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Abstract—Cardiovascular diseases (CVD) are related to 

affectations of the heart and blood vessels, within these are pathologies 
such as coronary or peripheral heart disease, caused by the narrowing 
of the vessel wall (atherosclerosis), which is related to the 
accumulation of Low-Density Lipoproteins (LDL) in the arterial walls 
that leads to a progressive reduction of the lumen of the vessel and 
alterations in blood perfusion. Currently, the main therapeutic strategy 
for this type of alteration is drug treatment with statins, which inhibit 
the enzyme 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA 
reductase), responsible for modulating the rate of cholesterol 
production and other isoprenoids in the mevalonate pathway. This 
enzyme induces the expression of LDL receptors in the liver, 
increasing their number on the surface of liver cells, reducing the 
plasma concentration of cholesterol. On the other hand, when the blood 
vessel presents stenosis, a surgical procedure with vascular implants is 
indicated, which are used to restore circulation in the arterial or venous 
bed. Among the materials used for the development of vascular 
implants are Dacron® and Teflon®, which perform the function of re-
waterproofing the circulatory circuit, but due to their low 
biocompatibility, they do not have the ability to promote remodeling 
and tissue regeneration processes. Based on this, the present research 
proposes the development of a hydrolyzed collagen and polyethylene 
oxide electrospun membrane reinforced with medium and high-
intensity statins, so that in future research it can favor tissue 
remodeling processes from its microarchitecture. 
 

Keywords—Atherosclerosis, medium and high-intensity statins, 
microarchitecture, electrospun membrane.  

I. INTRODUCTION 
ARDIOVASCULAR disease (CVD) is a group of heart 
and blood vessel disorders including heart failure, 

arrhythmias, hypertension, cerebrovascular accidents, 
congenital heart disease, peripheral vascular disease, and 
coronary artery (CC) disease [1]. These last two diseases have 
the highest incidence due to the narrowing of the lumen of the 
blood vessels due to the stiffness or thickening of the vascular 
wall (arteriosclerosis) and the accumulation of LDL 
(atherosclerosis) [2]-[5]. Under this scenario, atherosclerosis 
generates processes of stenosis and decreased hemodynamic 
perfusion causing occlusion of the blood vessel, which leads to 
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impairments in the functionality of tissues and organs [6]-[8]. 
To minimize the effect of this type of pathology, 
pharmacological treatments with statins [9], [10] are used, 
which modulate the production rate of cholesterol and 
isoprenoids, as well as the absorption and catabolism of plasma 
LDL, leading to the reduction of cardiovascular events; because 
they can reduce the level of LDL cholesterol by 1.8 mmol/L (70 
mg/dL) [9], [11], [12]. 

Another treatment for vascular stenosis is the surgical 
procedure through the use of vascular grafts, which partially or 
totally restore circulation in the arterial or venous bed, 
emulating the dynamic behavior of a native vessel. Currently, 
the materials used to re-establish circulation in the arterial bed 
as medical devices are Dacron® and Teflon®, which have 
exhibited similar characteristics to native vessels, but it has 
been shown that after implantation there are alterations in 
hemodynamic variables of the proximal regions by decreasing 
coronary perfusion and increasing ventricular afterload, added 
to the low capacity to promote tissue remodeling and 
regeneration processes [2], [13]-[16]. 

Due to the problems presented by synthetic vascular implants 
that lead to a decrease in the coronary artery bed, added to the 
stress on the surrounding tissue and the low rate of degradation, 
the use of materials of natural origin over synthetic materials is 
proposed for the development of bioactive implants, due to the 
ability to biointegrate with native tissue in short periods of time, 
minimizing the risks of thrombosis and favoring tissue 
remodeling processes [17]-[23]. 

