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� Superficial phenomenon that occurs in physical surface of beTCPeCh coatings.
� Improvement on electrochemical, biological properties of ceramic-polymeric coatings.
� beTCPeCh coatings that offer highest performance in the biomedical devices.
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a b s t r a c t

Biological interfaces involve the interaction of complex macromolecular systems and other biomolecules
or biomaterials. Researchers have used a combination of cell, material sciences and engineering ap-
proaches to create functional biointerfaces to help improve biological functions. Materials such as hy-
droxyapatite (HA), b-tricalcium phosphate (b-TCP) and chitosan are important biomaterials to be used in
biomedical applications such as bone-prosthesis interfaces. In this work, it was evaluated the effect of
different concentrations of chitosan on the structural, electrochemical and biocompatible properties of b-
tricalcium phosphate-chitosan ((b-Ca3(PO4)2)-(C6H11NO4)n) hybrid coatings. betricalcium phosphate-
chitosan coatings were deposited on 316L stainless steel substrates applying 260 mA AC, an agitation
velocity of 250 rpm, and temperature deposition of 60 �C. It was possible to obtain coatings of 600 mm of
thickness. Structure and surface properties were analyzed by X-ray diffraction (XRD) and dispersive X-ray
analysis (EDX). It was found that the arrangement of the b-TCP crystal lattice changed with increasing
chitosan weight concentration, showing that the orthorhombic structure of b-TCP is under tensile stress.
The electrochemical properties of betricalcium phosphate/chitosan (b-TCPeCh) coatings were analyzed
by electrochemical impedance spectroscopy (EIS). Cellular biocompatibility was determined by lactate
dehydrogenase (LDH) cytotoxicity assay using primary chinese hamster ovary (CHO) cells. b-TCPeCh
coatings with chitosan concentrations up to 25% caused cytotoxic effects to only 5e10% of CHO cells.
Obtained results showed the influence of chitosan in the structural, electrochemical, and biocompatible
properties of AISI 316L Stainless Steel. Consequently, the electrochemical and cytotoxic behavior of b-TCP
eCh on 316L Stainless Steel indicated that the coatings might be a promising material in biomedical
applications.

© 2016 Elsevier B.V. All rights reserved.
.edu.co (J.C. Caicedo).
1. Introduction

Over the years, several groups have used biointerface science
(i.e., cell and tissue engineering, biomaterial science, micro and
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nano scale technologies) to develop in vitro systems for the inves-
tigation of biological functions [1e10]. Bone-prosthesis interfaces,
for instance, involve complex biological interactions between
macromolecular systems and other biomolecules or biomaterials.
Bone tissue regeneration is an intricate physiological process that is
triggered during fracture healing, and occurs actively during bone
remodeling throughout adulthood [1]. However, there are a myriad
of clinical conditions that hamper the regenerative process such as
avascular necrosis, atrophic non-unions, osteoporosis, trauma,
infection, tumor resection and skeletal abnormalities [1,2].

Currently, the gold standard to promote bone-regeneration are
autologous bone graft interfaces; however other clinical methods
to regenerate and repair bone such as osteoconductive scaffolds,
free fibula vascularized grafts, and direct injection of growth factors
into the defect site are being used [11,12]. Additionally, to help
decrease healing times and enhance biological bone-prosthesis
interfaces, the development of novel biocompatible materials
such as complexes involving hydroxyapatite (HA) or various forms
of b-tricalcium phosphate (b-TCP) are under investigation [2,12,13].
Previous publications have reported the development of ceramic
coatings for bone implants using hydroxyapatite (HA) and b-TCP
because of their excellent biological properties due to their chem-
ical composition, which are close to native bone [14e18].

On the other hand, chitosan is a natural cationic polysaccharide
produced by alkaline N-deacetylation of chitin, a constituent of the
exoskeleton of crabs and squid. Chitosan in low concentrations (%
w/w) is widely applied in a variety of tissue engineering applica-
tions involving the use of different cell types such as osteoblasts
(NOS-1 cells) and mesenchymal-derived dental pulp stem cells
[19e21].

