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Abstract
Four tubular membranes based on PLA and gelatin with different arrangements 
(PLA, gelatin, PLA-gelatin Blend and PLA/gelatin Core/Shell) were prepared by 
the electrospinning technique, the gelatin within the materials was crosslinked with 
genipin and all the meshes were characterized by SEM, ATR-FTIR, TGA, DSC, 
XRD and mechanical tests, also a viability essay and a confocal microscopy of 
HUVECs in contact with the materials were carried out. A 50% decrement of cel-
lular viability was observed in the fibers with Core/Shell structure since the first day 
of culture compared with the tissue culture polystyrene, due to solubilization of non-
crosslinked gelatin.
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Introduction

In order to solve the problems that generate some of the cardiovascular diseases, 
an invasive procedure known as artery bypass is used. In this intervention, the flow 
of blood is reflected using a vascular graft from a healthy place to another place 
where the blood is not nourishing the tissue due to an occlusion derived from an 
inflammatory process. For example, in the coronary artery bypass surgery, an auto-
graft is commonly used to support the coronary artery system with blood from the 
aorta artery. The graft is usually the saphenous vein, the radial artery or the internal 
thoracic artery of the same patient [1, 2]. This involves, inconveniently, the neces-
sity of another surgical intervention in order to extract the autograft [3]. To avoid a 
second surgical intervention, the autograft is replaced with a tube made of a biocom-
patible plastic material as Dacron and expanded Teflon. These materials have been 
used over the years, but when they are applied as small diameter blood vessel grafts 
(< 6 mm) they present some inconveniences; for example, aneurism formation, leak-
ing, or change in diameter [4, 5]. Another strategy to solve the second intervention 
and enhance the quality of life of the patient is to use a tissue engineered system, in 
which a biocompatible and biodegradable scaffold with the shape of the graft serves 
as a physical medium, where cells can dwell and execute their functions such as 
attaching, proliferating, differentiating and secreting the components of the extracel-
lular matrix required for creating new tissue [6, 7]. The electrospinning technique 
enables to generate fibrous matrices based on different polymers. This results con-
venient since the microstructured electrospun products can be obtained with tubular 
shapes and, at the same time, function as a cellular scaffold [8, 9].

Polylactic acid (PLA) is a biocompatible and biodegradable material that has 
been used in medical applications, i.e., as suture, surgical screws, drug delivery 
systems, among others [10]. Also, the PLA has been evaluated as polymer scaffold 
due to its processability and biodegradable characteristics; it is well known that the 
ability of PLA to interact with cells can be enhanced by using it in combination 
with better cellular host materials, for example, collagen, gelatin or polysaccharides 
[11–18]. Among them, gelatin is a product of the partial hydrolysis of collagen that 
has less immunogenic activity, which preserves integrin motifs that promote cellular 
adhesion and can be easily electrospun [16, 19–21]. Despite its qualities, gelatin gets 
solubilized by water, which is why a chemical crosslinking treatment is necessary to 
preserve the integrity of the manufactured materials. Genipin is a molecule found as 
a product of the gardenias fruit extraction. It is known that genipin can easily cross-
link proteins, especially collagen and gelatin. Furthermore, it presents low toxicity 
compared with glutaraldehyde, diisocyanates and carbodiimides [22, 23].

With the purpose of mimicking the extracellular matrix in this study, fibrous 
tubes were manufactured by the electrospinning technique using the biocompat-
ible polymers PLA and gelatin. In addition, a crosslinking treatment with geni-
pin was applied to gelatin to avoid its solubilization. The novelty of this study is 
the comparative evaluation of the PLA and gelatin, both in blend and Core/Shell 
Arrangement. The behavior and viability of Human Umbilical Vein Endothelial 
Cells (HUVECs) was evaluated.
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Materials and methods

Materials

PLA 2002D by Nature Works. Gelatin, gel strength 300, Type A from porcine skin, 
2,2,2-trifluoroethanol and genipin were purchased from Sigma aldrich chemical Co.