Among the materials of natural origin, the use of collagen for 
the development of three-dimensional structures favors the 
processes of cell adhesion and minimizes the number of 
platelets deposited on the wall of the biomaterial that can lead 
to the formation of thrombi. The above added to the ability of 
collagen to generate fibrillar structures through physical 
transformation techniques that emulate the microarchitecture of 
the native extracellular matrix of the vessels, which give rise to 
porous surfaces that promote the formation of the endothelium. 
The latter being of primary importance due to these implants 
must present controllable pore sizes and porosities that favor 
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cell permeabilization and minimize blood loss [24]-[26]. 
Based on this, the present research evaluated the influence of 

the incorporation of medium and high-intensity statins on the 
microarchitecture of hydrolyzed collagen and polyethylene 
oxide electrospun membranes for the development of a 
bioactive material that could be an alternative therapeutic 
strategy to the use of synthetic vascular grafts and reduce the 
recurrence of angioplasty surgical processes caused by high 
concentrations of LDL. 

II. MATERIALS AND METHODS 

A. Materials 
For this investigation, hydrolyzed collagen (Col-H) and 

polyethylene oxide (PEO) were obtained from Sigma Aldrich. 
Atorvastatin (Atv) of 20 and 40 mg were obtained from 
commercial tablets. Methanol (CH3OH) was obtained from 
Merck Millipore.  

B. Preparation of Col-H and PEO Solutions 
For the control samples, Col-H solutions were prepared at 

concentrations of 7 % w/v and PEO at concentrations of 4 and 
5 % w/v using deionized water as solvent. Then, mixtures were 
made at volumetric ratios of PEO: Col-H from 50:50 to 70:30 
%, which were homogenized by 30 min.  

C. Preparation of Solutions of Col-H and PEO 
Functionalized with Medium and High Intensity Atorvastatin 

For the experimental design of electrospun membranes with 
medium and high intensity statin, 20 and 40 mg of atorvastatin 
were diluted in pure methanol. Optimal points of the mixture 
without atorvastatin were taken into account and the volumetric 
ratios will be varied between 3 and 20% of the active principle 
of the drug. 

D. Electrospinning 
The control and statin-fortified solutions were loaded into a 

5 mL glass syringe and electrospun at fixed voltage conditions 
of 19 kV, flow of 0.7 mL/h, varying the needle-collector 
distance between 15 - 25 cm and the rotation speed of collector 
between 50 and 250 rpm. 

E. Scanning Electron Microscopy (SEM) Analysis 
The morphological characteristics of the surface and fiber 

size of the membranes were analyzed in a Jeol NeoScope JCM-
6000 Plus scanning electron microscope operated at 15 kV. For 
SEM evaluation, samples of each membrane were fixed on 
metallic supports with a conductive graphite tape and a thin 
coating with gold was carried out to provide a contact of the 
material with the loading beam. The analysis was carried out at 
magnifications of 2000, 5000 and 10000 . 

F. Fourier-Transform Infrared Spectroscopy Analysis 
The IR spectra of the electrospun scaffolds without and with 

medium and high-intensity atorvastatin were obtained at 
wavelengths between 4000 - 400 cm-1 using a Nicolet iS50 
FTIR spectrometer with attenuated total reflectance (ATR) 

module at a resolution of 4 cm-1 and 64 scans. 

G. Statistical Analysis 
For the statistical analysis of the fiber diameter of the SEM 

images, the ImageJ® software was used, then the data were 
processed in the Statgraphics Centurion XVI software, which 
allowed obtaining the population mean, the standard deviation 
and the confidence intervals of the 95%. 

