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1. ABSTRACT 19 

Background: Nowadays, the engineering vascular grafts with a diameter less than 6 mm 20 

by means of electrospinning, is an attracted alternative technique to create different three-21 

dimensional microenvironments with appropriate physicochemical properties to promote 22 

the nutrient transport and to enable the bioactivity, dynamic growth and differentiation of 23 

cells. Although the performance of a well-designed porous wall is key for these functional 24 

requirements maintaining the mechanical function, yet predicting the flow rate and cellular 25 

transport are still not widely understood and many questions remain open about new 26 

configurations of wall can be used for modifying the conventional electrospun samples. 27 

The aim of the present study was to evaluate the effect of fabrication techniques on 28 

scaffolds composed of bovine gelatin and polycaprolactone (PCL) developed by 29 

sequential electrospinning and co-electrospinning, on the morphology and fluid-30 

mechanical properties of the porous wall. 31 

Methodology: For this purpose, small diameter tubular structures were manufactured and 32 

experimental tests were performed to characterize the crystallinity, morphology, 33 

wettability, permeability, degradability, and mechanical properties. Some samples were 34 

cross-linked with Glutaraldehyde (GA) to improve the stability of the gelatin fiber. In 35 

addition, it was analyzed how the characteristics of the scaffold favored the levels of cell 36 

adhesion and proliferation in an in vitro model of T3T fibroblasts in incubation periods of 37 

24, 48 and 72h. 38 

Results: It was found that in terms of the morphology of tubular scaffolds, the co-39 

electrospun samples had a better alignment with higher values of fiber diameters and 40 

apparent pore area than the sequential samples. The static permeability was more 41 



 

3 

 

significant in the sequential scaffolds and the hydrophilic was higher in the co-electrospun 42 

samples. Therefore, the gelatin mass losses were less in the co-electrospun samples, 43 

which promote cellular functions. In terms of mechanical properties, no significant 44 

differences were observed for different types of samples. 45 

Conclusion: This research concluded that the tubular scaffolds generated by sequential 46 

and co-electrospinning with modification in the microarchitecture could be used as a 47 

vascular graft, as they have better permeability and wettability, interconnected pores, and 48 

a circumferential tensile strength similar to native vessel compared to the commercial 49 

graft analyzed. 50 

Keywords: Small diameter vascular graft, sequential and co-electrospinning, morphology 51 

of scaffolds, physicochemical properties, fluid-mechanical properties. 52 

 53 

2. INTRODUCTION 54 

Peripheral vascular disorders are associated with blockages and obstructions of small 55 

diameter vessels (<6 mm) leading to reduced blood flow and tissue detriment due to poor 56 

nutrient supply, therefore, angioplasty is commonly performed with the use of stents or 57 

surgical bypass grafts [1–3]. Each year, cardiovascular diseases generate about 17.9 58 

million deaths [4]. Additionally, the number of invasive vascular procedures in the lower 59 

extremities has doubled in the last decade. For this type of pathologies, grafts of biological 60 

origin are usually used, such as autologous (from the same patient) and homologous 61 

(from a donor of the same species) [5], [6]. However, they have clinical disadvantages in 62 

their application due to a lack of donors, anatomical variability, or patients with previous 63 

interventions [7], [8]. Another option for vascular replacement is the use of grafts made of 64 
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non-biodegradable polymers such as Teflon® or Dacron®, which have been efficient in 65 

replacing large diameter vessels. However, when applied to the treatment of smaller 66 

vessels, they present complications related to thrombotic occlusion or intima hyperplasia 67 

due to their low biocompatibility [9]. 68 

In this sense, cardiovascular tissue engineering is key for the development of porous 69 

structures useful for replacing damaged tissues in the vascular system [10], [11], and for 70 

the evaluation of the biocompatibility of a variety of biomaterials [12], [10]. Biodegradable 71 

polymers of synthetic and natural origin [7], [11], are an alternative for the design of 72 

porous walls that provide a biological microenvironment that facilitates the development 73 

of new tissue while maintaining the mechanical function [12]. The study of natural 74 

polymers or proteins as electrospun scaffolds has gained great interest since they have 75 

the inherent ability to bind cells because they contain specific protein sequences 76 

(arginine, glycine and aspartic acid) [7], [8]. Therefore, synthetic and natural polymers 77 

can be combined to improve physical, chemical, and biological properties [13, 14]. In this 78 

way, they increase biocompatibility with the cellular microenvironment, favoring a tissue 79 

functional response [15], [16]. 80 

Electrospinning has been shown as an alternative method for the development of 81 

scaffolds with nano and micro-fibrous morphology, more similar to a native extracellular 82 

matrix [17].  With this technique, it is possible to design porous walls using different 83 

configurations that allow to vary the morphological characteristics such as the diameter 84 

of fibers, their orientation, and the size of the pores. The spatial organization of fibers in 85 

these structures is a significant parameter for the integrity of the scaffold, porosity, and 86 

cellular behavior [18]. Using conventional electrospinning, scaffolds with homogeneous 87 
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characteristics in their thickness are obtained, however, the wall of a native vessel has 88 

variable characteristics, for which configurations as the sequential electrospinning and 89 

co-electrospinning are modifications of the conventional electrospinning technique, to 90 

develop scaffolds with multiple layers or variable morphologies to imitate a specific 91 

morphology of extracellular matrix [19]. 92 

Besides, the electrospinning parameters allow variation in porosity through the 93 

combination of modification of pore diameter and fiber deposition [18]. It has been found 94 

that endothelial cells tend to align in the microfiber scaffold and to allow the penetration 95 

through the pores, while in the nanofiber scaffolds, the cells have a random growth with 96 

a minimum ability to infiltrate [20]. Additionally, the orientation of fibers in one direction 97 

minimizes the space between them, reducing the pore size; while that the alignment can 98 

be manipulated using a rotating collector with variable-speed or controlling the electric 99 

field [21, 22]. It has been reported that aligned fibers help in the orientation and elongation 100 

of smooth muscle cells through the longitudinal axis [23]. 101 

Static permeability is another property that allows relating to the performance of a 102 

vascular graft. It has been reported that values of hydraulic conductivity lower than 600 103 

mL/cm2/min limit the microcirculation of nutrients or biomolecules through the wall in 104 

hydrophobic grafts [24]. For scaffolds that exhibit hydrophilic behavior, this value may be 105 

lower since they allow to contain volumes of vascular fluid throughout its three-106 

dimensional structure, which allows an adequate molecular transport (oxygen, 107 

electrolytes, glucose, etc). In this way, polymers of natural origin such as proteins provide 108 

added value due to their hydrophilicity that allows an initial absorption of water [25]. 109 
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Another challenge in the design of electrospun vascular grafts is to ensure adequate 110 

properties of mechanical strength and elasticity to mimic those of a blood vessel [26]. 111 