Preparation of PLA, gelatin, PLA/gelatin‑blended, PLA/gelatin Core–Shell 
structure membranes with a tubular shape using the electrospinning technique

The tubes were prepared by electrospinning technique using a 5-ml syringe 
(HENKE SASS WOLF. Model D-78532), a voltage source (SPELLMAN. Model 
CZE 1000R), a syringe pump (kdScientific. Model 2568CO) and a homemade 
14  mm in diameter aluminum mandrel-type collector. 2,2,2-Trifluoroethanol was 
used as solvent and the solutions remained under magnetic stirring for 24 h before 
they were electrospun in all cases. The solution preparation process of each material 
is described below, and the electrospinning parameters are shown in Table 1.

For the PLA tubular membrane, a 14% w/v of PLA solution was prepared placing 
the solvent in a Pyrex storage bottle and adding the PLA pellets (previously minced 
in a blade mill) avoiding the cumulus of PLA formation. The gelatin tubular mem-
brane was fabricated using a 14% w/v gelatin solution; it was prepared by placing 
the gelatin powder in a Pyrex storage bottle and carefully adding the solvent. For the 
PLA/gelatin-blended membrane, in a Pyrex storage bottle a 100:30 PLA and gelatin 
mix was hand shaken during 1 min before the solvent was added in a 14% PLA/
solvent w/v ratio. The PLA/gelatin Core–Shell structure was fabricated using a PLA 
14% w/v and a gelatin 14% w/v solution. Both solutions were added into different 
syringes and the Core–Shell arrangement was set with the PLA as core and gelatin 
as shell with a 23 G and a 13 G needles, respectively.

Crosslinking treatment of gelatin with genipin in the tubular membranes

The crosslinking treatment was carried out by placing each tubular membrane sam-
ple into a container and adding an amount of genipin 0.5% w/v ethanolic solution 
to reach a 4% in weight of geniping regarding the gelatin quantity for each of the 

Table 1  Electrospinning parameters

TFE 2,2,2-trifluoroethanol

Sample Solvent Voltage (kV) Distance (cm) Flow rate (mL min−1) Concentration

PLA TFE 15 12.5 10 14% w/v
Gelatin TFE 15 16.5 10 14% w/v
Blended TFE 11 15.5 10 14–4% w/w

PLA-gelatin
Core–Shell TFE 17 16.5 10/10 14–14% w/v

PLA-gelatin PLA-gelatin
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different tubular membrane samples. The culture tubes remained under mechanical 
agitation at 37 °C for 7 days, after that, the tubular membrane samples were rinsed 
three times with 3 ml of ethanol and dried in vacuum for 4 h. It can be observed in 
Fig. 1 how a sample change its color due to the reaction between gelatin and genipin 
[24]. The tubes that were treated with the crosslinker were named with a letter “C” 
at the beginning, CPLA, CGelatin, CCore/Shell and CBlend.

Scanning electron microscopy (SEM)

The microscopic morphology of the tubular membranes was observed using a scan-
ning electron microscope (JEOL, model 5410LV) with a 20 kV accelerating voltage. 
A sputtered gold coating was placed onto each sample. The diameter fiber distribu-
tion was calculated using the software imageJ.

Transmission electronic microscopy (TEM)

The Core/Shell arrangement in the coaxial sample was observed using a transmis-
sion electron microscope JEOL 2010 F with a 200 kV accelerating voltage. The fib-
ers of the samples were carefully taken from the tubular mesh using a pair of twee-
zers, and then, the fibers were placed between two grids in order to maintain them 
fixed during the essay.

Fourier transform infrared spectroscopy (FTIR)

With the purpose to observe whether the compounds of the materials were interact-
ing between them, a FTIR analysis of the tubular membranes was carried out using 
a Frontier PerkinElmer FTIR/FIT spectrometer with an attenuated total reflectance 
(ATR) accessory. The samples were measured in the range of 4000–400 cm−1 with a 
resolution of 4 cm−1 in a transmittance mode.

Fig. 1  Membranes before (a) and after (b) the crosslinking treatment
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Thermogravimetric analysis (TGA)

The thermogravimetric analysis was carried out with the aim to examine whether 
the thermal stability of the materials was affected by the chemical interactions 
among its components and by the crosslinking treatment of gelatin. It was carried 
out using a PerkinElmer Pyris 1 TGA. 3 mg of each sample were weighed and 
placed in a platinum crucible; the experiment was performed by triplicate, within 
a temperature range of 25–900  °C at a 10  °C  min−1 heat rate. All the analyses 
were executed under dry nitrogen atmosphere to avoid oxidation of the samples.

