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Abstract

Electrospinning has been widely used to fabricate scaffolds imitating the structure of natural 

extracellular matrix (ECM). However, conventional electrospinning produces tightly compacted 

nanofiber layers with only small superficial pores and a lack of bioactivity, which limit the 

usefulness of electrospinning in biomedical applications. Thus, a porous poly(ε-caprolactone) 

(PCL)/gelatin composite electrospun scaffold with crater-like structures was developed. Porous 

crater-like structures were created on the scaffold by a gas foaming/salt leaching process; this 

unique fiber structure had more large pore areas and higher porosity than the conventional 

electrospun fiber network. Various ratios of PCL/gelatin (concentration ratios: 100/0, 75/25, and 

50/50) composite electrospun scaffolds with and without crater-like structures were characterized 

by their microstructures, surface chemistry, degradation, mechanical properties, and ability to 

facilitate cell growth and infiltration. The combination of PCL and gelatin endowed the scaffold 

with both structural stability of PCL and bioactivity of gelatin. All ratios of scaffolds with crater-

like structures showed fairly similar surface chemistry, degradation rates, and mechanical 

properties to equivalent scaffolds without crater-like structures; however, craterized scaffolds 

displayed higher human mesenchymal stem cell (hMSC) proliferation and infiltration throughout 

the scaffolds after 7-day culture. Therefore, these results demonstrated that PCL/gelatin composite 

electrospun scaffolds with crater-like structures can provide a structurally and biochemically 

improved three-dimensional ECM-mimicking microenvironment.
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INTRODUCTION

The design goal of tissue engineering scaffolds is to facilitate the regeneration of damaged 

tissue by providing a cell nurturing microenvironment. Tissues and organs consist of various 

Correspondence to: Ho-Wook Jun; hwjun@uab.edu. 

Additional Supporting Information may be found in the online version of this article.

HHS Public Access
Author manuscript
J Biomed Mater Res A. Author manuscript; available in PMC 2017 January 03.

Published in final edited form as:
J Biomed Mater Res A. 2016 April ; 104(4): 1017–1029. doi:10.1002/jbm.a.35614.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell types and extracellular matrix (ECM) which provides a protective, nurturing 

microenvironment for cells. The ECM is a complex network of proteoglycans and fibrous 

proteins with both structural and regulatory roles.1 The ECM interacts with cells via specific 

ligands for cell adhesion and migration, and also regulates cell proliferation and 

differentiation.2,3 Thus, the design of a tissue scaffold which incorporates fundamental roles 

of ECM enables the construction of highly organized structures, which provide cell adhesive 

regions, mechanical stability, and structural guidance.4 This allows the scaffold to have 

active interfaces which respond to biological and physiological signals and also remodel the 

ECM microenvironment for integration into the surrounding host tissue.5 In this study, we 

describe the development of an ECM-mimicking scaffold using a porous electrospun poly(ε-

caprolactone) (PCL) and gelatin nanofibrous composite with crater-like structures.

Electrospinning is a fabrication technique that uses an electrical field to generate continuous 

solid fibers of materials with diameters on the nano- or micrometer scale. This technique has 

obtained a lot of attention in tissue engineering fields because of its ease of producing 

fibrous scaffolds, cost effectiveness, and tunability by simply modifying the parameters of 

the electrospinning process, such as polymer concentration and applied voltage.6 Notably, 

electrospinning is capable of producing a scaffold with highly interconnected, nonwoven 

nanofibers which are very similar to the fibrillar structure of ECM.7 This ECM-mimicking 

feature allows the electrospun scaffold to support the attachment, proliferation, and function 

of various cell types such as bone, cartilage, skin, and neurons.8–11 However, one of the 

major challenges in the tissue engineering application of the conventional electrospun 

scaffold is that it has tightly packed layers of nanofibers with a merely superficial porous 

network; the results are limited to a simple two-dimensional (2D) surface scaffold, which 

does not allow cell penetration and growth through the scaffold.12,13 This compressed, 2D 

scaffold limits intricate cell–cell and cell–ECM interactions and subsequent cell signaling 

necessary in an in vivo three-dimensional (3D) environment,14 thereby reducing engraftment 

of the implanted cells.

Several approaches to overcoming the limited porosity of electrospun scaffolds have been 

explored. One approach is the salt-leaching method, which involves incorporating salts into 

the polymer fibers during electrospinning and then dissolving them after the scaffold has 

formed.15 This method stimulated cell migration into the scaffold through the salt generated 

pores, but showed only marginal and localized cellular infiltration. This may be attributed to 

the fact that the simple salt leaching approach only creates disconnected pores in the fiber 

structure. Another approach is electrospraying hydrogels into the scaffold as it forms.16 

However, during the electrospraying process, it is difficult to control the hydrogel dispersion 

into the scaffold, which leads to a non-uniform construct. Wet electrospinning is also another 

approach to enhance porosity of the electrospun scaffold. Electrospun nanofibers are 

collected on a liquid reservoir collector. The liquid, such as ethanol and methanol, induces 

dispersion of the depositing nanofibers and decreases the bulk density of the nanofiber 

structure, which creates a 3D sponge-like electrospun scaffold. However, this method still 

has some major challenges including the difficulties in selecting proper solvents and drying 

the scaffolds with the desired size of pores.17
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To overcome the limitations of these methods, in our study we combined a gas foaming and 

salt leaching strategy to generate pore spaces.18 During electrospinning, sodium bicarbonate 

particles were incorporated into the scaffold as the fibers deposited onto the collector. After 

the scaffold had formed, it was placed into a mildly acidic solution (citric acid). The citric 

acid reacted with the sodium bicarbonate to generate carbon dioxide (CO2) gas; this blowing 

gas expanded the scaffold to create crater-like structures. The crater-like structure has a 

loosely packed fiber network and its large pore areas are suitable for cell infiltration through 

the scaffold. These unique structures imitate the 3D aspect of an ECM structure, which 

allows more cell–cell and cell– ECM interactions through the scaffold than the conventional 

2D electrospun fiber network.

