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ABSTRACT: This paper presents results of the study of the phenomenon of electroactivation of system cell- polylactic acid (PLA) and 
polyglycolic acid (PLG) with additions of bioactive elements of chitosan (q), bioceramic (bc), and zinc. The main purpose is to explain the 
increase in the adhesion of cells as a result of the change in the hydrophilicity of a cell regeneration matrix and the variation in intracellular 
ion exchange, induced by the application of electric overpotential and bioactive element additions to the polymers.
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RESUMEN: En este trabajo se presentan los resultados del estudio del fenómeno de la electroactivación del sistema de células - ácido 
poliláctico (PLA) - ácido poliglicólico (PLG) con adiciones de elementos bioactivos de quitosano (q), biocerámico (bc), y zinc. El objetivo 
principal es explicar el incremento en la adhesión de células como un resultado del cambio en la hidrofilicidad de la matriz de regeneración 
celular y la variación en el intercambio iónico intracelular, inducida por la aplicación de sobrepotenciales eléctricos y las adiciones de 
elementos bioactivos a los polímeros.
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1.  INTRODUCTION

Polymers are widely accepted materials in tissue 
engineering. The role of polymers in the science of 
biomaterials is to direct cell growth, either from cells 
from adjacent tissues or cells seeded on the materials 
prior to implantation. Therefore, the polymer must 
provide adequate adhesion, promote cell proliferation 
and differentiation, and in certain cases, promote cell 
migration [1,2].

In a scaffold of bone cellular regeneration composed 
for a bioceramic hydroxyapatite (HAP) and a matrix 
polymer of polylactic acid (PLA), we have studied 
the mechanical properties, the degradation rate, and 
biocompatibility. It has been shown that the presence 
of HAP in the PLA determines an increase in cell 

proliferation [1–3]. Despite its degradability, the PLA 
can function as polyelectrolytes with small additions 
of zinc. This material mixed with polyglycolic acid, a 
bioceramic (e.g., HAP), and chitosan, can allow surface 
functionalization to promote cell adhesion increase 
[3–5]. Chitosan as a component of a scaffold influences 
the stabilization of the structure between the elements 
apatitic bioactive polymers and cells. Moreover, 
cellular signaling is promoted by its similarity to the 
proteoglycans and glycosaminoglycans present in the 
natural ECM. This also favors the reaction of hydroxyl 
on the surface material, promoting the local pH increase 
to levels that ensure the survival of cells and their 
growth processes [6,7].

The cells have an intracellular space between lipid 
membrane walls through which vascular vessels are 
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located that allow for ion exchange. Previous research 
has shown that cells respond to short duration electrical 
stimuli, causing physical and chemical changes that 
increase ionic conductivity, the ability to associate 
with other cells, and the ability to form dipole-dipole 
bonds with biomaterial surfaces that have the opposite 
electrical charge of the cells. It is known that the 
polarity of cell membranes is clearly negative, with 
a greater affinity for positively-charged materials. 
Consistent with the electrical property of cells, bone 
has piezoelectric properties, so bone cells respond 
electrically to mechanical disturbance or a mechanical 
response from electrical stimulation [8–12]. 

It has been shown that interfering with the hydroxylation 
reaction and the phosphorylation of the cell membrane 
increases the ion exchange di-calcium into the cell. 
In parallel fashion, the bioceramic resorption of 
calcium promotes the exchange of ions through the 
transmembrane cell and into physiological fluid 
[13–15].

This work shows the results of a study of the 
phenomenon of the electroactivation system cell/
scaffold of polylactic acid (PLA) and polyglycolic acid 
(PLG) with additions of bioactive elements of chitosan, 
bioceramic (HAP), and zinc. The main purpose was 
to improve intracellular ion exchange and explain the 
increase in cell adhesion and protein resulting from the 
change in the hydrophilicity of the scaffold induced by 
applying an electric overpotential and the additions of 
bioactive elements.

2.  MATERIALS AND METHODS

2.1 Synthesis of materials

To obtain the samples of the scaffold, a co-
polymerization was made using 1% Zn as a catalyst 
with 40 h of polycondensation for the PLA and 0.2% 
tin chloride with 20 h of polycondensation for PLG. 
The synthesis of the PLGA copolymer was performed 
using the evaporation/solvent extraction method, using 
chloroform as a solvent. 

The composition of the scaffold was 70:30 (PLA:PGA). 
This was mixed with hydroxyapatite at 10% w/v, using 
chloroform as the solvent, which was removed to T = 
150 ºC, approximately. For the transformation of the 

copolymer (PLA-PGA) in a polyelectrolyte, excess 
zinc salt was added as a doping agent to modify the 
conductivity of the scaffold at concentrations between 
0.5 and 2% w/v.