Differential scanning calorimetry (DSC)

A differential scanning calorimeter (PerkinElmer DSC 8500) was used to study 
the thermal transitions and the crosslinking reaction of the tubular membranes. 
Each specimen was weighted in range of 5–8 mg, sealed in an aluminum pan and 
scanned from 25 to 350 °C at a heat rate of 10 °C  min−1 with a nitrogen flow of 
20 ml min−1.

X ray diffraction

An X-ray diffraction analysis was carried out in order to observe whether the 
crystalline structure of the PLA changed with the electrospinning and crosslink-
ing process. To execute the analysis, the samples were cut in squares and analyzed 
with a Rigaku Dmax2100 diffractometer with Cu-Ni radiation (λ = 1.54184  Å) 
using a potential of 30  kV. The diffractograms were scanned within a range of 
4–80° at a scan rate of 2°  min−1.

Mechanical analysis

In order to observe whether the materials have the characteristics to perform the 
functions of a blood vessel graft, they were subjected to different mechanical 
essays (longitudinal deformation, radial deformation and suture retention). The 
mechanical tests were carried out under tension by using an Instron ElectroPuls 
System E1000 using a load cell of 100 N and a deformation rate of 200 mm/min. 
To perform the tensile tests in the longitudinal direction of the tubes, the samples 
were cut to obtain a size of 50 mm of length. Two tempered steel adapters with a 
cylindrical shape and two clamps were used to assemble the samples.

To perform the tensile tests in the radial direction of the tubes, the tubular 
samples were cut 10 mm of length, two steel rods with 2 mm in diameter were 
placed through the lumen of the tube to clamp them into an aluminum hasp to be 
able of executing the deformation tests.
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To calculate the suture retention, the tubes were cut in several 10 × 10  mm 
square samples, a suture was punctured 2 mm separated from the edge, the sam-
ple was fastened with a clamp, and the suture was held in a hook to execute the 
test.

Cell culture and cell viability essay

The HUVECs were cultured in DMEM medium at 37  °C with 5% of  CO2 pres-
sure, supplemented with 10% of fetal bovine serum and 1% of penicillin streptomy-
cin solution. The culture medium was changed every second day, and the cells were 
used at 4th to 5th subculture.

In the cell viability essay, the samples were placed into a 96 wells cell cul-
ture plate with an amount of 50 μL of a 70% ethanol aqueous solution to sterilize 
them. In the case of gelatin, the electrospun membrane was dissolved in the cul-
ture medium such that this medium was always used to simulate an indirect contact 
with the membrane. The essay started after the samples were rinsed during 4 days at 
35 °C. 10,000 cells per well were seeded using supplemented DMEM and incubated 
at 37  °C with 5% of  CO2 pressure. The cell viability was measured by triplicate 
at days 1, 3 and 5. The culture medium was changed by a medium with resazurin; 
afterward, the samples were incubated by 4  h and read in a microplate reader at 
570 and 600 nm. Equation 1 was used to calculate the cell viability where (ε), (A) 
and (C) represent the molar extinction coefficient, absorbance of the sample ana-
lyzed and absorbance of the cellular control, respectively. The subscript represents 
the wavelength of the measurement. Tissue culture polystyrene was used as control.

Cell analysis by confocal microscopy

In order to observe the presence and shape of cells seeded on the manufactured 
materials, a 6 mm in diameter sample of each material was put within a well of a 
44 wells microplate. To make sure that the seeded cells were interacting with the 
samples, an amount of 5000 cells in 50  µl of DMEM medium was carefully put 
onto the materials with the intention to form a drop above them. 2 h of incubation 
before adding 500 µl more DMEM medium were needed. Calcein AM was used to 
stain living cells, and the samples were observed using a confocal microscope Nikon 
A1R.

Statistical analysis of mechanical tests and biocompatibility

A one-way ANOVA was carried out using the software StatGraphics. Also, a Dun-
can’s multiple range test was used for means comparison in both essays. In the 
mechanical analysis, the different letters “a, b, c” indicate that the difference of the 

(1)Cell viability (%) =

(
(

�600 × A570

)

−
(

�570 × A600

)
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�600 × C570

)

−
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�570 × C600

)

)

× 100
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means is significant at the 0.05 level. In the biocompatibility tests, the star “*” indi-
cates the groups statistically different (p < 0.05).