Differences in mechanical properties can cause damage to endothelial cells, hyperplasia, 112 

or ruptures in the device after implantation [27]. 113 

According to this context, the purpose of this study is to evaluate the effect of 114 

sequential electrospinning and co-electrospinning on crystallinity and morphological 115 

characteristics, permeability, wettability, degradability, and mechanical properties. 116 

Additionally, the morphological and fluid-mechanical properties were characterized in a 117 

commercial graft of 6 mm internal diameter and compared with the scaffolds developed 118 

in this research. 119 

3. MATERIALS AND METHODS 120 

3.1. Materials  121 

PCL (Mw: 80,000) pellets and bovine gelatin type b (225 g bloom) were purchased 122 

from Sigma-Aldrich. N, N-dimethylformamide (DMF), dichloromethane (DCM), and acetic 123 

acid were purchased from Panreac. GA 25 % v/v for the crosslinking was purchased from 124 

Protokimica, CO. All the solvents were used without further purification. The NIH/3T3 125 

fibroblast cell line was purchased from the American Type Culture Collection (ATCC), and 126 

Dulbecco's Modified Eagle’s Medium (DMEM) and phosphate-buffered saline (PBS) were 127 

obtained from Lonza. Fetal bovine serum (FBS) was purchased from Microgen and 128 

hematoxylin - eosin was purchased from Thermo Fisher Scientific. 129 
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3.2. Electrospinning 130 

In this study, scaffolds were made using two types of electrospinning, in search of a 131 

microarchitecture for application in the vascular area. For sequential scaffolds, solutions 132 

of PCL 15 % (w/v) in DMF:DCM 1:1 and gelatin 25 % (w/v) in acetic acid 20 % (v/v) were 133 

loaded into 5 mL syringes with a 21 G cutoff tip. 6 syringes of each solution were mounted 134 

on an infusion pump (Cole Parmer 60061), using PCL flows of 1.2 mL/h and 0.8 mL/h. 135 

These samples were labeled as B0 and C0 respectively. In both cases, the gelatin flow 136 

was 0.3 mL/g. Initially. First, a volume of 2.2 mL per syringe of PCL solution was 137 

dispensed, followed by 0.8 mL of gelatin solution per syringe. Co-electrospun scaffolds 138 

were made dispensing simultaneously with the PCL and gelatin solutions. These samples 139 

were labeled as B1 using a PCL flow of 1.2 mL/h and C1 for a 0.8 mL/h flow. In all the 140 

cases for the PCL, a voltage of 18 kV was applied to the solution using a power source 141 

(Gamma High Voltage Research 50PN) and a distance of 18 cm was set between the 142 

collector and the needles. A voltage of 15 kV and a distance of 15 cm was used for the 143 

gelatin. Samples were collected in a 6 mm diameter rod wrapped with aluminum foil and 144 

grounded, rotating at a speed of 20 rpm. For mechanical characterization, tubular 145 

samples were collected using a 6 mm diameter cylinder wrapped with aluminum 146 

according to [28]. The relative humidity in all cases was in a range between 45 % and 147 

55 % and the temperature was close to 30 °C. All the operating parameters were tested 148 

in a previous standardization work based on the literature [23, 29–35]. Table 1 149 

summarizes all the operation parameters.  150 
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3.3. Crosslinking treatment 151 

The scaffolds were cross-linked with GA based on [36–39]. For this, a Petri plate 152 

was disposed in the bottom of a desiccator with 0.8 ml of GA at 25 % v/v in aqueous 153 

solution (these conditions were tested in a design of experiments not reported in this 154 

work). At the top of the desiccator, the samples were placed on a ceramic mesh. The 155 

desiccator was closed with a vacuum for 48 hours to allow cross-linking. This procedure 156 

is used to improve the stability of the gelatin fiber, in interaction with aqueous solvents, 157 

due to the union between the free amino groups of lysine or hydroxylysine residual amino 158 

acid present in the protein with the aldehydes of GA [39].  159 

3.4. FTIR 160 

To evaluate the effect of crosslinking, sequential and co-electrospun scaffolds were 161 

analyzed to determine changes in functional groups of the natural and synthetic polymer 162 

without and with treatment. For this, an infrared Fourier transform spectrophotometer with 163 

ATR module was used (FTIR, Thermo Scientific iS50) at a resolution of 4 cm-1 and 164 

32 scans. Then, using the Origin Lab® software, the Fourier deconvolution of the infrared 165 

spectra covering the amide I region was performed (1600-1700 cm-1).   166 

3.5. Morphological characterization 167 

Samples were analyzed in a scanning electron microscope (SEM, JEOL JCM-6000 168 

Plus) operating at 15 kV to determine the morphological changes in the scaffolds. For 169 

each type of electrospun, three micrographs were processed and analyzed using the Fiji 170 

software with the plugin DiameterJ [40–42]. From the analysis of the micrographs, the 171 

following parameters were determined: fiber diameter, orientation, and apparent pore 172 



 

9 

 

area. the segmentation algorithm applied to each micrography was based on the 173 

methodology described in [41]. 174 

3.6. Wettability 175 

The wettability of the membranes was measured by contact angle (Contact Angle 176 