Recently, various biodegradable synthetic polymers and natural biopolymers have been used 

to produce nanofiber scaffolds through electrospinning.6 Synthetic polyesters, such as PCL, 

poly(lactic acid) (PLA), and poly(lactic-co-glycolic acid) (PLGA), generally have good 

processability, chemical stability, and mechanical performance.19–22 In addition, these 

polymers are able to mimic the physical features and dimensions of the collagen in the 

native ECM. However, they show low hydrophilicity and a lack of cell recognition sites, 

which reduce cell–scaffold interactions. To enhance the bioactive functions of the scaffold, 

natural biopolymers, such as gelatin, collagen, and laminin, can be blended with the 

synthetic polymers.23–26 Natural biopolymers show excellent biocompatibility; however, 

their processability is poor and they generally have inadequate mechanical stability due to 

the chemical modification of polymer chain conformation and fast degradation.23 Thus, 

blending synthetic and natural polymers improves cell–scaffold interactions and control over 

the mechanical stability and degradation rate of the scaffold. By modifying the blended ratio 

for specific applications, this strategy can be a promising solution to compensate for the 

limitations of each polymer. In our study, PCL and gelatin were blended to produce a PCL/

gelatin composite electrospun scaffold. PCL has been used in various biomedical 

applications, such as drug delivery devices, sutures, and implantable barriers.27,28 PCL has 

also been approved by the FDA and shows no toxic effects from degradation products.28,29 

Gelatin, a derivative of collagen hydrolysis, is also widely used due to its biological 

properties, biodegradability, biocompatibility, and commercial feasibility at low cost.30,31 

Therefore, by mixing PCL and gelatin, we can obtain a bioactive electrospun scaffold with 

mechanical stability which also biochemically and structurally mimics the native ECM.

In this study, we demonstrated the feasibility of developing a porous, ECM-mimicking, 

PCL/gelatin composite electrospun scaffold with crater-like structures. It is hypothesized 

that porous crater-like structures and PCL/gelatin composite nanofiber networks create a 3D, 

ECM-mimicking microenvironment, which can greatly improve the efficacy of cell scaffolds 

for tissue regeneration. We characterized the crater-like structures and confirmed cell 

infiltration through the scaffold. In addition, we tested scaffolds made from different ratios 

of PCL/gelatin by evaluating their chemical, mechanical, and biological properties. The 

analysis of these properties can be used to optimize the scaffolds for various tissue 

engineering applications.
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METHODS

Fabrication of composite electrospun scaffolds with crater-like structures

PCL pellets (Mw = 65,000) and type A porcine-derived gelatin were purchased from Sigma 

Aldrich (St. Louis, MO). PCL and gelatin were mixed in 100/0, 75/25, 50/50, and 25/75 

weight ratios. The mixtures were dissolved in 2,2,2-trifluor-oethanol (TFE) to obtain an 8.5 

wt % solution. The solutions were collected into 10 mL syringes and capped with 25 gauge 

needle tips. The syringes were loaded into a syringe pump (KD Scientific, MA) at a constant 

flow rate of 1.0 mL/hour. A high-voltage supplier (Gamma High-Voltage Research, FL) was 

used to apply + 21 kV to the syringe needles and an electrically grounded, 8 cm × 8 cm 

aluminum sheet was used as the collecting surface. Under these conditions, solutions were 

electrospun for 2 hours.

For the gas foaming/salt leaching process (Fig. 1), sodium bicarbonate particles, previously 

sieved to sizes between 100 and 200 µm, were provided through the sheath surrounding the 

syringe.15 To optimize the frequency of crater-like structure formation on the surface of the 

scaffolds, electrospinning was conducted with different amounts of sodium bicarbonate 

added to the nanofibers (polymer to sodium bicarbonate weight ratios of 1:2, 1:6, 1:8, and 

1:12). Sodium bicarbonate particles were interspersed into the scaffold for 45 seconds, at 5 

minute intervals. After 2 hours, the scaffolds were placed into a 50% citric acid solution for 

30 minutes. The scaffolds were washed three times in deionized (DI) water to remove any 

remaining salts, and then dried at room temperature.