Results and discussion

Morphological analysis by SEM

Section (k) of Fig. 2 shows the scanning electron micrographs at 2000 × of each of 
the samples before (left column) and after (right column) the crosslinking treatment. 
The membrane of PLA has a fibrous structure and an apparent smooth surface. On 
the other hand, the CPLA membrane presents a trend to shrink due to the contact 
with the polar solvents in the crosslinking system since there is no evidence of a 
chemical reaction between the PLA and genipin. The membrane of gelatin is com-
posed by ribbons with a smooth appearance, after this membrane is crosslinked the 
ribbons structures tend to roll, and their surfaces are less smooth than in the sample 
before the crosslinking treatment. The Core/Shell membrane is composed by fib-
ers with a smooth surface and minor diameter fibers are also found. The CCore/
Shell membrane has a different structure than the non-crosslinked sample because 
the shell composed by gelatin broke and detached from the PLA core due to the 
stiffness of gelatin generated by the crosslinking reaction. The blend membrane has 
fibers with different sizes and with a semi-rough surface. The lack of miscibility 
between PLA and gelatin enables to see different tonalities in a simple fiber. For 
Cblend membrane, the tonalities of the fibers tend to homogenize and there are no 
unstructured parts as in the CCore/Shell membrane. Section (l) of Fig. 2 shows the 
diameter distribution of the samples PLA, gelatin, blend and Core/Shell. The fib-
ers diameter distribution is leaning to the left for those materials that contain PLA. 
Conversely, the width distribution of the ribbons of gelatin sample tends to lean to 
the right. A wide standard deviation is found in the distribution of PLA because the 
population extends to big fibers.

Analysis of Core/Shell structure by TEM

Figure  3 shows a TEM micrography of a single fiber of the coaxial sample. The 
Core/Shell structure can be observed, and it is indicated by two arrows. There is 
another arrow that indicates a part of the grid in which the sample was fixed.

Chemical analysis by FTIR

The ATR-FTIR spectra of the membranes PLA, gelatin, Core/Shell and blend are 
shown in section (a) of Fig. 4. The characteristic stretch vibrations of the carbonyl 
group band (C=O) and (C–O) bond of the ester structure in the backbone of PLA 
appears at 1755 cm−1 and 1183 cm−1 [25, 26]. In the IR spectrum of the membrane 
gelatin, three main signals of the functional group amide (CONH) can be found, 
usually named as amide I (1633 cm−1, corresponding to the stretch of the functional 
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group C=O with contributions of CN, CCN and NH) amide II (1533 cm−1 corre-
sponding to NH scissoring and CN out of phase vibration with contributions of CO 
and CC) and amide III (1444 cm−1 corresponding to vibrations NH and CN) [27, 
28]. On the other hand, the band amide I in the spectrum of the membranes Core/
Shell and blend shifted from 1633 to 1638 cm−1 and 1650 cm−1, respectively. This 
indicates an interaction between the PLA and gelatin for the case of both mem-
branes, regarding the Core/Shell and blend spectra the carbonyl group signal of 
PLA (C=O) shifted to lower energy in both cases whereas a hydrogen bond inter-
action between the carbonyl groups of PLA and the hydrogen of the N–H bond in 
the amide groups of the backbone structure of the gelatin. A graphic representation 
of the interaction between PLA and gelatin is shown in section (b) of Fig. 4 [26]. 
Moreover, if the carbonyl group (C=O) of the PLA compound (1755 cm−1) is taken 
as a reference, the intensity of the amide signals of the gelatin is higher in the spec-
trum of the Core/Shell than in the spectrum of blend membrane since the amount of 
gelatin used in its composition, 50 and 30% in weight, respectively.

The section (a) of Fig. 5 shows the ATR-FTIR spectra of the membranes gelatin 
and CGelatin. In the CGelatin spectrum, two new bands can be observed; one for the 
carbonyl group (C=O) corresponding to genipin structure at 1732 cm−1 and another 
band at 1045 cm−1 corresponding to a (CN) [27, 29] amine vibration product of a 
chemical reaction between gelatin and genipin, as it is represented in the section (b) 
of Fig. 5 [30, 31]. In summary, through ATR-FTIR the hydrogen bond among PLA 
and gelatin and the crosslinking reaction of gelatin can be confirmed.

