. (b) Vimentin and α-smooth muscle actin (α-SMA) protein 

expression of PVICs were detected by immunohistochemical staining.
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Figure 7: 
Characterizations of collagen deposition by PVICs inside different types of scaffolds after 

14 days culture. (a) Picrosirius red stained collagen was seen in all types of scaffolds in 

bright light. (b) The deposited collagen in all scaffolds was observed in their SEM images. 

(c) Graphical representation of quantified expression collagen protein in different types of 

scaffolds measured by a software-based method.
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Figure 8: 
Characterizations of deposition of other extracellular matrix including glycosaminoglycans 

(GAG), tropoelastin and elastin by PVICs in different types of scaffolds after 14 days 

culture. (a) Presence of Safranin O stained GAG deposited by PVICs was observed in 

different types of scaffolds, (b-c) Presence of immunohistochemical stained tropoelastin and 

elastin was observed in different types of scaffolds. (d) Graphical representation of 

quantified expression different ECM proteins in different types of scaffolds measured by a 

software-based method.
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Figure 9: 
Characterization of infiltrated cells in different types of scaffolds. (a) DAPI stained (nucleus 

staining) infiltrated cells in 14%, 16% and 18% scaffolds. White arrows show the scaffold 

surfaces attached to the skin of a rat during in vivo tissue engineering, (b) Graphical 

representation of quantified data of infiltrated cells in different types of scaffolds measured 

by a software-based method.
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Figure 10: 
Gene expression of infiltrated cells. (a) Vimentin and α-smooth muscle actin (α-SMA) gene 

expression of infiltrated cells, determined by RT-PCR. (b) CD-206 and INOS gene 

expression of infiltrated M2 and Ml phenotype macrophage cells, respectively, also 

determined by RT-PCR.
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