Most of the materials used as mechanical support in dental, hip
and knee replacement surgeries are inert metallic implants with
poor biocompatible properties. Thus, the adsorption of bio-
materials like chitosan is necessary to improve the properties of
biological interfaces for tooth sockets, prosthesis, and orthopedic
devices [11]. The electrochemical deposition of biomaterials on
metallic substrates has been developed to adsorb bioactive com-
pounds on inert metallic substrates to accelerate bone growth and
improve bone fixation [22e24]. As a result, the incorporation of
bioactive coatings to inert substrates represents great advance in
the development of approaches to enhance bone regeneration.

The synthesis and evaluation of HA/chitosan composites has
been previously reported [22,23]. Chitosan has been functionalized
into b-TCP to improve the electrochemical and biocompatibility
properties of b-TCP coatings [22]. It has been observed that func-
tionalized HA/chitosan coating interfaces serve as a protective
barrier that improves the corrosion resistance of metallic sub-
strates. Wang et al. [24] deposited coatings of tri-calcium phos-
phate/chitosan onto Ti6Al4V substrate and reported that the
presence of chitosan in the ceramic coating reduced the surface
roughness and improved cell proliferation [24]. Electrodeposition
has made it possible to deposit biomaterials on metallic substrates,
and has provided a number of advantages such as high-deposition
rate and formation of uniform coatings thickness on substrates of
complex shapes, which will protect the metallic substrates against
corrosion [22]. Due to widely use of novel materials in the
biomedical industry, it is necessary to understand the electro-
chemical behavior of these material and avoid the possibility of
corrosion and generation of harmful chemical products that could
damage adjacent tissues. In this way, the literature present few
researches focused on studying the ceramic-polymeric-corrosive
phenomenon, therefore, this effect on 316L stainless steel coated
with be TCP-Chitosan has been studied weakly. Taking in account
the above, the electrochemical (corrosion) effect on uncoated steel
and steel coated with ßeTCP-Chitosan has not yet been thoroughly
studied. In the current literature is possible to find innovative
methods that improve the surface properties of metallic materials,
protect them against harsh environments, reduce the leaching the
toxic ions from the SS by using materials such as beTCP and chi-
tosan and thereby improve the conditions to cells proliferation,
osteointegration and other properties that beTCP and chitosan
features can offer on bone tissue [25e30].

So, implant materials such as AISI 316L SS are commonly used in
artificial medical devices due to their good mechanical properties
[14]. The disadvantage of 316L SS, when implanted for long periods
of time, is that nickel (Ni), molybdenum (Mo), and chromate ions
((CrO4)2-) leach out 316L SS and can elicit allergic reactions due to
their toxicity [31]. To address these problems, in the present work it
was developed a tricalcium phosphate/chitosan coatings that were
deposited on AISI 316L SS substrate using cathodic electrodeposi-
tion techniques to improve the biological properties of implants
when used to enhance bone regeneration. The results obtained in
this research indicated that changing the chitosan weight per-
centage in the mixture (b-TCPeCh system) influenced the per-
centage of actively functionalized chitosan in the coating structure.
Additionally, the high viability of CHO cells when seeded on b-
TCPeCh interfaces indicated that the coating acts as protective
layer against the cytotoxic effects of AISI 316L SS. Based on results
obtained and the nature of materials used in this work, e.g the
ßeTCP-chitosan coating (biointerface system) could be estimated
as a potential material to be used as a bio-absorbable bone implant
aimed to promote tissue repair and regenerate bone while
enhancing osteointegration with native tissue.