System OCA Dataphysics®) based on ASTM D7334-08 [43], to determine the 177 

hydrophilicity of scaffolds. For this test, a syringe dispenser was loaded with simulated 178 

body fluid (SBF) fabricated according to [44]. Subsequently, a drop of 10 μL of the solution 179 

was deposited on the sample, and photograms were captured for 30 seconds. For each 180 

scaffold, a sample with dimensions 2 cm ´ 5 cm was cut out and 4 drops were dispensed 181 

over this. For this analysis, three replicates were used for each type of sample. 182 

3.7.  Static permeability 183 

For the measurement of static permeability, the method stipulated in ISO7198 was 184 

adapted [45] with which the resistance to the passage of the flow through the 185 

microarchitecture of the scaffold wall was determined. The test bench consisted of a 186 

column of hydrostatic pressure, with a height of liquid equivalent to physiological, 187 

hypotensive and hypertensive pressures (0 to 150 mmHg). The test consisted of the 188 

measure of distilled water mass passing through the scaffolds by 1 minute, the scaffolds 189 

were arranged in a sample holder with a 1.1 cm of hole diameter. The evaluated 190 

pressures were 50, 80, 120, and 150 mmHg. To ensure the reproducibility of the results, 191 

two replicates were analyzed for each type of membrane. With the results obtained, the 192 

permeability was calculated using (1): 193 

𝐾 =
!!"#$%

"!"#$%	×	%&'"(×	&
    (1) 194 
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where: 𝑚'()*+ distilled water mass [g], 𝐴,-(. hole area [cm2], 𝑡 time [s], 𝐾 permeability 195 

[mL/min/cm2] and 𝜌'()*+ fluid density [g/mL]. 196 

3.8. Degradation 197 

The degradation rate of the membranes was evaluated in media with neutral pH to 198 

determine the loss of biomaterial in interaction with fluids. For the test, tubular segments 199 

with and without cross-linking treatment were used, with dimensions of 1.5 cm long by 6 200 

mm in diameter. Then, the samples were immersed in phosphate-buffered saline solution 201 

(PBS) 1X during a time of 24, 48, and 72 h to measure the weight loss due to degradation 202 

[46]. To obtain reproducibility and repeatability, three replicates were analyzed for each 203 

type of scaffold. 204 

3.9. Mechanical characterization 205 

The purpose of the test was to evaluate the circumferential tensile strength and 206 

creep elongation of bilayer membranes based on an adaptation of the standard ASTM 207 

D638 [47]. For the test 2 copper fasteners were used. Three tubular samples of each type 208 

of electrospun scaffold were cut with 2 cm length to be tested in a universal testing 209 

machine (Instron ® 5582) with a load cell of 1 kN with a speed of 10 mm/min. To ensure 210 

the reproducibility of the results, three replicates were analyzed for each type of 211 

membrane. 212 

3.10. Cell adhesion and proliferation an in vitro model of 3T3 fibroblasts 213 

Cultures of 3T3 fibroblasts were maintained in DMEM media supplemented with 214 

10 % FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml). The culture medium was 215 

changed every three days, and the cell culture was maintained at 37 °C, 5 % CO2, 95 % 216 



 

11 

 

O2, and 95 % relative humidity. Before the interaction of the membranes with the in vitro 217 

model of 3T3 fibroblasts, these were sterilized and preconditioned with DMEM without 218 

supplementation for 24 h at 37 °C. For the cell adhesion and proliferation assay, 219 

30 × 103 cells/well of 3T3 fibroblast, with viability greater than 90 %, were seeded on the 220 

cross-linked scaffolds for 24, 48, and 72 h. After each incubation period, the scaffolds 221 

were removed and fixed with 10 % formaldehyde for 30 min. Over time, it was added with 222 

hematoxylin/eosin to stain plasma membranes and cell nuclei. Finally, frames were 223 

obtained at 10 X magnification using the Optika Vision Pro software, and cell proliferation 224 

was determined from image processing with ImageJ® software. 225 

3.11. Statistical analysis 226 

The results obtained in the characterizations were statistically analyzed by analysis of 227 

variance, to determine the influence of each of the factors and their relationship with the 228 

fluid-mechanical properties. This was done using Statgraphics software. Data are 229 

presented as mean ± standard deviation and a statistical significance of 0.05 was used. 230 

4. RESULTS 231 

4.1. FTIR 232 

Figure 1 shows the normalized absorbance spectrum IR with the corrected baseline 233 

for the gelatin layer of the sequential scaffolds with and without crosslinking and for a co-234 

electrospun scaffold. The FTIR analysis show the presence of the amide bands I, II, and 235 

III which are common structures in bovine gelatin and stretches of groups of CH2, C=O, 236 

and C-O-C from PCL groups, as evidenced in Table 2. Due to the presence of all of these 237 

stretches in the co-electrospun scaffold, the generation of a biocomposite material is 238 
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determined.  On the other hand, in the amide I, structures related to the stretching of the 239 

-C=N- bond stretch are generated in the gelatin crosslinking with GA [48].  240 

4.2. Morphological characterization 241 

The results of average fiber diameter and the distribution in the micrographs are 242 

shown in Figure 2. The histograms of the samples B0 and B1 fabricated with a flow of 1.2 243 

mL/h (Fig 2C and Fig 2D) had higher diameters (1.09 and 1.12 µm), although with a wider 244 

variability compared to C0 and C1 at a flow of 0.8 mL/h (0.44 and 0.74 µm) (Fig 2A and 245 