Morphology of composite electrospun scaffolds

Morphology of the composite electrospun nanofibers and crater-like structures was 

characterized by scanning electron microscope (SEM) imaging. PCL/gelatin composite 

electrospun scaffolds with and without crater-like structures were mounted onto an 

aluminum stump and sputter coated with gold and palladium. The scaffolds were imaged 

using a QuantaTM 650 FEG (FEI Co.) with an accelerating voltage of 10 kV. Fiber 

diameters were measured using Image J software (National Institute of Health, The United 

States). In addition, the pore areas within the crater-like structure were also measured using 

Image J software by the analysis of SEM images (750× magnification) of the scaffolds. The 

SEM images were optimized to threshold the proper fiber layer, and the pore areas were 

visualized and measured as a polygonal shape surrounded by the deposited electrospun 

nanofibers. The porosity of the crater-like structure was calculated from the total pore area 

divided by the total analyzed area (total pore area/total analyzed area). In addition, the 

frequency of crater-like structure formation on the scaffold was assessed by the number of 

crater-like structures per unit area of the scaffolds (number of craters/mm2); the data was 

obtained from the SEM images of the scaffolds.

Surface chemistry of composite electrospun scaffolds

Fourier transform infrared spectroscopy (FTIR, Nicolet Thermo Scientific Co.) was used to 

characterize the chemical structure of the PCL/gelatin composite electrospun scaffolds with 

and without crater-like structures. Spectra were collected from 4000 to 400 cm−1 at ambient 

temperature with 32 scans per sample in attenuated total refection (ATR) mode. Each 
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scaffold was soaked in 1× phosphate buffered saline (PBS) at 37°C for 4 weeks. During this 

time period, FTIR was measured after 2 hours, 7 days, 14 days, and 28 days. Each patch was 

dried in a vacuum oven at room temperature for 2 day and then FTIR was measured to 

analyze the change in chemical structure at each time point.

Degradation of composite electrospun scaffolds

PCL/gelatin composite electrospun scaffolds with and without crater-like structures were 

weighed to determine the initial weight of each scaffold. The degradation condition was the 

same as the FTIR study; each scaffold was soaked in 1× PBS at 37°C for 4 weeks. During 

this time period, the weight of each scaffold was measured initially, after the first day, and 

after every third day (4 days, 7 days, 10 days, and so forth). Each patch was dried in a 

vacuum oven at room temperature for 2 days and then weighed to determine the change in 

mass at each time point.

Mechanical properties of composite electrospun scaffolds

In order to analyze the mechanical stability of different ratios of PCL/gelatin composite 

electrospun scaffolds with and without crater-like structures, uniaxial tensile testing was 

carried out on scaffolds of each PCL/gelatin ratio. The scaffolds were cut into rectangular 

sections with dimensions of 2.4 × 0.35 cm2 (scaffold thickness: 210 ± 25 µm) and tested for 

mechanical loading at a ramp force of 0.1 N/min using a DMA 2980 Dynamic Mechanical 

Analyzer (TA Instruments). At least five samples were tested for each type of scaffold.

Cell culture condition

Human mesenchymal stem cells (hMSCs) were purchased from Lonza, Inc. (Lonza, 

Walkersville, MD), and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), 

supplemented with 10% fetal bovine serum (FBS), 1% Amphotericin B, 1% penicillin, and 

1% streptomycin. Cells were grown to 70%–80% confluence at normal culture conditions 

(37°C, 95% humidity, 5% CO2) before being seeded onto scaffolds.

Cell proliferation on composite electrospun scaffolds

Composite electrospun scaffolds with and without craterlike structures were cut into disks 

with 0.5 cm diameters, briefly sterilized under UV light for 30 minutes, and then placed into 

48-well plates. About 50,000 hMSCs were seeded on each scaffold with 400 µL of media 

and cultured at normal culture conditions until 7 days; media was changed every 48 hours. 

An MTS [3-(4,5-dimethylthiazol-2-yl)−5-(3-carboxymethoxyphenyl)−2-(4-

sulfophenyl)-2H-tetrazolium] assay (CellTiter 96 solution, Promega Co.) was performed to 

measure cell proliferation onto the scaffolds at 4 hours, 1 day, and 7 days after hMSC 

seeding. At least seven samples were tested for each type of scaffold.

Cell viability on composite electrospun scaffolds

To qualitatively assess viability and cell spreading on composite electrospun scaffolds with 

and without crater-like structures, 50,000 hMSCs were seeded onto the scaffolds and 

cultured at normal culture conditions (the same conditions as the cell proliferation study). A 

Live/Dead Viability/ Cytotoxicity assay (Molecular Probes Inc., OR) was used to stain for 
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viable cells 7 days after cell seeding. Images of cells were taken using a Nikon fluorescent 

microscope and NIS Elements imaging software.

Cell infiltration through composite electrospun scaffolds

In order to characterize cells’ ability to penetrate through crater-like structures, a cell 

infiltration test was performed in composite electrospun scaffolds with and without 

craterlike structures. For this test, we developed an insert system to ensure that cell 

infiltration only occurred from the top of the scaffolds. 50,000 hMSCs were carefully seeded 

on the scaffolds of the insert system with 1 mL of media. The cells were cultured at normal 

culture conditions for 7 days, with media changes every 48 hours. After 1 and 7 days of 

incubation, the scaffolds were fixed with 10% formalin and placed in a 20% sucrose 

solution. Then, the scaffolds were embedded in Histoprep embedding medium and snap 

frozen in liquid nitrogen for cryosection, as described previously.12 Frozen blocks were 

sliced into 40 µm-thick sections using a Microm HM 505E cryostat (Instrumedics, IL) and 

the sections were stained with Hematoxylin and Eosin (H&E) dyes. Images were taken with 

a Nikon TE 2000-S microscope. The depth of hMSC infiltration through the scaffold was 

measured using Image J software. At least four samples were tested for each type of 

scaffold.