2. Experimental details

Precursor materials such as b-Tricalcium phosphate (b-TCP),
with empirical formula (Hill Notation): Ca3O8P2, produced by Sig-
maeAldrich(R), CAS Number: 7758-87-4 with technical character-
istics associate to molecular weight of 310.18 g/mol, purity as
Ca3(PO4) of 2.98% min, purity as Ca of 34e40% min., phosphorus (P)
of 19.6 min, loss on ignition (800 �C) of 10% max., humidity of 1%
max, heavy metals of 15 ppmmax., and p.h. (1% solution) of 5.8e7.1
and chitosan, also known as ((C6H11NO4)n) or (Poly-(1e4)-2-Amino-
2-deoxy-ß-D-Glucan) or Deacetylated chitin, Poly(D-glucosamine)
produced by SigmaeAldrich(R), CAS Number 9012-76-4, MDL
number MFCD00161512 with technical characteristics associate to
medium molecular weight, biological source: from white mush-
room, grade: high purity, mol wt: Mv 110,000e150,000, composi-
tion; Bacterial endotoxins, �10 EU/g, Beta-glucan, �5% (w/w),
Chitosan, �93% (w/w), Proteins, �1% (w/w), viscosity:5e200 mPa s
(1% solution in 1% HAc) storage temperature: 2e8 �C and physical
form: 75e85% deacetylated were used as material coatings. The b-
TCP-chitosan coatings were deposited via cathodic electrodeposi-
tion using the following conditions: current density of 260 mA,
agitation velocity of 250 rpm, pH electrolyte of 10.4, and a tem-
perature of deposition of 60 �C. Cylindrical substrates of 12 mm of
diameter of AISI 316L stainless steel NIST® SRM® 1155a,
Cr18eNi14; produced by SigmaeAldrich®, with technical charac-
teristics associate to chemical composition of C: 0.03%, Mn: 2.00%,
P: 0.045%, S: 0.030%, Si: 1.00%, Cr: 18.00%, Ni: 14.00%. Nominal
Mechanical Properties in (annealed condition) present a tensile
strength of 550 MPa, Yield strength of 200 MPa, % elongation of 45,
Hardness of 140 HB. The 316L stainless steel (SS) has superior
corrosion resistance compared to 304 SS. Moreover this steel has
good resistance tomost complex sulfur compoundswere activated by
superficial electrochemical etching using an acidic solution of
molar ratio 1:1:1 HCl, H2SO4, H2O to improve adhesion character-
istics in substrate-coating interfaces, Moreover, the stainless steel
substrates were cleaned by using an ultrasonic bath. The
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electrodeposition process was performed using an electrolyte
compound of two solutions. The first solution was b-TCP with a
particle size of 10 mm suspended in an ethanol-water (weight ratio
of 1:3) solution, and the second solution consisted of chitosan so-
lution dissolved in 2% acetic acid. The b-TCP solution and chitosan
solutions described above weremixed taking in account the weight
percentage of each solution. In this work were deposited b-TCPeCh
coatings with different weight percentages: b-TCP100%eCh0%, b-
TCP95%eCh5%, b-TCP90%eCh10%, b-TCP75%eCh25%, b-TCP65%eCh35%,
and b-TCP50%eCh50%. Once electrodepositing process was finalized,
specimens were dried at 100 �C and stored in vacuum. Taking in
account the last experimental setup, for the electrochemical
deposition the chemical reactions of chitosan and b-TCP could be
explained separately, in agreement with other authors [32e36]
such as:

1. Reduction of oxygen:

O2 þ 2H2O þ 4e� / 4OH-

2. Reduction of H2PO4
- and HPO4

�2:

2H2PO4
- þ 2e� / 2HPO4

�2 þH2

2HPO4
�2 þ 2e� / 2PO4

�3 þH2

3. Reduction of water:

2H2O þ 2e� / 2OH� þH2

4. Migration of Caþ2 to surface of cathode, on the surface Caþ2

reacts with 2PO4
�3 and OH� ions. To form HA and crystals of

calcium phosphates.

On the other hand, chitosan process of deposition occurs in 3
steps:

1. Protonation in acidic solution: In this step the amino group of
the basic unit of Chitosan is positively charged with the
hydrogen ions present in the solvent (acetic acid).

Chitosan e NH2 þ H3O / Chitosan e NH3
þ þH2O

2. Cathodic reaction, which consists in reduction of water mole-
cules on the cathode surface formation to produce hydrogen and
hydroxyl ions, this reaction increase the pH around of cathode
surface.

2H2O þ 2e� / H2 þ 2OH-

3. Neutralization of chitosan which is positively charged is
deposited on cathodic substrate.

Chitosan e NH3
þ þ OH� / Chitosan e NH2 þH2O
Also the presence of calcium and phosphate ions in chitosan
solutions lea to formation of b-TCPeCh through electrostatic in-
teractions between Chitosan e NH3

þ and Caþ2 or PO4
3� ions to form

CeCa and C-CPO4 complexes and the interaction between OH of
chitosan and OH of b-TCP via hydrogen bond [36,56].