Fig 2B). These results agree with [12, 15, 17], where the fiber diameter is directly 246 

proportional to the solution flow. Additionally, a network of fibers with a smaller diameter 247 

around 0.15 ± 0.041 nm corresponding to the gelatin is presented in the co-electrospun 248 

scaffolds. The average diameter of PCL fibers in co-electrospun scaffolds is greater than 249 

that of sequential scaffolds, possibly since the opposition of fields reduces the intensity 250 

of the voltage, therefore a lower level of tightening of fibers is obtained. 251 

Due to the variation coefficient for the fiber diameter was greater than 20% for B0 252 

and C0 in the PCL layer, and B1, Mood's median test were performed for the PCL flow 253 

and the electrospinning technique [50]. Since a P-value for the Chi-square test of 0.020 254 

was lesser than 0.05, it can be affirmed that the fiber diameters obtained after varying the 255 

technique and PCL flow have a statistically significant difference with a level of confidence 256 

of 95% (Fig 2F). 257 

The cells and fibers of the extracellular matrix in most natural tissues exhibit well-258 

defined patterns and specific spatial orientations [51]. Additionally, it has been reported 259 

that cell adhesion and proliferation is significantly improved in scaffolds with aligned 260 

morphologies since they allow to guide cell growth along the fibers. In order to analyze 261 
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this behavior, the normalized frequency graphs for the fiber orientation angle were 262 

obtained in Figure 3. It was found that the sequentially fabricated scaffolds generate fibers 263 

with random directions due to multiple frequency peaks at different angle values were 264 

observed. Unlike the co-electrospun scaffolds, there is a greater tendency to organize the 265 

fibers in the vertical direction since a predominant peak at -90 ° and 90 ° is observed in 266 

both flow conditions. Because of the methodology used to determine fiber diameters is 267 

difficult to determine the diameter of the small gelatin fibers present in the co-electrospun 268 

scaffolds, an apparent pore area analysis was performed, which gives valuable 269 

information about the processes of cellular infiltration to generate pseudo-endothelization 270 

of the graft. Figure 4 shows the micrographs for each type of scaffold and it can be seen 271 

that the fibrous structure of the gelatin layer of the sequential samples B0 and C0 is 272 

preserved. 273 

Table 3 shows the average apparent pore area measurement of electrospun 274 

samples without and with treatment. It is found that the apparent pore area is reduced 275 

due to the cross-linking treatment of about 60% and 49% in B1 and C1 samples 276 

respectively. Despite this, the B1 scaffolds have an apparent pore area 46% greater than 277 

C1 after treatment. On the gelatin layer in the sequential scaffolds, it was not possible to 278 

determine the apparent pore area after treatment with the image processing software due 279 

to swelling and bonds in the fibrous network.  280 

The results show that varying from a flow of 0.8 to 1.2 mL/h, the diameter of the 281 

fibers increases a greater percentage in the sequential configuration (145.6%) compared 282 

to the co-electrospinning (49.8%). Working conditions leads to the flow has a greater 283 
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effect on the diameter of the fibers when they are fabricated using the sequential 284 

configuration. 285 

4.3. Wettability 286 

Figure 5A and Figure 5B show the contact angle as a function of time for untreated 287 

and crosslinked scaffolds respectively. For the gelatin layer in the scaffolds obtained by 288 

sequential electrospinning without treatment presented a contact angle lower than 10° 289 

and was only detectable by the measuring software for 12 s before the drop was 290 

completely absorbed. Additionally, during the characterization of the gelatin layer 291 

wettability in the sequential samples, it was found that this protein dissolved upon contact 292 

with the drop of simulated body fluid which evidenced a low resistance in aqueous 293 

environments when they did not have the treatment. In contrast, when applying the cross-294 

linking process, the contact angle was initially around 80° and slowly decreased to 295 

stabilize with a value of about 20° after 5 s, evidencing a greater resistance to aqueous 296 

environments of the protein possibly due to the crystallinity level increased. 297 

Additionally, with the analysis of variance according to the contact angle, it was 298 

found that the electrospinning technique affected with statistical significance because its 299 

P value was 0.025 lesser than the test statistic 0.05. 300 

For the commercial graft (Fig 5A and Fig5B), a contact angle value of about 120° 301 

was obtained and remained constant during the test. This is because the material of this 302 

graft is composed of a hydrophobic polymer (polytetrafluoroethylene) and possibly in its 303 

wall, the level of cell adhesion would be lesser because it is not less than 75° as the 304 

literature suggests [54]. 305 
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According to the results obtained, crosslinking increased the value of the contact 306 

angle in the gelatin layer in the sequential scaffolds by about 283% as seen in Fig 5C and 307 

Fig 5D, while in the co-electrospun scaffolds the contact angle value after the treatment 308 

decreased by about 61 % compared to the un-crosslinked samples. On the other hand, 309 

when using a PCL flow of 1.2 mL/h the crosslinking increased the contact angle value by 310 

33 % while using a flow of 0.8 mL/h the change due to the crosslinking was 3 %. 311 

4.4. Static permeability  312 

Figure 6A and Figure 6B show the static permeability test as a function of hydrostatic 313 

pressure in a range of physiological and pathophysiological values for untreated and 314 

treated scaffolds respectively. These show that untreated scaffolds have a permeability 315 

in a range between 40 – 140 mL/min/cm2; while after the crosslinking treatment, 316 

permeability falls in a range between 0 – 20 mL/min/cm2 for sequential scaffolds B0, C0, 317 

and co-electrospun C1, while the B1 scaffold has a tendency to increase and reaches a 318 

permeability of up to 70 mL/min/cm2 at a pressure of 150 mmHg. On the other hand, the 319 

commercial graft permeability was zero, except at 150 mmHg where it had a permeability 320 

close to 50 mL/min/cm2. With an analysis of variance (ANOVA) for the static permeability, 321 

it was found that all the main effects had a statistical significance because their P-value 322 

was lesser of 1x10-4 for the technique, PCL flow, water pressure, and treatment and was 323 

lower than the test statistic 0.05.  324 

Furthermore, the effect of crosslinking according to the electrospinning technique is 325 

shown in Fig 6C, where an average decrease in permeability around 72% is shown for 326 

co-electrospun scaffolds and 96% for sequential ones. The crosslinking had a greater 327 

effect on the sequential scaffolds because the gelatin layer formed a gel that when in 328 
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contact with the water that sealed the structure and prevented the flow of water. On the 329 

other hand, for the co-electrospun scaffolds, the gelatin fibers were not agglomerated in 330 

a single layer but distributed throughout the three-dimensional structure of the wall, 331 

avoiding the generation of an occlusion. The reduction in permeability was possibly 332 

caused by the decrease in the average apparent pore area in the scaffolds. This same 333 

behavior is observed in Fig 6D according to the PCL flow, where at a flow rate of 0.8 m/h 334 

the permeability decreased an average of 94 %, while at a flow rate of 1.2 mL/h the 335 

decrease was 74 %. 336 

The micrographs of the commercial graft show a discontinuous framework, which is 337 

interrupted throughout the wall structure avoiding interconnectivity between pores. 338 