Although the application of the materials does not pretend to be at high tempera-
tures, the analysis was performed in order to know whether the crosslinking reaction 
caused any alteration in the thermal profiles of the samples. Figure 6 shows the TGA 
curves of all the fibrous samples PLA and CPLA (a), gelatin and CGelatin (b), Core/
Shell and CCore/Shell (c), and finally, Blend and CBlend (d). The complete set of 
experiments were carried out 4 h after the samples were dried with vacuum at room 
temperature. Almost all the materials except the PLA presented a first step around 
100  °C as a result of the presence of water. As expected, the pure gelatin-based 
materials (b) are the most hygroscopic samples and the amount of water within them 
is 10% in both cases before and after being crosslinked. The Core/Shell and blend 
samples detained around 5% of water before and after the crosslinking treatment. 
The thermogravimetric profile of PLA and CPLA are compounded only by one step 
with a maximum rate at 364.6 ± 0.4 and 363.9 ± 1.3 °C, respectively. The degrada-
tion of the gelatin and CGelatin samples consist on three steps: The first one as a 
consequence of the presence of water as it was mentioned before; the second step 
was found at 330.9 ± 0.7 and 330.6 ± 0.4 °C for both, due to hydrolysis and oxida-
tion [33], and the last one at 755.2 ± 10 and 778.2 ± 20 °C, respectively. The TGA 
curve for the Core/Shell, CCore/Shell samples are composed by three steps with the 
PLA degradation step at 339.7 ± 5.7, 347.8 ± 2.2 °C. A similar profile was found for 

Fig. 2  Section (k) scanning electron microscopy at 2000 × of the samples a PLA, b CPLA, c gelatin, d 
CGelatin, e Core/Shell, f CCore/Shell, g blend and h CBlend. Section l fiber diameter distribution of the 
samples PLA, gelatin, Core/Shell and blend samples

▸
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the blend and CBlend samples with the PLA degradation step at 345.8 ± 2.3 and 
345.1 ± 1.8 °C, respectively. No significant changes were found in the loss of mass 
steps by cause of crosslinking treatment. It was validated by a one-way ANOVA and 
a Duncan’s multiple range test (p < 0.05).

Thermal Transitions by DSC Analysis

Figure 7 shows the DSC thermograms of the samples PLA and CPLA (a), gelatin 
and CGelatin (b), Core/Shell and CCore/Shell (c) and Blend and CBlend (d). The 
PLA thermogram presents two endothermic peaks; the first peak corresponds to 

Fig. 3  TEM micrography of 
a single fiber of the coaxial 
sample

Fig. 4  a ATR-FTIR spectra of the membranes PLA, gelatin, Core/Shell and blend. b Molecular represen-
tation of the interaction between PLA and gelatin
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a glass transition (Tg) at 74 °C and the second signal represents a melting transi-
tion [34] (Tm) at 165 °C while the curve of CPLA does not present the Tg transi-
tion due to the presence of the genipin between the backbone of PLA. This is 

Fig. 5  a ATR-FTIR spectra of the membranes gelatin and CGelatin. b Molecular representation of the 
crosslinking reaction between PLA and gelatin [30–32]

Fig. 6  TGA curves of the samples PLA and CPLA (a), gelatin and CGelatin (b), Core/Shell and CCore/
Shell (c) and blend and CBlend (d)
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because the genipin reacts with primary amine groups. The gelatin membrane 
presents a wide denaturalization transition (TD) [35] with a maximum heat flow 
at 118 °C that did not change when it is treated with genipin, in contrast to the 
crosslinking with glutaraldehyde that shifted it 10 °C [35]. The DSC curve of the 
Core/Shell structure shows the transition temperatures of each of its components. 
In the case of the blend sample, there is not a notorious gelatin Td because the 
interaction between the materials led to the denaturalization of the protein. The 
PLA Tg of Core/Shell and blend indicates an interaction between its components 
since it decreased 13 and 4  °C, respectively, to a lower temperature compared 
with the pure PLA material [36]. When the materials are treated with genipin, 
the PLA glass transition disappears for all the cases indicating that the backbone 
of the PLA did not relax to the crosslinking. Also, in the sample CCore/Shell, 
the denaturalization temperature of gelatin shifts to a lower temperature as prod-
uct of the crosslinking reaction. On the other hand, DSC analysis was applied to 
calculate the melting heat and crystallinity (Xc) of PLA [37]. It was possible to 
observe a correlation between the crystallinity of PLA in the samples treated and 
non-treated with genipin. The Xc of PLA in the CBlend and CCore/Shell materi-
als are higher than those in blend and Core/Shell materials. This shows that the 