III. RESULTS AND DISCUSSION 

A. Evaluation of the Microarchitecture of PEO: Col-H 
Electrospun Membranes with and without the Incorporation of 
Statins 

To develop PEO:Col-H electrospun membranes reinforced 
and not reinforced with medium and low-intensity statins with 
continuous fibers and without alterations in their morphology, 
different experimental designs were proposed varying the 
electrospinning conditions (see Table I), of which it was found 
that the SEM micrographs showed that as the natural polymer 
ratio increased, pearl and aggregate-like defects appeared on the 
fibers, as observed in the membranes obtained at PEO: Col-H 
ratios of 50:50, 60:40, and 70:30 (see Fig. 1). The above is 
attributed to the increase in the proportion of Col-H in the 
solution, which led to changes in the apparent viscosities of the 
solutions as a result of a greater presence of the solvent used for 
the mixture, which did not evaporate during the fly time of the 
fiber until the deposition in the rotational collector [27], [28]. 
On the other hand, it was observed that by increasing the 
collection distance for the membranes obtained at PEO:Col-H 
ratios of 50:50 (see Figs. 1 (A)-(C)), there was a decrease in the 
number of defects present in the fibers, as well as in the volume 
of sample collected compared to the membranes obtained at 
ratios of 60:40 (see Figs. 1 (D)-(F)) and 70:30 (see Figs. 1 (G)-
(I)), where a decrease in defects and low variability in the 
volume of fibers collected. This can be attributed to the increase 
in the volumetric ratio of PEO, which supported the solution by 
increasing the apparent viscosity [29]. On the other hand, by 
increasing the collection distance to 25 cm for the membranes 
at volumetric ratios of 60:40 (see Fig. 1 (F)) and 70:30 (see Fig. 
1 (I)), a greater discontinuity was evidenced in the fibers in 
comparison to those obtained at a distance of 20 cm. That 
behavior could be attributed to the evaporation of the solvent 
present in the electrospun material that prevented the polymer 
chains of the PEO:Col-H mixture from elongating before being 
deposited in the collector. 

 
TABLE I 

INITIAL CONDITIONS FOR ELECTROSPUN OF PEO:COL-H MEMBRANES 
Parameter Unit Value 

Flow mL/h 0.7 
Voltage KV 19 

Wetness % 20 - 30 
Distance cm 15 – 20 – 25 

Volumetric Relations PEO:Col—H % 50:50, 60:40, 70:30
Rotation speed rpm 250 
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Fig. 1 SEM micrographs of Col-H: PEO electrospun membranes at 250 rpm, obtained at a volumetric ratio of 50:50 and a distance of (A) 15 

cm, (B) 20 cm, and (C) 25 cm; at a volumetric ratio of 40:60 and distance from (D) 15 cm, (E) 20 cm, and (F) 25 cm; and at a volumetric ratio 
of 30:70 and distance from (G) 15 cm, (H) 20 cm, and (I) 25 cm. 5 m scale bar 

 

 
Fig. 2 SEM micrographs of electrospun PEO: Col-H membranes obtained at a volumetric ratio of 60:40 (A) 15 cm and 50 rpm, (B) 15 cm and 
150 rpm; (C) 20 cm and 50 rpm, (D) 20 cm and 150 rpm. At a volumetric ratio of 70:40 (E) 15 cm and 50 rpm, (F) 15 cm and 150 rpm; (G) 20 

cm and 50 rpm, (H) 20 cm and 150 rpm. 5 m scale bar 
 

In addition to the foregoing, changes were made in the 
electrospinning conditions (see Table II), finding that as the 
distance/speed relationship increased, an increase in the number 

of discontinuous fibers present in the membranes obtained at 
ratio of PEO:Col-H of 60:40 (see Figs. 2 (A)–(D)) and 70:30 
(see Figs. 2 (E)-(H)). This is associated with a fast evaporation 
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of the solvent before deposition in the collector and the 
stretching of the fibers at higher rotation speeds. On the other 
hand, by increasing the Col-H volumetric ratios in the polymer 
mixture, there are significant differences in the final 
microarchitecture of the membranes, due to the fact that the 
interconnectivity of the fibers and the presence of pearl-shaped 
defects are not favored [30]. 