Possibly due to this, in the static permeability tests values of 0 mL/min/cm2 were obtained 339 

at pressures of 50, 80, and 120 mmHg, since it does not allow the flow of the fluid through 340 

the wall. This type of graft probably does not favor cell infiltration or nutrients exchange 341 

through its wall, because according to the literature [24], vascular grafts with hydrophobic 342 

behavior must have permeability values greater than 600 mL/min/cm2 to ensure 343 

microcirculation of nutrients or biomolecules through their wall. 344 

4.5. Degradation 345 

The loss of mass for scaffolds without GA treatment is shown in Fig 7A. It is 346 

observed that the scaffolds lose about 6.8 % ± 2.9 % of mass on average at 24 h, but B1 347 

losses the least mass with a value close to 3 %. This could be because the gelatin meshed 348 

with the PCL fibers increases the tortuosity of the wall, which delay the dissolution of the 349 

gelatin compared to the sequential scaffolds, where the gelatin layer is completely 350 

exposed to the fluid. 351 
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After 48 and 72 hours of the test, the average mass loss increased to 352 

13.3 % ± 3.8 % and 23 % ± 4.55 % respectively. In this range of time, the C1 sample is 353 

the one that presents a greater loss of mass close to 19 % and 28 % respectively. A 354 

possible cause for this behavior is that this scaffold had an initial gelatin/PCL ratio of 355 

3.8:6.2 higher than the ratio of 2.9:7.1 for B0, C0, and B1 samples. 356 

On the other hand, Fig 7B shows the average loss of mass for the crosslinked 357 

scaffolds close to 3.2% after 72 hours of testing. Again, it is observed that C1 samples 358 

had the greatest weight loss during the test, which may be due to the greater ratio of 359 

gelatin/PCL in this scaffold. In contrast, B1 had a lesser weight loss at all evaluated times, 360 

where possibly the tortuosity of the scaffolds protects the gelatin inside the wall. 361 

Additionally, an analysis of variance (ANOVA) for the mass loss was performed. It was 362 

found that the main effects PCL flow, crosslinking treatment, and immersion time had a 363 

statistical significance because their P-value was about 1x10-4 and lesser than the test 364 

statistic 0.05. It should be noted that the value of the F-ratio in the effects of treatment 365 

and time were greater than the others, so these have a greater statistical weight. 366 

Figure 7C shows the effect of crosslinking by the PCL flow, where there is evidence 367 

of a reduction in the average mass loss close to 14.4 % for a flow of 0.8 mL/h and 10.0 368 

% for a flow of 1.2 mL/h. On the other hand, the interaction graph for crosslinking by the 369 

electrospinning technique is shown in Fig 7D. 370 

In the analysis of variance (ANOVA), this interaction did not present statistically 371 

significant importance, so it is observed that the sequential and co-electrospun curves 372 

overlap, and the average loss of mass is reduced by about 12.2 % due to crosslinking. 373 
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4.6.  Mechanical characterization 374 

Figure 8C and Figure 8D show the stress vs. strain curves for each type of scaffold 375 

in the circumferential direction, both untreated and crosslinked respectively. It is observed 376 

in both figures that the C0 samples are the scaffolds with greater tensile strength, 377 

although, after the cross-linking process, its tensile strength decreased by 15% while its 378 

yield elongation presented a change of 2.4%, a value without statistical significance. On 379 

the other hand, the C0 samples are the ones with the highest tensile strength because 380 

they have the smallest average fiber diameter.  381 

To analyze the mechanical resistance data statistically, a variance test is performed 382 

with the data in Table 4, where a summary of the mechanical properties of yield elongation 383 

and tensile strength of tubular scaffolds are shown. With the Anova for the tensile 384 

strength, it was found that the technique and the flow are the effects with statistical 385 

significance because they have a P-value was 1x10-5 and 0.016 respectively which are 386 

lesser than the test statistic of 0.05. And an ANOVA test for the elongation was also 387 

applied and it was found that the electrospinning technique was the factor that had 388 

statistical significance with a P-value of 0.028 lesser than the test statistic of 0.05. 389 

Figure 8E shows the combined effects for tensile strength of factors between 390 

Treatment-Technique. It is found that tensile strength only decreased by 13 % and 8 % 391 

for sequential and co-electrospun scaffolds respectively, due to crosslinking. 392 

Figure 8F shows the combined effects of yield elongation with the PCL flow-393 

treatment. It was found that after the cross-linking procedure, ultimate elongation only 394 

increased 1 % for sequential scaffolds and decreased 17 % for co-electrospun scaffolds.  395 
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As in the previous case of tensile strength, the effect of crosslinking is not statistically 396 

significant due to the lower proportion of gelatin in the scaffold compared to PCL. Finally, 397 

a tensile strength value was obtained close to 25 MPa for the commercial graft (Fig 8B) ) 398 

and it has been reported that native vessels with diameters close to 6 mm have 399 

circumferential tensile strengths between 3 and 13 MPa [26]. 400 

4.7. Cell adhesion and proliferation  401 

Proliferation characteristics were determined at incubation periods of 24, 48, and 72 h 402 

of interaction between the cross-linked membranes and 3T3 fibroblasts. Fig. 9A shows 403 

the hematoxylin-eosin staining images, where it can be seen that 3T3 fibroblasts adhered 404 

to B1 and C1. This was due to the physicochemical and morphological conditions of the 405 

membranes where the incorporation of a protein with the presence of the amino acid 406 

sequence arginine-glycine-aspartic acid promotes cell adhesion since this sequence is 407 

recognized by integrins, that promote the union of cells with the extracellular matrix [62]. 408 

On the other hand, it was found that membrane C1 at incubation periods of 24, 48, and 409 