Statistical analysis

All the values are expressed as mean ± standard deviation. One-way ANOVA analysis was 

used to check for significant differences, and Tukey multiple comparison test was used to 

determine significant differences between pairs. SPSS software was used to perform 

statistical analysis. The p < 0.05 was considered to be statistically significant.

RESULTS AND DISCUSSIONS

The composite electrospun scaffolds were successfully fabricated with three different ratios 

of PCL/gelatin concentration (100/0, 75/25, 50/50). The scaffolds without craterlike 

structures (PCL/gelatin ratio: 100/0, 75/25, 50/50) had uniform and bead-free fiber 

morphologies with average fiber diameters of 685 ± 263 nm, 705 ±155 nm, and 731 ± 150 

nm, respectively; the nanofibers were arranged in a random, interwoven network as shown 

by SEM [Fig. 2(A–B, E–F, I–J)]. This interwoven network highly mimics natural ECM 

protein structure, such as a collagen fiber network.7,32 The SEM images presented that the 

scaffolds without crater-like structures had tightly packed nanofiber deposition which limits 

cell migration and proliferation within the scaffolds.12,33 Thus, to expand the porous spaces 

in the electrospun scaffold, crater-like structures were generated in the three scaffold 

concentration groups (PCL/gelatin ratio: 100/0, 75/25, 50/50) by the gas foaming/salt 

leaching process [Fig. 2(C–D, G–H, K–L)]. After electrospinning, the electrospun scaffold 

was placed into citric acid solution. Then, the sodium bicarbonate incorporated between 

nanofibers reacted with citric acid, which generated CO2 gas. This gas created bubbles under 

the deposited nanofibers. The bubbles suddenly stretched the nanofiber network and 

expanded the scaffold. When the gas dissipated, the expanded scaffold deflated, leaving a 

loosely packed nanofiber network where the sodium bicarbonate had been deposited. This 

loosely packed fiber network presented crater-like morphologies on the scaffold which were 
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about 200–400 µm in diameter. The pore areas within this crater-like structure were 

measured using Image J software by analyzing the SEM images of the 100/0 PCL/gelatin 

scaffolds with crater-like structures [Fig. 2(D), 750× magnification]. The total number of 

pores within the crater-like structure was 2119 ± 189 and the distribution of pore areas is 

shown in Figure 3(A). About 26.9% of the total pores (568 ± 56) were between 10 and 100 

µm2 in their areas. In addition, 3.5% of the total pores (74 ± 20) were even larger than 100 

µm2. This range of pores (larger than 10 µm2) covered greater than 93% of total pore area 

within the crater-like structures. About 47% of the total pores (980 ± 94) were smaller than 

1.5 µm2 and were mostly located at the center of the crater-like structure. As a control group, 

the pore areas of the conventional electrospun fiber network without crater-like structures 

were also measured by analyzing the SEM images of the 100/0 PCL/gelatin scaffolds 

without crater-like structures [Fig. 2(B), 750× magnification]. Total analyzed area was the 

same with the crater group, but the total pore numbers of the control group were higher 

(8420 ± 332) than the crater group (2119 ± 189) because the control group had many smaller 

pores. In the control group, about 56.6% of the total pores (4766 ± 308) were smaller than 

0.5 µm2 and more than 99.5% of the total pores (8376 ± 293) were smaller than 10 µm2 [Fig. 

3(B)]. The porosity of crater-like structure was also calculated from the total pore area 

divided by the total analyzed area. The area of crater-like structure showed 50.5% ± 4.6% 

porosity, but the area of control group had only 11.4% ± 2.2% porosity. In addition, the pore 

areas within the crater-like structure were also analyzed in 75/25 and 50/50 PCL/gelatin 

scaffolds with crater-like structures [Fig. 2(D,H)], and they showed very similar trends in the 

distribution of pore areas and the porosity to the 100/0 PCL/gelatin scaffolds with crater-like 

structures [Supplemented Fig. 1]. About 31.2% ± 3.3% and 27.4% ± 4.1% of total pores 

within the crater-like structure of 75/25 and 50/50 PCL/gelatin scaffolds were larger than 10 

µm2, which covered greater than 91% and 95% of total pore areas in each crater; also, the 

porosity of each crater was 45.6% ± 4.2% and 52.2% ± 6.3%, respectively. Furthermore, as 

control groups, 75/25 and 50/50 PCL/gelatin scaffolds without crater-like structures [Fig. 

2(F,J)] also presented similar trends in the pore area distribution and porosity (14% ± 3.6% 

and 10.6% ± 1.5% of porosity in each scaffold group) to the 100/0 PCL/gelatin scaffolds 

without craterlike structure. Therefore, this pore area analysis data demonstrates that the 

crater-like structures have larger pores and higher porosity than the conventional electrospun 

fiber network, which allows better cellular infiltration through the scaffold.

By changing the amount of sodium bicarbonate added to the nanofibers, we tried to optimize 

the frequency of craterlike structure formation on the electrospun scaffolds. As we increased 

the amount of sodium bicarbonate, more craterlike structures were generated on the 

electrospun scaffolds. The frequency of crater-like structure formation was assessed by the 

number of crater-like structures per unit surface area of the scaffolds. Only a few crater-like 

structures were produced at the 1:2 ratio (polymer to sodium bicarbonate weight ratio) on 

the 100/0 PCL/gelatin scaffold (crater frequency: 1.4 ± 0.22 craters/mm2) [Fig. 4(A)]. 