On the other hands the structural characterization of b-TCPeCh
coatings was analyzed by X-Ray diffraction with a Philips X-ray
diffractometer with Bragg-Brentano configuration (q/2q) in the
ground beam mode and Cu-Ka radiation (l ¼ 1.5405 Å). Diffraction
patterns, as function of the increase of chitosan weight percentage
in b-TCPeCh coatings, were analyzed to determine changes in
crystal lattice arrangements and obtain information about crystal-
linity. The surface analysis and chemical analysis by SEM e EDX,
thus, the EDX analysis was performed using a scanning electron
microscope (JEOLJSM-6490LV) on surface coating to get spectra of
chemical composition for each coating and identify characteristic
elements of base materials. Also surface characterization was
developed to know surface morphology. The Morphologic charac-
teristics of the coatings like roughness were obtained using an
atomic force microscopy (AFM) from Asylum Research MFP-3D®
and calculated by a Scanning Probe Image Processor (SPIP®) which
is the standard program for processing and presenting AFM data,
therefore, this software has become the de-facto standard for image
processing in nanoscale. Thus, the SPIP software packages are
considered the de-facto standard for processing and 3D visual-
isation of images taken by scanning probe microscopes, therefore,
the software can in anyway import data of any kind through an
algorithm that is able to reconstruct images from jpeg images and
other general formats. In this work the SPIP was used in the b-TCP-
Ch coating analysis for a quantitative study of surface roughness.
Electrochemical impedance spectroscopy was used to observe the
electrochemical behavior of b-TCPeCh coatings in Hank's Balanced
Salt Solution (HBSS). HBSS was used as a model of biological
environment. HBSS is routinely used to provide cells with water
and inorganic ions, while maintaining a physiological pH and os-
motic pressure, which favors cellular growth [32,33]. The electro-
chemical properties of b-TCP - chitosan coatings were analyzed
using a Gamrymodel PCI-4 potenciostat-galvanostat under HBSS as
electrolyte at a temperature of 37 ± 0.2 �C during 14 days (336 h).
The electrochemical impedance was studied using spectroscopy
techniques. Briefly, electrochemical impedance was carried out
using an electrochemical cell composed of aworking electrodewith
an area of 10�4m2, an Ag/AgCl (3.33M KCl) reference electrode, and
a platinumwire counter-electrode immersed in HBSS. The working
electrodewas the AISI 316L steel substratewhere b-TCPeCh coating
was deposited by ionic exchange. For Nyquist plots, frequency
sweeps were conducted in the range of 100 kHz to 0.001 Hz using
sinusoidal signal amplitude of 10 mV applied to the working elec-
trode (sample) and the reference electrode. To support electro-
chemical analysis it was performed a series of essays to determine
the coating integrity under other kind of conditions. Swelling ratio
and scratch test was developed to understand behavior of coatings
when they are immersed in a liquid solution (water for this essay)
and cohesive behavior under mechanical stress applied. The
swelling ratio: the coatings were cut in 1 � 1 cm size and dried in
vacuum at room temperature for a week. After initial weighing,
they were kept in beaker with 50 ml of distilled water at 37 �C for
72 h. Then the films were taken out after 72 h carefully and
removed the excess water from the surface of the films with filter
paper [53].

To evaluate the mechanical coating stability interpreted as
adhesion strength between b-TCP - Chitosan coating on the 316L SS
substrate, were realized scratch tests by using a Microtest MTR2
systemwith a scratching speed of 4 mm/min and a continuous load
rate of 1 N/s, with a total running length of 6 mm and a raising load
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of 0e90 N. Although scratch test was possible to determinate the
critical load (Lc) as function of Chitosan percentage to determinate
the cohesive failure of coatings, then the results were verified by
SEM.with a total running length of 1000 m. Adherence of the layers
was studied using a Scratch Test Microtest MTR2 system, the pa-
rameters were a scratch length of 6 mm and a raising load of
0e90 N.