Fig. 7  DSC thermograms of the tubes PLA, CPLA (a), gelatin, CGelatin (b), Core/Shell, CCore/Shell (c) 
and blend, CBlend (d)
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crystalline phase of PLA has increased for those materials that have been treated 
with the crosslinker. It can also be associated with the emergence of the PLA 
crystal pattern in the XRD analysis in Fig. 8. This pattern does not appear when 
the crosslinking treatment is applied to the PLA membrane, which suggests that 
the crosslinking of gelatin is the cause of PLA crystallization.

Analysis of crystallinity by XRD

The XRD pattern of the raw PLA material and gelatin are, respectively, shown in the 
section (a) and (b) of Fig. 8. The section (c) shows the samples PLA, gelatin, Core/
Shell and blend, and the section (d) shows the CPLA, CGelatin, CCore/Shell and 
CBlend samples. The PLA before being electrospun shows a semicrystalline struc-
ture with peaks at 16.56° and 19.01° (Bragg’s angle) [38, 39]. In the electrospun 
samples PLA, gelatin, Core/Shell and blend (c) an amorphous XRD pattern for all 
the samples is found, while the CCore/Shell and CBlend samples (d) showed again 
the semicrystalline phase seen in PLA pellets. This suggests that the process of elec-
trospinning unpacks the crystalline structure of PLA because it must be dissolved 
in order to carry out the electrospinning process. On the other hand, the gelatin 

Fig. 8  a XRD patterns of PLA pellets, b XRD patterns of gelatin powder, c XRD patterns of the samples 
PLA, gelatin, Core/Shell, blend, d XRD patterns of the samples CPLA, CGelatin, CCore/Shell, CBlend
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crosslinking modifies the gelatin arrangement and promotes a self-assembling of 
PLA.

Mechanical properties of tubular membranes under tensile and radial stresses

Although gelatin was used as a component in the manufactured materials, these 
did not present semi-interpenetrating polymer network behavior. Table 2 shows the 
mechanical properties of the crosslinked samples. The sample CGelatin could not be 
analyzed because it lost its tubular shape after the crosslinking reaction. The CBlend 
material showed the highest elastic modulus with a value of 67.8 ± 2.1 kPa in radial 
strain (RS)  and 526 ± 78  kPa in longitudinal strain (LS) followed by the CCore/
Shell sample with an elastic modulus of 24.5 ± 2.5 kPa (RS) and 18.9 ± 118.8 kPa 
(LS). Ultimately, the PLA sample presented values of 12.2 ± 0.34  kPa (RS)  and 
170 ± 40 kPa  (LS). The high modulus of CBlend compared with CCore/Shell can 
be justified by the reduction in crystallinity by cause of the chemical interactions 
between PLA and gelatin. In case of the yield stress, the circumferential stress of 
CBlend showed a higher stress than CCore/Shell and PLA. On the other hand, in 
the longitudinal essay analogous stress values were obtained for CBlend and PLA. 
The failure strain of PLA in the circumferential and longitudinal essay is higher than 
those of CCore/Shell and CBlend due to the stiffness acquired by combining the 
polymers and the crosslinking treatment. The Cblend presented the lowest value of 
suture retention (85.96 ± 3.16 gf) while a similar behavior was found for the PLA 
and CCore/Shell stress with a value of 170.09 ± 9.89 and 169.37 ± 22.74 gf, respec-
tively. In summary, although the mechanical properties of the electrospun materials 
are below of those for a blood vessel [40], they can be modified by decreasing the 
fiber diameter [41]. CBlend presented higher mechanical properties compared with 
CCore/Shell, and this can be justified by the chemical interactions of the materials. 
In the CBlend mesh, the PLA and gelatin are interacting in the whole fibers struc-
tures while in the CCore/Shell sample the chemical interactions are only presented 
in the interface of the Core/Shell fiber structure.