However, when the sodium bicarbonate amount was increased to a 1:6 ratio, most of the 

surface area of 100/0 PCL/gelatin scaffold was covered with crater-like structures (7.38 

± 0.5 craters/mm2) and each crater was connected with the others [Fig. 4(B)]. At the 1:8 

ratio, the crater frequency (8.16 ± 0.37 craters/mm2) of 100/0 PCL/gelatin scaffold was 

slightly increased, the scaffold surface was saturated with craters, and the scaffold showed a 
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highly connected porous crater network [Fig. 4(C)]. If the ratio increased to greater than 

1:12, the 100/0 PCL/gelatin scaffold started to separate into multiple layers; thus, too much 

sodium bicarbonate deposition between the nanofibers might hinder proper fiber network 

formation and cause layer separation of electrospun scaffolds. 75/25 and 50/50 PCL/gelatin 

scaffolds also showed similar trends in crater formation as with 100/0 scaffolds (Not shown 

in Figure). Also, different PCL to sodium bicarbonate weight ratio (1:2, 1:6, and 1:8) did not 

significantly affect the scaffold stability and the property of fiber network of 100/0, 75/25, 

and 50/50 PCL/gelatin scaffolds.

Thus, the gas foaming/salt leaching process with different PCL-to-sodium bicarbonate ratio 

(from 1:2 to 1:8) did not significantly affect the stability and network structure of the 

scaffolds, if at least greater than 50% of PCL is incorporated.

About 1:8 ratio was selected for this study since it displayed a highly connected porous 

crater network, was saturated with craters, and there was no layer separation.

The scaffolds with crater-like structures of 100/0 and 75/25 PCL/gelatin showed a distinct 

fibrous network [Fig. 2(C–D, G–H); average fiber diameter: 681 ± 136 nm and 737 ± 139 

nm, respectively], while the 50/50 PCL/gelatin scaffold with crater-like structures exhibited 

a less clear, slightly dissolved network due to its higher gelatin content [Fig. 2(K–L); 

average fiber diameter: 854 ± 218 nm]. In addition, we tried to fabricate 25/75 PCL/gelatin 

scaffolds with crater-like structures, but the structures collapsed due to gelatin dissolution 

during the gas foaming/salt leaching process. Thus, the crater-like connected pores were 

successfully created on 100/0, 75/25, and 50/50 PCL/gelatin scaffolds, and these pores may 

allow better cell infiltration and serve as an exchange path for nutrients and metabolic waste 

throughout the scaffold.

Fourier transform infrared spectroscopy (FTIR) analysis was performed for surface 

characterization of the composite electrospun scaffolds (PCL/gelatin ratio: 100/0, 75/25, 50/ 

50, 25/75) with and without crater-like structures. A set of FTIR spectra was collected after 

2 hours, 7 days of degradation of the scaffolds in PBS (Fig. 5). Absorbance peaks at 2944 

cm−1 and 1722 cm−1 indicated the presence of alkyl C–H stretch and ester C═O stretch, 

characteristic bonds observed in PCL; these prominent peaks were consistently observed 

throughout all of the scaffolds at all time points. Peaks at 3286 cm−1 indicated the presence 

of amide N–H stretch and alcohol O–H stretch in 75/25, 50/50, and 25/ 75 PCL/gelatin 

scaffolds. Based on previous work, the presence of the amide group indicated that PCL and 

gelatin side chains were chemically bonded; this may allow the incorporation of functional 

groups, such as NH2 and COOH, and enhanced hydrophilicity on the PCL/gelatin 

scaffolds.24,34 Thus, the composite electrospun scaffolds possessed the biochemical and 

mechanical properties of ECM by blending gelatin and PCL, thereby providing better cell–

scaffold interaction. There was little difference between the scaffolds treated with the gas 

foaming/salt leaching method and the untreated scaffolds; thus, the citric acid treatment was 

not intense enough to cause further dissolution of gelatin components from the scaffolds.

Scaffold degradation was also assessed by weighing scaffolds every 3 days up to 28 days. As 

seen in Figure 6, PCL/ gelatin scaffolds degraded in a predictable pattern over the 28 day 
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period. The majority of the degradation occurred within the first two days but quickly 

stabilized. The initial drop in weight for scaffolds with gelatin was expected because the 

FTIR experiment demonstrated some gelatin removal between 2 hours and 7 days. Since 

PCL is known to degrade slowly over the course of several months,35,36 it is logical that 

scaffolds with increased gelatin content degrade more quickly than scaffolds without. In the 

scaffold groups (PCL/gelatin ratio: 100/0, 75/25, 50/50), there was no significant difference 

in scaffold degradation between the scaffolds with and without crater-like structures. 

However, 25/75 PCL/gelatin scaffolds with crater-like structures showed drastic decrease in 

weight within the first day; this could be that the gas foaming/salt leaching process 

destabilized the structure of these scaffolds which were mostly composed of gelatin. Then, 

when the scaffolds were washed with DI water for removal of citric acid and placed in PBS, 

most of the scaffold was lost. Thus, incorporation of greater than 75% of gelatin resulted in 

PCL/gelatin scaffolds that were physically too unstable to endure the gas foaming/salt 

leaching process.