The Cytotoxicity assay was carried out by using a Lactate De-
hydrogenase (LDH) that is an enzyme used as biological marker of
tissue degradation as LDH is abundant when cell death or tissue
damage occurs [34]. LDH cytotoxicity assay device (Roche, Cat. No.
11644793001) is a reliable colorimetric assay to quantitatively
measure LDH released from the cytosol of damaged cells into the
culture medium (supernatant). Using an enzymatic reaction that
results in a red formazan product in the culture media, extracellular
LDH activity can be measured spectrophotometrically [34,35]. As
shown in equation (1), a percentage of cytotoxicity can be deter-
mined by calculating the average levels of absorbance of formazan.
Biocompatibility was studied using the LDH cytotoxicity assay to
determine the viability of CHO cells on b-TCPeCh/316L steel ma-
terials. A vial of CHO K1 cells (ATCC, Manassas, VA, USA) was
thawed and the cells were counted. CHO cells were seeded at a
density of 40.000 cells/well in a 24-well plate and supplemented
with Dulbeco modified Eagle's medium (DMEM), plus 2 mM of L-
glutamine and 10% of Fetal Bovine Serum (FBS). As shown in Fig. 1,
most wells contained one sample of AISI 316L SS coated with a
specific composition of b-TCPeCh coating. The chitosan weight
percentage varied from 0% to 50%. Some wells contained uncoated
substrates i.e., just the AISI 316L SS, whereas other wells only had
untreated cultured cells. After 24 h at 37 �C in 5% CO2, the culture
reached 80% confluence and the mediumwas replaced with 1% FBS
culture medium to avoid high levels of LDH activity associated with
serum. Wells containing only culture medium were used as back-
ground control, wells containing untreated cultured cells were used
as negative control, andwells containing cultured cells on uncoated
substrates i.e., just the AISI 316L SS were used positive control.

After 5 days of incubation, 50 ml of cell-free supernatant from
each well were transferred into corresponding wells of an optically
clear 96-well flat bottom microplate. To determine LDH activity in
these supernatants, 50 ml of freshly prepared reaction mixturewere
added, mixed and incubated in each well for 30 min at room
Fig. 1. CHO cells cultured in a 24-well plate. Most wells contained samples of AISI 316L SS co
0% to 50%, thus, wells labeled with 100%, 95%, 75%, 65% and 50%of b-TCP indicate 0%, 5%,
substrates were labeled as substrate whereas wells containing untreated cultured cells were
CHO cells after 5 days of incubation, which exhibits morphological changes owed to c
microenvironment.
temperature. During the incubation time the 96-well microplate
was protected from light. A spectrophotometer (Stat-Fax 2100) was
used tomeasure extracellular LDH activity at 492 nm excitation and
630 nm emissions. The amount of LDH activity was used as an in-
dicator of relative cell viability. To determine the percentage of
cytotoxicity, average levels of absorbance of multiple measure-
ments (n ¼ 12) were calculated and subtracted from the back-
ground control. The resulting values were substituted in equation
(1).

Cytotoxicityð%Þ ¼ exp:value� negative control
positive control� negative control

� 100 (1)
3. Results and discussion

3.1. X-ray diffraction analysis

X-ray diffraction was used to study the crystalline structure of
the layers. X-ray patterns of chitosan pure, b-TCP pure (TCP100% Ch0%)
and b-TCP-Ch coatings as function of Chitosan concentration are
shown in Fig. 2. Fig. 2a exhibit the Chitosan material with semi-
crystalline pattern for pure ((C6H11NO4)n) or (Poly-(1e4)-2-Amino-
2-deoxy-ß-D-Glucan with two characteristic peak centered around
2q ¼ 10.5� and other with highest intensity centered around
2q¼ 20.2� in agreement with the JCPDF 39e1894 files. On the other
hands, the XRD results showed in Fig. 2b present that b-TCP has a
rhombohedral configuration, with diffraction patterns that show
characteristic b-TCP peaks at low angles, preferential orientations
(0018), (1118) and (0502) for 2q ¼ (43.55�, 47.06� and 50.68�)
respectively for b-TCP pure (TCP100% Ch0%) in agreement with the
JCPDF 01-070-2065 files. These preferential orientations, corre-
sponding to the ceramic phase of the coating, are in agreement
with the Joint Committee on Powder Diffraction Standards (JCPDF)
01-070-2065 from the International Centre for Diffraction Data
(ICDD). Fig. 2b show that whole specimens present displacement
and widening of the preferential peaks. So, XRD results showed that
increasing of chitosan weight percentage in the coating composition
generate an increasing in the presence of Chitosan peak contribu-
tion (Ch1 and Ch2) for the low 2q degree, which disappearing for
ated with layers of b-TCPeCh. Chitosan composition varied in weight percentage from
25%, 35% and 50% of Chitosan, respectively. Wells with uncoated 316L stainless steel
labeled as cell control. Insert shows (a) CHO cells recently plated into the wells and (b)
ell differentiation, migration and potential cytotoxic influence from the biological