2.2.  Description of techniques for assessing cell 
adhesion

The electrical properties of the cell-scaffold/physiological 
medium (RPMI) heterogeneous system, were evaluated 
by using the EIS technique. Equivalent circuit models 
proposed in the software ZVIEW allowed for us to 
obtain information on the following interfaces: RPMI/
HOS osteoblast cells, HOS osteoblastic cells/scaffold, 
and scaffold/quartz crystal. Optical microscopy and 
SEM were used to assess cell adhesion.

Three samples of scaffold were obtained as coatings on 
quartz crystals from solutions of PLA-PLG dissolved 
in acetone 15% w/v, HAP 10% w/v chitosan at 0, 3, 
and 7% w/v during a time of 5 min and 3 volts, a set-up 
of a voltage source where the cathode was the quartz 
crystal Au-Cr and an austenitic steel sheet as the anode. 
Subsequently, the crystal was irradiated with UV light. 
For electrochemical measurements and QCM, we used 
a vertical flat cell, where the working electrode was a 
coated quartz crystal, platinum counter electrode, and 
reference electrode Ag-AgCl. The electrochemical 
measurements were performed using a potentiostat 
Gamry 600. The impedance spectroscopy measurements 
were performed in a frequency range of 0.01 to 100,000 
Hz. The amplitude of the AC signal was 10mV. EIS 
measurements were performed under a stimulation 
potential of 0 V, 50 mV, and 50 mV. This over potential 
was obtained by the technique of cyclic voltammetry.

2.3.  Cell culture

The HOS cell line obtained from American Type 
Culture Collection (ATCC), consisting of osteoblastic 
cells from a human osteosarcoma has been used. 

A cell culture was carried out in Falcon® culture flasks 
under sterile conditions at 37 °C ± 0.5 °C and 5% CO2 
in RPMI 1640 medium with 1% L-glutamine, 1% 
antibiotics (penicillin/streptomycin) and supplemented 
with 10% FBS (fetal bovine serum) without phenol red, 
pH = 7.2. The culture medium was changed every 2 
days to ensure an adequate supply of nutrients in the 
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culture dish and/or electrochemical cell. Fetal bovine 
serum was purchased from Hyclone Laboratories. 
A concentration of osteoblasts between 15,000 and 
30,000 cells per milliliter of culture medium was used 
for adhesion tests.

3.  RESULTS AND DISCUSSION 

The Bode and Nyquist spectra obtained by 
electrochemical tests HOS cell adhesion on scaffolds 
of PLA-PLG-chitosan-hydroxyapatite-zinc, were 
fitted to equivalent circuit models using the proposed 
Zview 32 software. The error obtained from these 
adjustments in terms of chi2 was less than 10-4 between 
the experimental data and simulated data, which was 
considered to be acceptable in statistical terms. Figure 
1 shows the typical Bode spectra obtained and their 
respective adjustments.

Figure 1. Bode typical spectrum obtained from the 
electrochemical system scaffold-cell-physiological 

environment and adjusting for an equivalent circuit model

To represent the measured electrode processes in the 
electrochemical double layer between the scaffolds, the 
physiological medium and the cells have assumed an 
equivalent circuit model that can present two variations 
depending on the adjustment to the spectrum obtained 
in each case and depending on the level of cell adhesion 
to the surface of the scaffold.

Figure 2. shows two equivalent electrical circuit 
models which have been proposed to adjust the 
impedance spectra obtained. Each model represents 
the electrochemical behavior associated with the 
interfaces: physiological fluid polymeric scaffold-
cell-electrode. These interfaces are represented by 

the relaxation constants of charge transfer, related 
by a capacitance and resistance. The relaxations of 
transfer of the two electrode processes described above 
are related by a parallel circuit, due to the similarity 
in constant conductive (ion exchange), shown in the 
superposition of these in the respective spectra. This 
configuration is related to a series resistor representing 
the ohmic drop or opposition to the charge transfer from 
the electrolyte or cellular environment.

Figure 2. Equivalent circuit model representing the 
processes: a) without cell adhesion, b) with cell adhesion 

and extracellular matrix formation MEC

The first model (a) represents a situation where the 
cells do not develop on the surface of the scaffold, in 
which a relaxation time associated with cells in series 
with two parallel relaxations related to the interaction 
between the scaffold, the physiological medium, and 
the quartz crystal is presented. 

The second model (b) corresponds to the situation in 
which the cells have an adhesion to the substrate of the 
scaffold in addition to the formation of an extracellular 
matrix (ECM) produced by ion exchange from the 
scaffold to the physiological medium through the 
cells. Figure 3 shows a graphic diagram showing the 
mechanism of cell adhesion to the scaffold.