The mechanical characteristics of the composite electrospun scaffolds (PCL/gelatin ratio: 

100/0, 75/25, 50/50) with and without crater-like structures, including elastic modulus and 

stress and strain at break, were evaluated and are summarized in Figure 7 and Table I. As 

seen in the degradation results, 25/75 PCL/gelatin scaffolds degraded very quickly and also 

had weak mechanical properties; thus, mechanical characteristics of these samples were 

excluded from our analysis. As gelatin content increased, there was an evident rise in the 

elastic modulus and decrease in breaking strain. Thus, scaffolds of 50/50 PCL/gelatin 

behaved more like brittle materials, while scaffolds with no gelatin acted in an elastic 

manner [Fig. 7(C,E)]; these trends were also found in another study.34 Alternatively, 

scaffolds of 75/25 PCL/gelatin had mechanical properties that were very similar to 100% 

PCL; even though 75/25 PCL/gelatin scaffolds had a higher elastic modulus than 100% 

PCL, their breaking stresses and strains were comparable [Fig. 7(C–E)]. These results 

indicate that 75/25 PCL/gelatin scaffolds have synergistic characteristics of both materials; 

they possess the mechanical stability and elasticity of PCL as well as the bioactive properties 

of gelatin, thus compensating for the major drawbacks of each material. Most values 

between the scaffolds with and without crater-like structures did not show statistical 

difference in their mechanical properties; this indicates that the gas foaming/salt leaching 

process to generate crater-like structures does not have significant effect on the mechanical 

properties of the scaffolds, if at least greater than 50% of PCL is incorporated.

Gelatin is a natural biopolymer obtained from the controlled hydrolysis of collagen, a major 

ECM component, and it has similarities in amino acid composition, and to some extent in 

structure to collagen. Incorporation of gelatin into PCL nanofibers can enhance cell–scaffold 

interactions by mediating cell-adhesive ECM components which affect cellular behaviors 

such as cell proliferation, migration, and function.24,37–40 Cellular behaviors were studied 

using human mesenchymal stem cells (hMSCs) seeded on the composite electrospun 

scaffolds (PCL/gelatin ratio: 100/0, 75/25, 50/ 50), with and without crater-like structures. 

MSCs are multipotent stromal cells which can differentiate into various cell types, such as 

chondrocytes, osteoblasts, and adipocytes; they have great potential for clinical applications 

in regenerative therapy due to their differentiation capabilities, secretion of multiple 

bioactive molecules, and immunomodulatory functions.41 Proliferation of hMSCs on the 
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composite electrospun scaffolds was quantified using an MTS assay, as shown in Figure 8. 

While there was little difference in initial cell attachment after 4 hours, a significant 

transformation took place over one week. After 1 day, there was a substantial increase in 

proliferation on the scaffolds containing gelatin and there was not much difference between 

the scaffolds with and without crater-like structures. However, after 7 days, scaffolds with 

crater-like structures had a substantial amount of cell proliferation in comparison to 

scaffolds with-out crater-like structures. While the presence of gelatin significantly enhanced 

cell proliferation after 1 and 7 days, the amount of incorporated gelatin (25 and 50 wt % 

ratios) did not cause significant difference. These results support that gelatin incorporated 

composite electrospun scaffolds can increase hMSC proliferation; enhanced cell 

proliferation has also been demonstrated in other cell types such as mouse nerve stem cell 

and rabbit cardiomyocytes.24,42 Since a difference in cell proliferation between the scaffolds 

with and without crater-like structures was seen 7 days after seeding, these results support 

the hypothesis that crater-like structures improve cell proliferation on our composite 

scaffolds; it can be reasoned that cells infiltrated the scaffold throughout the crater-like 

structures between 1 and 7 days, thereby allowing further cell migration and proliferation 

compared with the scaffolds without crater-like structures. In addition, to test cell viability 

and visualize the cell attachment onto the scaffolds (PCL/gelatin ratio: 100/0, 75/25, 50/50), 

a LIVE/ DEAD cell viability assay was performed. The fluorescent hMSC images are shown 

in Figure 9. After 7 days, most cells still displayed their viability with fluorescence and also 

were thoroughly spread on all scaffolds. The cells were most easily seen on the scaffolds 

without crater-like structures. Since the crater-like structures provide a 3D aspect to the 

surface of the scaffold, it was slightly difficult to visualize cell attachment on the electrospun 

scaffolds. It may also be explained by the hypothesis that the increased porosity of scaffolds 

with craters would cause a greater amount of cell infiltration into the center of the scaffolds; 

then cells inside the scaffolds with craters are likely to be the cause of the poor 

distinguishability of cell morphology in the LIVE/DEAD images. Therefore, to confirm our 

hypothesis, a cell infiltration test on the scaffolds was performed.