72 h exhibits a cell growth rate of 30%, 17%, and 52% higher than B1 (Fig. 9B), 410 

respectively.  411 

5. DISCUSSION 412 

Efforts to obtain an adequate bioactivity, tissue engineering has promoted the use 413 

of polymeric structures of natural origin, which exhibit amorphous and crystalline 414 

structures. Derived from this, the use of bovine gelatin for the development of tubular 415 

structures, plays a major role in biocompatibility and pseudo-endothelialization 416 

processes. From the results, it is determined that deconvolution of the amide I band is 417 

more sensitive to changes in the content of secondary structures (beta turns and sheets) 418 
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caused by crosslinking treatment. After the deconvolution, the area under the curve was 419 

obtained for the adjusted Gaussians around 1629, 1659, and 1693 cm-1, which represent 420 

the crystalline structures according to [29]. Furthermore,  the percentage of these 421 

structures in the gelatin layer in sequentially electrospun scaffolds was found to around 422 

49.8 %, while the sequential and co-electrospinning membranes exhibited an increase in 423 

the percentage of these crystalline structures after the crosslinking process with values 424 

of 55.9% and 66.2% respectively.  Thus, it was found that, for the sequential scaffold with 425 

a crosslinked gelatin layer, the crystalline structures increased around 6 % compared to 426 

the untreated scaffolds; meanwhile for the crosslinked co-electrospinning scaffolds, the 427 

increase was around 16 %.  428 

Due to the co-electrospun scaffolds had a lesser amount of gelatin on the surface, 429 

compared to the layer of this protein in the sequential scaffolds, the co-electrospun 430 

scaffolds reach a higher level of crystallinity at the level on the surface, when reacting 431 

with the same amount of GA. In addition, the gelatin in the co-electrospun scaffolds 432 

possibly may take a longer time to degrade compared to the sequential scaffolds. 433 

On the other hand, tubular structures exhibit a microstructural reorganization thanks 434 

to the interrelation of polycaprolactone with gelatin, trying to emulate the biomimetics of 435 

a native vessel. From the morphological point of view, although in [21] the fiber orientation 436 

was changed by varying the rotation speed of the collector mandrel, it can be seen that 437 

the fabrication technique could also affect this morphological characteristic. The effect of 438 

electric fields in the alignment of the fibers in electrospun scaffolds can be evidenced in 439 

[22], where they modified the ground connection of the collector to obtain aligned fibers. 440 

According to these results, due to the increase in the alignment of the fibers in co-441 
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electrospun scaffolds, the tensile strength could be favored [52], because the maximum 442 

load in the direction of the fibers is increased. 443 

Additionally, due to the presence of moisture during GA treatment, the morphology 444 

of the fibers is affected, causing the fibers to bond at the points of attachment. Also, 445 

crosslinking involves the reaction of free amino groups present on amino acid residues of 446 

polypeptide chains with the aldehyde group of GA, which generates a closeness of the 447 

fibers and their swelling, causing a significant reduction in the apparent pore area. On the 448 

other hand, in the co-electrospun scaffolds B1 and C1, the gelatin fibers are distributed 449 

among the PCL fibers, which reduces the approach between gelatin fibers and a greater 450 

apparent pore area. 451 

Because in the sequential scaffolds there is an occlusion with almost zero pore area 452 

values on the gelatin layer due to chemical treatment, cell adhesion and proliferation 453 

could be lower and only at a superficial level, limiting wall penetration. While in the co-454 

electrospun scaffolds B1 and C1 that have a larger pore area, they could enhance cell 455 

growth not only at the surface level but also inside the wall due to gelatin fibers are 456 

distributed throughout the thickness [53]. On the other hand, the presence of gelatin in 457 

these electrospun scaffolds possibly favors cell deposition as it contains amino acid 458 

sequences that work like attachment points for cells [14]. Additionally, due to the 459 

crosslinking treatment, the dissolution of the gelatin inside the scaffold would be avoided 460 

on the initial days where the adhesion and cell proliferation are developed [39]. 461 

Wettability is an important factor for scaffold performance in tissue engineering 462 

applications since hydrophilic surfaces with contact angles below 75° have been found to 463 

improve cell adhesion to the wall [54], [55]. For the PCL layer in the sequential scaffolds, 464 
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contact angles greater than 110° were obtained, which coincides with the literature due 465 

to the nature of the apolar phase [56]. This characteristic was improved with the 466 

incorporation of bovine gelatin in the polymer mixture.  467 

On the other hand, the contact angle of the co-electrospun scaffolds without cross-468 

linking treatment tended to decrease from 110° to a stable value between 30° and 40° 469 

after 10 seconds. This behavior is probably due to both the gelatin and the PCL are 470 

present throughout the scaffold wall and allow the absorption of the fluid to be slower 471 

because the gelatin fibers are not fully exposed to the simulated body fluid. Additionally, 472 

it is observed that B1 reaches a lower value than C1 possibly because its apparent pore 473 

area is greater and would facilitate the absorption of the fluid. The decrease in contact 474 

angle value for crosslinked co-electrospun scaffolds reaches a stabilization close to 20 ° 475 

after 15 s. Similar results were reported in [23], [33] y [38], where contact angles between 476 

23 – 52° were obtained for scaffolds fabricated with gelatin and a synthetic polymer like 477 

PCL. Moreover, the time required to stabilize the contact angle value of crosslinked 478 

scaffolds is longer compared to untreated scaffolds, which indicates a lower degradation 479 

of the protein in aqueous media [57].  480 

Following this further, it has been reported that to ensure adequate cell infiltration 481 

and exchange of nutrients or biomolecules between cells in vascular graft, interconnected 482 

porosities are required [35], [58], which allows controlled permeability. It has been found 483 

that a hydrophilic wall allows containing a volume of vascular fluid between its structure, 484 

which makes possible an adequate molecular transport [24]. 485 

In the co-electrospun scaffolds, the presence of gelatin and after the cross-linking 486 

treatment, it is possible to retain a volume of water inside the wall which would allow 487 
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continuous molecular transport by diffusion. Additionally, because gelatin has a rapid 488 

degradation in aqueous environments, the apparent pore area of these scaffolds would 489 

increase after a short period and possibly would facilitate cell proliferation [14]. In 490 

sequential scaffolds with cross-linking treatment, the occlusion that occurs on the gelatin 491 

layer could avoid the need to perform the pre-coagulation process and allow retaining 492 

vascular fluid in the wall [24]. 493 

Following this further, a mass loss test was performed on tubular scaffolds, to 494 

determine the effect of the cross-linking process on the time in which the gelatin is 495 

available within the electrospun scaffolds after being in contact with an aqueous medium. 496 