 
TABLE II 

INTERMEDIATE CONDITIONS FOR ELECTROSPUN OF PEO:COL-H MEMBRANES 
Parameter Unit Value 

Flow mL/h 0.7 
Voltage KV 19 

Wetness % 20 - 30 
Distance cm 15 – 20 

Volumetric Relations PEO:Col—H % 60:40, 70:30 
Rotation speed rpm 50-150 

 
Taking into account that the effect of the distance/speed 

relationship on the microarchitectures of PEO:Col-H 
membranes, the conditions of collection distance and rotation 
speed were modified (see Table III), finding from the analysis 
of the SEM micrographs fiber diameters of 240 ± 4 nm and 250 
± 4 nm for the membranes obtained at distances of 15 cm and 

volumetric ratios of 60:40 (see Fig. 3 (A)) and 70:30 (see Fig. 
3 (C)), respectively. On the other hand, for the membranes 
obtained at a distance of 20 cm, the presence of discontinuous 
fibers with diameters of 289 ± 11 nm for the 60:40 ratio (see 
Fig. 3 (B)) and 279 ± 3 nm for the 70:30 ratio was evidenced 
(see Fig. 3 (D)). From the above, it is evident that changes in 
the distance/speed relationship not only lead to an increase in 
the number of fibers with discontinuity but also increase the 
fiber diameter as a result of a voltage/distance relationship 
(kV/cm) that leads to the fiber of the polymers that make up the 
PEO:Col-H mixture are not elongated or that prevent the total 
evaporation of the solvent [31]. 

 
TABLE III 

FINAL CONDITIONS FOR ELECTROSPUN OF PEO:COL-H MEMBRANES 
Parameter Unit Value 

Flow mL/h 0.7 
Voltage KV 19 

Wetness % 20 - 30 
Distance cm 15 – 20 

Volumetric Relations PEO:Col—H % 60:40, 70:30 
Rotation speed rpm 250 

 

 

 
Fig. 3 SEM micrographs for electrospun PEO-Col-H membranes at a ratio of 60:40 (A) 15 cm, (B) 20 cm. At a ratio of 70:30 (C) 15 cm, (D) 20 

cm. 5 m scale bar 
 

Finally, to obtain electrospun PEO:Col-H membranes with 
continuous and uniform fibers, without the presence of pearl-
type defects, with diameters between 190-250 nm and which in 
turn can favor ideal environments for migration, adhesion and 
proliferation of smooth muscle and endothelial cells (SMC), the 
electrospinning conditions of volumetric ratio PEO:Col-H of 
60:40, collector speed of 250 rpm and needle-collector distance 
of 15 cm were established, which they were used for the 
incorporation of medium and high-intensity statins. 

Based on the foregoing, it was evaluated how the 
incorporation of different concentrations of atorvastatin in the 

electrospinning process modified the microarchitecture of the 
PEO:Col-H membranes. For this, solutions prepared at 
volumetric ratios of PEO:Col-H/Atv of 97/3, 95/5, 90/10, 
85/15, and 80/20 were electrospun, finding from SEM 
micrographs (see Fig. 4), that the incorporation of medium and 
high intensity Atv in the electrospinning process does not lead 
to the obtaining of pearl-shaped defects in the membranes. On 
the other hand, as the Atv ratio increased, the fiber diameter 
decreased obtaining fiber diameters of 212 ± 4 nm and 198 ± 3 
nm for the membranes obtained at a ratio of 80/20 with Atv of 
20 mg (see Fig. 4 (E)) and 40 mg (see Fig. 4 (J)) respectively, 
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compared to the diameters of 218 ± 3 nm and 201 ± 4 nm 
obtained at a 95:5 ratio with Atv of 20 mg (see Fig. 4 (B)) and 
40 mg (see Fig. 4 (G)). On the other hand, it was determined 
that the 80:20 and 95:5 ratios lacked pearl-like defects and the 
fibers exhibited a unidirectional tendency on the part of the 
fibers. 