To demonstrate whether porous crater-like structures allow cell infiltration, histological 

cryosectioned images of hMSC penetration through the composite electrospun scaffolds 

(PCL/gelatin ratio: 100/0, 75/25, 50/50) were analyzed by hematoxylin and eosin (H&E) 

staining (Fig. 10). After 1 day from cell seeding, the scaffolds with crater-like structures in 

all PCL/gelatin ratios displayed hMSC penetration, but the penetrated cells did not spread 

through the whole sectioned area within the scaffolds [Fig. 10(C,G, K); the depth of 

infiltration was 100/0: 78.386 19.68 µm, 75/ 25: 106.98 ± 21.93 µm, and 50/50: 89.34 

± 16.37 µm, respectively]. On the contrary, the scaffolds without craterlike structures did not 

allow hMSC penetration through the scaffolds, and most cells were only located on the 

surface of the scaffolds [Fig. 10(A, E, I); the depth of infiltration was 100/0: 10.02 ± 2.53 

µm, 75/25: 11.49 ± 3.33 µm, and 50/ 50: 23.07 ± 6.89, respectively]. After 7 days, the 

scaffolds with crater-like structures showed well-spread hMSCs throughout the scaffolds, 

which demonstrated that further cell migration and proliferation occurred through the 

interconnected porous spaces within the scaffolds between 1 and 7 days [Fig. 10(D, H, L); 

the depth of infiltration was 100/0: 230.2 ± 13.14 µm, 75/25: 277.4 ± 3.33 µm, and 50/ 50: 

247.89 ± 12.28 µm, respectively]. In comparison, most hMSCs were still not able to 
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penetrate through the scaffolds (PCL/gelatin ratio: 100/0, 75/25) without crater-like 

structures [Fig. 10B,F); the depth of infiltration was 100/0: 14.75 ± 1.35 µm, and 75/25: 23.1 

± 6.89 µm, respectively]. 50/50 PCL/gelatin scaffold without crater-like structures presented 

slightly further cell penetration which might be due to gelatin dissolution, but not as much as 

the groups with crater-like structures [Fig. 10(J); the depth of infiltration was 50/50: 82.64 

± 12.28 µm]. The cell infiltration results demonstrated that the PCL/gelatin composite 

electrospun scaffolds with crater-like structures showed a significantly higher affinity for 

cell infiltration compared with those without crater-like structures [Fig. 10(M)]. The results 

also supported the hypothesis that the scaffolds with crater-like structures had high cell 

proliferation (MTS) and visualization difficulty in LIVE/DEAD fluorescent images after 7 

days. This may be explained by the hypothesis that the surface craters stimulated initial cell 

penetration, and the loosely packed nanofiber networks within the scaffold enhanced further 

cell proliferation and distribution throughout the scaffold. In addition, the results showed 

improvement compared with the electrospun scaffolds made with conventional salt leaching 

techniques; the sodium chloride leaching method provided more enclosed cavities which 

limited vertical cellular infiltration and distribution throughout the scaffold (the maximum 

depth of infiltration was approximately 160 µm for 3 weeks of culture).15 Since cells were 

able to proliferate into the scaffolds with crater-like structures more easily, it stands to 

reason that the gas foaming/ salt leaching technique for creating more interconnected crater-

like pores may greatly enhance the efficacy of composite electrospun scaffolds with a 3D 

ECM-mimicking microenvironment. This architecture is significant for enhancing 

engraftment of implanted cells with surrounding tissues, since living tissue cells exist in 3D 

microenvironments with intricate cell–cell and cell–ECM interactions and complex nutrient 

and cell transfer dynamics. Further characterization of the 3D properties of the 

interconnected craterlike structures within the scaffold will be studied for future 3D culture 

application of these scaffolds.

CONCLUSION

In conclusion, we fabricated PCL/gelatin composite electrospun scaffolds with crater-like 

structures and characterized their material properties and biocompatibility. Cater-like 

structures endowed the electrospun scaffold with more large pores and higher porosity than 

the conventional electrospun fibrous network, which successfully enhanced cellular 

infiltration and proliferation throughout the scaffold. Gelatin incorporation into PCL 

provided scaffolds with bioactivity and structural stability. Therefore, these characteristics of 

the composite scaffold with crater-like structures enable it to structurally and biochemically 

replicate the 3D ECM microenvironment, which provides a novel solution to the current 

challenges of electrospun scaffolds.
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FIGURE 1. 
Creation of crater-like structures using gas foaming/salt leaching process. (A) Sodium 

bicarbonate incorporation into the electrospun nanofibers. (B) Sodium bicarbonate deposited 

between the electrospun nanofiber network. (C) Gas foaming/salt leaching process: 

generation of CO2 bubbles within the electrospun scaffold by the reaction of sodium 

bicarbonate and citric acid. (D) Crater-like structure produced after gas foaming/salt 

leaching process.
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FIGURE 2. 
SEM characterization of PCL/gelatin composite electrospun scaffolds with and without 

crater-like structures. (A) 100/0 PCL/gelatin scaffold without crater-like structures and (B) 

its magnified image. (C) 100/0 PCL/gelatin scaffold with crater-like structures and (D) its 

magnified image. (E) 75/25 PCL/gelatin scaffold without crater-like structures and (F) its 

magnified image. (G) 75/25 PCL/gelatin scaffold with crater-like structures and (H) its 

magnified image. (I) 50/50 PCL/gelatin scaffold without crater-like structures and (J) its 

magnified image. (K) 50/50 PCL/gelatin scaffold with crater-like structures and (L) its 

magnified image. (Scale bars = 300 µm).
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FIGURE 3. 
The distribution of pore areas within (A) a crater-like structure and (B) a conventional 

electrospun fibrous network of the 100/0 PCL/gelatin scaffolds. The number of pores and its 

percentage were counted based on the range of pore areas.
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FIGURE 4. 
Optimization of crater frequency on the surface of electrospun scaffold by changing sodium 

bicarbonate amount added to electro-spun nanofibers. (A) Crater-like structure formation at 