These results demonstrate that the cross-linking treatment probably prevents the gelatin 497 

mass loss in the initial days after a scaffold is implanted as a vascular graft since several 498 

physicochemical phenomena associated with biological stages of tissue development 499 

occur at different time scales [39]. It has been reported, for example, that cell adhesion 500 

develops for hours, while proliferation and differentiation occur on a scale between days 501 

and weeks [56, 59]. Therefore, the B1 membrane could have a better performance 502 

because it loses a lower mass of gelatin, which would favor cell proliferation and 503 

differentiation in the initial days and weeks. 504 

Vascular grafts must ensure adequate properties of mechanical strength and 505 

elasticity to mimic the structure of the native blood vessel [26]. The effect of crosslinking 506 

did not generate statistically significant differences, possibly because the treatment 507 

affects only the gelatin fibers which are found in a smaller proportion than PCL fibers [52]. 508 

This synthetic polymer is responsible for giving mechanical integrity to the tubular 509 

scaffolds [24]. 510 
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In this way, it was observed that the scaffolds with the smallest average fiber 511 

diameter and average apparent pore area corresponding to those made with the 512 

sequential technique had the highest tensile strength [36, 58, 60]. These results indicate 513 

that the predominant effect on the mechanical properties of these tubular scaffolds is the 514 

morphological characteristics of the PCL because the proportion of gelatin is much lower 515 

and because of its low mechanical strength, and the crosslinking treatment is not 516 

significant for this property [14]. Besides, intimal hyperplasia may occur due to a 517 

compliance mismatch between the graft and native vessel [26, 61], [27] and the 518 

elongation effect should be considered as another failure parameter of these tubular 519 

scaffolds. 520 

The scaffolds obtained in the present work are within the range of the native vessels 521 

compared to the commercial sample analyzed with a diameter of 6 mm, conditions that 522 

would possibly avoid generating complications such as distal mechanical trauma, 523 

atheromatous or hardening of the blood vessel [1]. 524 

Finally, from the cellular behavior B1 has 46% of apparent pore area greater than 525 

C1, which prevents a homogeneous cellularization from being generated on the 526 

electrospun scaffold, since the reticulated B1 membrane exhibits two different layers of 527 

fibers that are not interrelated with each other, generating a larger pore that prevents cell-528 

cell communication [63]. While, C1 has a smaller pore size, allowing adhesion, 529 

proliferation, and generation of fibroblast syncytium. In addition, the crosslinked C1 530 

membranes present a hybrid fibrillar network, which exhibits micrometric-scale fibers that 531 

generate large pores that allow cells to freely infiltrate the membrane, and nanometric 532 

fibers that facilitate cell adhesion and proliferation [64]. 533 
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6. CONCLUSIONS 534 

Our results allowed us to determine the effect of wall morphological characteristics 535 

of scaffolds obtained by different electrospinning methods, composed of a synthetic 536 

polymer and a protein, on the fluid-mechanical properties evaluated in an in vitro model, 537 

for their potential use as vascular grafts with a diameter of 6 mm. For this purpose, a 538 

synthetic polymer such as PCL was used taking advantage of its mechanical properties, 539 

and a protein as bovine gelatin that improves hydrophilicity and increases 540 

biocompatibility. However, this protein is rapidly degraded in aqueous environments, for 541 

which a crosslinking process with GA was carried out. It was found an increase in the 542 

percentage of beta sheets and turns due to the crosslinking treatment and the rapid 543 

dissolution of bovine gelatin when interacting with an aqueous medium would be avoided. 544 

In the same way, co-electrospun samples presented a lower mass loss of gelatin, which 545 

would possibly favor the attachment points with the cells due to the amino acid sequences 546 

of the gelatin. Additionally, the average diameter, the alignment of fibers and the apparent 547 

pore area in co-electrospun samples had higher values which improve the cell growth 548 

along the scaffold. 549 

It was found that the reticulated membranes favor the adhesion and proliferation of 550 

T3T fibroblasts, which indicates that the type of co-electrospinning techniques generates 551 

biocompatible hybrid fibrillar morphologies. Additionally, the co-electrospinning technique 552 

with the lower flux of PCL changes the microarchitecture with a morphology that favors 553 

anchoring sites for syncytium that with the time, homogeneously cellularize the surface 554 

of the scaffold. 555 
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Finally, the tubular scaffolds obtained by sequential or co-electrospinning had a 556 

better performance as vascular grafts than the commercial sample analyzed for 557 

applications with internal diameters of 6 mm, since they have better permeability and 558 

wettability, interconnected pores and a circumferential tensile strength that is more similar 559 

to that of a native vessel. 560 
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FIGURE LEGENDS 772 

Figure 1. Normalized FTIR spectra. 773 

Figure 2. Histograms of the distribution of fiber diameter: A) sample with a flow of 0.8 774 

mL/h in the sequential configuration; B) sample with a flow of 0.8 mL/h in the co-775 

electrospinning configuration; C) sample with a flow of 1.2 mL/h in the sequential 776 

configuration; D) sample with a flow of 1.2 mL/h in the co-electrospinning configuration; 777 

E) gelatin layer in the sequential configuration; F) Interaction graph between technique 778 

and flow.  779 

Figure 3. Normalized global frequency graphs of the fiber orientation. The fiber of 780 

sequential scaffolds shows multiple peaks of relative frequency, while in co-electrospun 781 

scaffolds predominant peaks are observed around 90 °, indicating a greater alignment. 782 

Figure 4. Comparison of SEM micrographs of the electrospun scaffold, before and after 783 

the crosslinking treatment. 784 

Figure 5. Contact angle vs. time curves: A) Electrospun scaffolds without crosslinking; B) 785 