Taking into account that it is sought to have a higher 

concentration of atorvastatin incorporated in the fibers, without 
alterations such as beads or aggregates, continuity and optimal 
fiber collection, in addition to appropriate morphology for the 
migration and proliferation of SMC, it is decided to continue 
future research with volumetric relation of PEO:Col-H/Atv of 
80:20 ratio. 

 

 
Fig. 4 SEM micrographs of PEO:Col-H reinforced with 20 mg of atorvastatine with relation of PEO:Col-H/Atv of (A) 97:3, (B) 95:5, (C) 

90:10, (D) 85/15, and (E) 80/20. With 40 mg of atorvastatine with relation of PEO:Col-H/Atv of (F) 97:3, G) 95:5, (H) 90:10, (I) 85/15, and (J) 
80/20. 5 m scale bar 

 
B. Evaluation of the Incorporation of Atorvastatin in the 

Electrospun Membranes of PEO Col-H/Atv 
To evaluate the changes in the functional groups of the 

electrospun PEO:Col-H membranes without and with the 
incorporation of medium and high-intensity atorvastatin, the 
analysis by infrared spectroscopy was performed, finding that 
for the case of the PEO:Col-H (see Fig. 5 (A)) the presence of 
an absorption band at 3291 cm-1 associated with the N-H 
stretching of amide A was evidenced, which could be related to 
the formation of hydrogen bonds that contribute to conservation 
triple helix of the protein, establishing that electrospinning 
processes do not lead to structural modifications of Col-H [32]. 
Likewise, the presence of absorption bands was observed at 
2947 cm-1 associated with the asymmetric stretching of CH2 of 
amide B, 1633 cm-1 of amide I, 1540 cm-1 amide II, and at 1234 
cm-1 for amide III [33]. Concerning PEO, characteristic bands 
were found at 2882 cm-1 related to the stretching of the CH2 
group, 1094 cm-1 corresponding to the stretching of C-O-C and 
at 962 cm-1 of C-H [34]. For the case of membranes with Atv at 
different relationships (see Fig. 5 (B)), bands were evidenced at 
3358 cm-1 related to stretching of the OH group, 2916 cm-1 
attributed to the presence of CH2, at 1659 and 1422 cm-1 
corresponding to the C=O stretch of carboxylic acid and amide 
N-H, respectively, and 1057 cm-1 of the C-N group stretch [35]. 
Likewise, when performing the analysis for samples of 
atorvastatin 40 mg under the same conditions as Atv 20 mg 
(Fig. 6), these presented characteristic peaks of atorvastatin, 
including a C=O double bond in the 1641 cm-1, double bond 
C=O of an amide 1435 cm-1, O-H group stretching 3348 cm-1 
and CN stretching 1042 cm-1 [36]. 

 

 
Fig. 5 IR absorption spectra for (A) PEO:Col-H electrospun 

membranes; (B) PEO_Col-H/Atv 20 mg electrospun membranes: at 
different volumetric ratios. Thin films were used for the PEO and 

Col-H controls 
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Fig. 6 IR absorption spectra PEO:Col-H/Atv 40 mg electrospun 

membranes: at different volumetric ratios 

IV. CONCLUSION 
An electrospun PEO: Col-H/Atv membrane was obtained 

composed of nanometric fibers that present a fibrillar 
microarchitecture without the presence of defects and a 
rearrangement of the fibers compared to electrospun 
membranes only PEO: Col-H, which indicates that these types 
of materials are a good candidate for the development of 
bioactive vascular implants. On the other hand, the FTIR-ATR 
analyzes show the presence of atorvastatin in the fibrillar 
microarchitecture of electrospun membranes. Which indicates 
that Atv is the modulator compound of the fibrillar structure of 
the material and that in future research these membranes could 
be used to avoid the narrowing and decrease of hemodynamic 
perfusion in blood vessels as a result of vascular conditions 
such as atherosclerosis that compromise the functioning of 
tissues and organs, in addition to promoting SMC proliferation 
and migration. 
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