1:2 ratio (polymer to sodium bicarbonate weight ratio) and (B) at 1:6 ratio and (C) at 1:8 

ratio on 100/0 PCL/gelatin scaffolds. (D) Crater frequency was assessed by the number of 

crater-like structures per unit surface area of the scaffold at each ratio. (Scale bar = 500 µm).
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FIGURE 5. 
FTIR spectra of PCL/gelatin composite electrospun scaffolds with and without crater-like 

structures. FTIR peaks of (A) PCL/gelatin (100/0, 75/25, 50/50, and 25/75) scaffolds 

without crater-like structures and (B) with crater-like structures at 2 hours after degradation. 

(C) The scaffolds without crater-like structures and (D) with crater-like structures at 7 days 

after degradation.
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FIGURE 6. 
Scaffold degradation by changes in the weight of PCL/gelatin (the ratio: 100/0, 75/25, 50/50, 

and 25/75) composite electrospun scaffolds with and without crater-like structures.
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FIGURE 7. 
Mechanical characteristics of PCL/gelatin composite electrospun scaffolds with and without 

crater-like structures. (A) Stress–strain curve of PCL/gelatin (100/0, 75/25, and 50/50) 

scaffolds without crater-like structures and (B) with crater-like structures. (C) Elastic 

modulus, (D) breaking stress, and (E) breaking strain of the scaffolds with and without 

crater-like structures. (*p < 0.05 vs. 50/50 PCL/gelatin WO, **p < 0.01 vs. 50/50 PCL/

gelatin WO, ×p < 0.05 vs. 50/50 PCL/gelatin WC, ××p < 0.01 vs. 50/50 PCL/gelatin WC, +p 
< 0.05 vs. 50/50 PCL/gelatin WO, ++p < 0.01 vs. 50/50 PCL/gelatin WO, °p < 0.05 vs. 

50/50 PCL/gelatin WC, °°p < 0.01 vs. 50/50 PCL/gelatin WC, ### p <0.001 vs. 50/50 PCL/

gelatin WO, −p < 0.001 vs. 50/50 PCL/gelatin WC).
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FIGURE 8. 
hMSC proliferation on PCL/gelatin (the ratio: 100/0, 75/25, and 50/50) composite 

electrospun scaffolds with and without craterlike structures after 4 hours, 1 day, and 7 days 

of cell seeding measured by an MTS assay (*p < 0.05 vs. 100/0 PCL/gelatin WO at 1 day, 

**p < 0.01 vs. 100/0 PCL/gelatin WO at 1 day, #p < 0.05 vs. 100/0 PCL/ gelatin WC at 1 

day, ###p < 0.001 vs. 100/0 PCL/gelatin WC at 1 day, +p < 0.05 vs. 100/0 PCL/gelatin WO 

at 7 day, ++p < 0.01 vs. 100/0 PCL/ gelatin WO at 7 day, ×××p < 0.001 vs. 100/0 PCL/gelatin 

WC at 7 day).
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FIGURE 9. 
Live/dead assay images of hMSCs on PCL/gelatin composite electrospun scaffolds with and 

without crater-like structures after 7 days of cell seeding. (A) hMSCs on 100/0 PCL/gelatin 

scaffold without crater-like structures and (B) with crater-like structures. (C) hMSCs on 

75/25 PCL/gelatin scaffold without crater-like structures and (D) with crater-like structures. 

(E) hMSCs on 50/50 PCL/gelatin scaffold without crater-like structures and (F) with crater-

like structures. (Scale bar = 300 µm).
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FIGURE 10. 
hMSC infiltration on PCL/gelatin composite electrospun scaffolds with and without crater-

like structures after 1 day and 7 days of cell seeding imaged by H&E staining. (A) hMSCs 

on 100/0 PCL/gelatin scaffold without crater-like structures after 1 day and (B) after 7 days. 

(C) hMSCs on 100/0 PCL/gelatin scaffold with crater-like structures after 1 day and (D) 

after 7 days. (E) hMSCs on 75/25 PCL/gelatin scaffold without crater-like structures after 1 

day and (F) after 7 days. (G) hMSCs on 75/25 PCL/gelatin scaffold with crater-like 

structures after 1 day and (H) after 7 days. (I) hMSCs on 50/50 PCL/gelatin scaffold without 

crater-like structures after 1 day and (J) after 7 days. (K) hMSCs on 50/50 PCL/gelatin 

scaffold with crater-like structures after 1 day and (L) after 7 days (Scale bar = 100 µm). (M) 

The depth of hMSC infiltration. (WO: the scaffolds without crater-like structures, WC: the 

scaffolds with crater-like structures), (***p < 0.001 vs. 100/0 PCL/gelatin WO at 1 day, ##p 
< 0.01 vs. 75/25 PCL/gelatin WO at 1 day, ++p < 0.01 vs. 50/50 PCL/gelatin WO at 1 

day, ×××p < 0.001 vs. 100/0 PCL/gelatin WO at 7 day, ###p < 0.001 vs. 75/25 PCL/ gelatin 

WO at 7 day, and +++p < 0.001 vs. 50/50 PCL/gelatin WO at 7 day).
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