Crosslinked electrospun scaffolds; C) Interaction graph according to the PCL flow;  786 

D) Interaction graph according to the technique. 787 

Figure 6. Static permeability: A) Electrospun scaffolds without crosslinking; B) 788 

Crosslinked electrospun scaffold; C) Interaction graph according to the technique; D) 789 

Interaction graph according to the PCL flow (mL / h). 790 

Figure 7. Mass loss of electrospun scaffolds: A) samples without treatment; B) cross-791 

linked samples; C) Interaction graph according to the technique; D) Interaction graph 792 

according to the PCL flow (mL / h). 793 
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Figure 8. Stress curves vs deformation for tubular scaffolds: A) test of traction; B) 794 

commercial sample; C) sample without treatment; D) sample with crosslinking treatment; 795 

E) Interaction graph for tensile strength according to the technique; F) Interaction graph 796 

for yield elongation according to the technique 797 

Figure 9. Cross-linked B1 and C1 membranes interacting with 3T3 fibroblasts:A) bright-798 

field images of fibroblasts; B) cell growth rate at incubation periods of 24, 48, and 72 h. 799 

 800 

TABLES 801 

Table 1. Summaries of electrospinning operation parameter 802 

Scaffold name B0 C0 B1 C1 

Polymer PCL Gelatin PCL Gelatin PCL Gelatin PCL Gelatin 

Technique sequential electrospinning co-electrospinning 

Flow (mL/h) 1.2 0.3 0.8 0.3 1.2 0.3 0.8 0.3 

Voltage (kV) 18 15 18 15 18 15 18 15 

Needle-rod gap (cm) 18 15 18 15 18 15 18 15 

Rod diameter (cm) 0.6 

Rod rotation speed (rpm) 20 

Humidity (%) 40-50 

Temperature (°C) 28-30 

 803 
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Table 2. Vibration range of groups present in scaffolds 804 

Material 
Wave number 

range (cm-1) 

Associated 

band 
Scaffold present in 

PCL 

2991-2901 
Asymmetric 

stretch CH2 

PCL, co-electrospun 

2879-2840 
Symmetric 

stretch CH2 

PCL, co-electrospun 

1753-1691 Stretch C=O PCL, co-electrospun 

1208-1127 
Asymmetric 

stretch C-O-C 

PCL, co-electrospun 

Gelatin 

1702-1596 

Amide I  

(Stretch C=O) 

Gelatin face sequential, crosslinked 

gelatin face sequential, co-

electrospun 

1588-1495 

Amide II  

(Vibration, 

bending N-H and 

stretch, vibration 

C-N) 

Gelatin face sequential, crosslinked 

gelatin face sequential, co-

electrospun 
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3374-3147 

Amide III 

(Stretch, vibration 

C-N and N-H) 

Gelatin face sequential, crosslinked 

gelatin face sequential, co-

electrospun 

 805 

Table 3. Average apparent pore area of electrospun scaffolds. 806 

Average apparent pore area 

Scaffold Untreated (µm2) Cross-linked (µm2) 
Reduction 

percentage (%) 

B0-C0 gelatin layer 0.22 ± 0.28 -- -- 

B1 13.30 ± 11.88 5.31 ± 3.53 60.07 

C1 7.27 ± 5.29 3.64 ± 1.56 50.00 

 807 

 808 

 809 

 810 

Table 4. Summary of mechanical properties of electrospun tubular scaffolds 811 

 Yield strain (%) Tensile strength (MPa) 

Untreated 

B0 44.59 ± 13.78 5.09 ± 0.56 

C0 44.88 ± 0.088 8.37 ± 0.12 

B1 38.72 ± 3.23 3.46 ± 0.088 

C1 37.37 ± 3.72 2.20 ± 0.22 
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Treated 

B0 46.91 ± 13.97 4.60 ± 0.84 

C0 43.80 ± 1.45 7.08 ± 0.35 

B1 29.54 ± 9.88 2.28 ± 0.006 

C1 33.55 ± 4.88 2.87 ± 0.31 

 812 



Figures

Figure 1

Normalized FTIR spectra.



Figure 2

Histograms of the distribution of �ber diameter: A) sample with a �ow of 0.8 mL/h in the sequential
con�guration; B) sample with a �ow of 0.8 mL/h in the co-electrospinning con�guration; C) sample with a
�ow of 1.2 mL/h in the sequential con�guration; D) sample with a �ow of 1.2 mL/h in the co-
electrospinning con�guration; E) gelatin layer in the sequential con�guration; F) Interaction graph
between technique and �ow.



Figure 3

Normalized global frequency graphs of the �ber orientation. The �ber of sequential scaffolds shows
multiple peaks of relative frequency, while in co-electrospun scaffolds predominant peaks are observed
around 90 °, indicating a greater alignment.



Figure 4

Comparison of SEM micrographs of the electrospun scaffold, before and after the crosslinking treatment.



Figure 5

Contact angle vs. time curves: A) Electrospun scaffolds without crosslinking; B) Crosslinked electrospun
scaffolds; C) Interaction graph according to the PCL �ow; D) Interaction graph according to the technique.



Figure 6

Static permeability: A) Electrospun scaffolds without crosslinking; B) Crosslinked electrospun scaffold; C)
Interaction graph according to the technique; D) Interaction graph according to the PCL �ow (mL / h).



Figure 7

Mass loss of electrospun scaffolds: A) samples without treatment; B) cross-linked samples; C) Interaction
graph according to the technique; D) Interaction graph according to the PCL �ow (mL / h).



Figure 8

Stress curves vs deformation for tubular scaffolds: 794 A) test of traction; B) commercial sample; C)
sample without treatment; D) sample with crosslinking treatment; E) Interaction graph for tensile strength
according to the technique; F) Interaction graph for yield elongation according to the technique



Figure 9

Cross-linked B1 and C1 membranes interacting with 3T3 �broblasts:A) bright-�eld images of �broblasts;
B) cell growth rate at incubation periods of 24, 48, and 72 h.