Figure 3. Mechanism of cell adhesion to the scaffold
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The second model represents a superposition of 
relaxation constants, which shows the behavior 
of the system: extracellular matrix-scaffold-cell-
physiological fluid under ideal conditions for cell 
attachment. This model allows for one to represent the 
different variations of the resistive elements related 
to the effectiveness of cell adhesion on the surface 
of the scaffold under a polarization gradient. The 
correct setting in the simulation of the proposed model 
accurately validates the electrochemical behavior of the 
polarized system described.

The extracellular fluid in contact with the cells and 
scaffold are represented by a capacitor and a resistor in 
parallel. An increase in this resistance is equivalent to a 
satisfactory cellular evolution. The capacitance of the cell 
corresponds to the evolution of endo-plasma membrane. 
The resistance of intracellular fluid is the transformation 
processes, adhesion and dendritic-cell breakdown, as well 
as an increase in ion transport across the cell membrane. 
A lower value of the resistance indicates a positive 
evolution of cell adhesion on the scaffold. Figure 4 shows 
the effect of the percentage of chitosan and polarization 
overpotential with respect to changes in extracellular 
resistance and intracellular resistance over time.

Figure 4. Intracellular resistance and extracellular resistance changes with time, as a percentage of chitosan and the 
polarization overpotential

Electric fields have been detected in the healing of 
wounds and damaged tissues. The role of an electric 
field on the repair or regeneration of tissues remains an 
intriguing subject of research even today. Presumably, 
an applied electric field equivalent to an electric field 
magnitude measured in a process of cell regeneration in 
vivo or recovery of tissue activates many intracellular 
signaling pathways, possibly in a direction or patterns, 
as in the case of osteoblastic cells [16,17]. 

Measurement of intracellular resistance is a property 
of the cell indicating that the cell interface is split and 
that there is a broken endoplasmic membrane allowing 
the passage of extracellular fluid into the interior, 
increasing the transfer of electric charge by the passage 
of fluid minerals into cells [18]. 

Under these concepts, it was found that the variable 
electric overpotential had a greater influence on the 
intracellular resistance value compared to the variable 
concentration of chitosan. Negative overpotential 
values had a lower intracellular resistance which may 

indicate that they have a higher proliferation and cell 
adhesion. However, it is considered that very low 
values   of intracellular resistance (results of the scaffold 
with 3% chitosan without polarization) may indicate 
ischemia or cell death. 

The synergistic effect between the polarization potential 
and the percentage of chitosan may be better analyzed 
with the results of extracellular fluid resistance. 

Figure 4 shows that more negative overpotentials are the 
highest values   of resistance. Values   less than 10 ohms 
could be considered indicators of cellular ischemia. 
As the concentration of chitosan, it is observed that at 
a lower concentration of chitosan, the cells showed a 
higher dielectric strength, which means less cellular 
evolution in adhesion and cell division [19].

Figure 5 shows the SEM images of PLA-PLG scaffold-
HAP-3% chitosan, cell-free to 5.000X and cell 
polarized with an overpotential of -50mV to 1.500X.
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The scaffold of PLA-PLG-chitosan-HAP showed a 
structure with an interconnected porosity and irregular 
topography, characteristic of this type of materials used 
for cell regeneration, where these surface properties 
are essential to cell adhesion and proliferation. Figure 
5a shows the scaffold without cells with the particular 
presence of hydroxyapatite (circles) on the surface, 
which improves cell adhesion.

Figure 5. SEM of PLA-PLG scaffold-HAP-3% of 
chitosan, cell-free to 5.000X and cell polarized with an 

overpotential of -50mV to 1.500X

Figure 5b shows the surface of the scaffold after a seed 
time of 24 h, with flattened and elongated cells with 
dendritic extensions, characteristic of proliferating 
cells. As hydroxyapatite and chitosan chemically 
similar to most organic and inorganic components of 
bone, they become excellent candidates to improve 
osteoconductivity and cell recognition in a composite 
scaffold. A scaffold of PLA-PLG-chitosan-HAP allows 
the growth of bone tissue as demonstrated in this work. 
The proposed scaffold biodegradation is reflected 
in a structural configuration of interconnected pores 
and irregular topography, favoring proliferation and 
adhesion, and allowing three-dimensional support cell 
growth [20].

4.  CONCLUSION

A scaffold of polylactic acid, polyglycolic acid 
with additions of bioactive elements of chitosan 
(q), bioceramic (bc), and zinc has been subjected to 
cell-seeding experiments under the application of 
an overpotential. It is found that an applied cathode 
potential of this system produces a variation in the 
surface hydrophilicity and increases intracellular ion 
exchange. The cationic character acquired by the 
addition of zinc to the polymers and the cationic nature 
of the amino groups of chitosan in the scaffold were not 
the predominant effects on the increase in cell adhesion 
in these experiments. However, a greater amount of 
chitosan in the proposed scaffold promotes increased 
cell adhesion.
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