Table 2  Summary of mechanical characteristic of tubular membranes

1 Radial Strain. 2Longitudinal Strain. ANOVA and Duncan’s multiple range test were carried out using 
the software StatGraphics
a, b, c Indicate that the difference of the means is significant at the 0.05 level

PLA CCore/Shell CBlend

Elastic modulus (KPa) a12.2 ± 0.34  RS1 b24.5 ± 2.5 RS c67.8 ± 2.1 RS
a170 ± 40  LS2 a118.9 ± 11.8 LS b526 ± 78 LS

Yield point (KPa) a340. ± 11 RS a308.3 ± 21.8 RS b982 ± 80 RS
a2520 ± 390 LS b1370 ± 360 LS b2320 ± 390 LS

Elongation to failure (%) a104.96 ± 2.61 RS b32.22 ± 5.13 RS c49.4 ± 3.5 RS
a103.46 ± 5.77 LS b39.45 ± 3.25 LS b15.0 ± 3.1 LS

Suture retention (Gf) a170.09 ± 9.89 a85.96 ± 3.16 b169.37 ± 22.74
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Cellular viability analysis by resazurin reduction essay

In order to compare the ability of PLA and gelatin-based materials to act as cellular 
host, a cellular viability essay was carried out using HUVECs. The physical charac-
teristics of CGelatin sample prevent to carry out this analysis. In the bar plot section 
(a) in Fig. 9, it can be observed the cellular viability of HUVECs interacting with 
the single PLA and single gelatin materials. In the case of the gelatin membrane, it 
was dissolved in the culture medium and the cells were seeded on the tissue culture 
polystyrene. The cellular viability remained above 80% until 5 days of culture which 
suggest that the materials do not present a toxic behavior. Section (b) of Fig. 9 shows 
the bar plot of the viability of HUVECs seeded on the Blend, CBlend, Core/Shell 
and CCore/Shell materials. It can be observed that the cellular activity decreased 
below 75% since the first day for the Core/Shell arrangement samples while the 
Blend samples it kept over 80%, the CCore/Shell sample presented more cellular 
viability than the non-treated sample. This suggests that the low cellular viability on 
the Core/Shell materials could be attributed to the solubility characteristic of gelatin.

Cellular analysis by confocal microscopy

Figure 10 shows confocal micrographs of HUVECs after 24 h of seeding onto the 
Core/Shell, CCore/Shell, Blend and CBlend membranes. The cells on the Core/
Shell sample show a circular morphology indicating a weak capacity of adherence 
while in the CCore/Shell structure the cells are trending to spreading out. On the 
other hand, the cells seeded onto the Blend and CBlend samples showed a greater 
outstretched morphology following the fibers. The trend to outstretching is more 
notorious in the blend and in the crosslinked samples because the gelatin remains in 
the structure [42] and do not eventually dissolves as it is indicated by the decrease in 
the amine I and amine II band around 1630 and 1530 cm−1, respectively, shown in 
the ATR-FTIR spectra as shown in Fig. 11.

Fig. 9  Bar plot of cellular viability of HUVECs in contact with the samples a PLA and gelatin, b blend, 
CBlend, Core/Shell and CCore/Shell. ANOVA and Duncan’s multiple range test were carried out using 
the software StatGraphics. The asterisk (*) indicates the groups statistically different (p < 0.05)
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Conclusions

Eight different fibrous tubes based on PLA, gelatin and genipin were obtained. 
The SEM analysis revealed the fibrous morphology of the membranes that mim-
icks the extracellular matrix of soft tissues, suggesting potential benefits for some 
tissue engineering applications. The FTIR and DSC analysis suggested a hydro-
gen bond interaction among the PLA and gelatin. Furthermore, a band indicat-
ing the formation of a tertiary amine due to the gelatin crosslinking reaction was 
found. The viability of HUVECs in contact with the materials remained around 
80% until day 5 of culture for the case of PLA, gelatin and blend samples while 
in the Core/Shell structure this gone down to 60% since the first day of culture, 
indicating that the solubility of gelatin in the material was not beneficent to retain 

Fig. 10  Confocal micrographs of HUVECs stained with calcein AM resting on the samples a Core/Shell, 
b CCore/Shell, c blend and d CBlend
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HUVECs on its matrix. The blend and CBLend samples are good materials with 
potential application as scaffold in cell culture.
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