Fig. 2. X-ray diffraction patterns: (a) Chitosan without b-TCP concentration and (b) b-TCPeCh coatings prepared at different b-TCP and chitosan weight concentrations.
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the low chitosan concentration close to b-TCP pure (TCP100% Ch0%).
These changes diffraction patterns suggest the influence between
the peak intensity and chemical composition of b-TCPeCh coatings.

By using the full width at half maximum (FWHM) criterion for
X-ray diffraction patterns, changes of crystallographic arrangement
and peak intensity are associated by FWHM criterion. Therefore
decrease of peak intensity is related with a decrease of crystallinity
and a tendency to change crystallographic arrangement. After
analyzing Fig. 3, it was possible to appreciate that the diffraction
patterns show a variation in the intensity of the preferential peaks
oriented (0018) at 2q ¼ 43.6� as function of increasing chitosan
concentration into the coating, which is in agreement with results
reported by Pe~na et al. [36].

Consequently, it was possible to observe that the peak variation
suggests an inverse relationship between chitosan percentage and
the peak intensity. Moreover the Chitosan concentration produce
changes peak intensity due to compression stress presented within
b-TCP crystalline structure [36]. In this sense the shift peak on 2q
degree, for highest peak shows a crystal structure deformation due
to compression stress applied by Chitosan in b-TCP structure. The
behavior described above may be appreciated clearly in Fig. 3a
Fig. 3. X-ray diffraction patterns of b-TCP and b-TCPeCh coatings: (a) full width at half max
area and height for the preferential peak (0018) as function of chitosan weight concentrati
where shape and size variation associated to preferential peaks are
observed. Furthermore, Fig. 3b showed the same shape and size
variation as function of chitosan concentration, showing a decrease
in area and height for the preferential peak (0018), which is
consistent with other groups [36,37]. On the other hands. In Fig 3
the dash lines correspond to the material in without stress (JCPDF
01-070-2065 files), therefore, in the current results dash lines appear
displaced since the material has residual stress.
3.2. EDX analysis

Energy dispersive X-ray spectroscopy (EDX) was used to deter-
minate the chemical composition present in b-TCPeCh coatings
and AISI 316L stainless steel substrates. Then, chemical composition
was verified by EDX, were not found toxic chemicals elements or
different to characteristics elements of AISI 316L SS. Moreover EDX
spectra for all b-TCP coatings compositions are shown in Fig. 4.
Therefore, on the surface of each sample ten (10) points of analysis
were performed with a spot of 2 mm diameter, obtaining an image
with the average of the ten data. For each chitosan concentration
value was obtained one image with the average of five (5) samples
imum (FWHM) variations as function of chitosan concentration (% by weight) and, (b)
on (%).



Fig. 4. Energy dispersive X-ray spectroscopy (EDX) for b-TCP and b-TCP-Chitosan coatings as function of Chitosan concentration. (a) b-TCP100%eCh0%, (b) b-TCP95%eCh5%, (c) b-
TCP90%eCh10%, (d) b-TCP75%eCh25%, (e) b-TCP65%eCh35%, and (f) b-TCP50%eCh50%. Chitosan composition varied from 0% to 50%, thus, b-TCP labeled with 100%, 95%, 75%, 65% and 50%
indicate 0%, 5%, 25%, 35% and 50% of Chitosan composition in the b-TCPeCh coating, respectively.

Fig. 5. Reduction of phosphorus and calcium as function of chitosanweight percentage
increasing. Red line with circles is related with Phosphorous weight. Black line in
squares showed the associated calcium weight percentage decrease with chitosan
percent increase. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

A. Mina et al. / Materials Chemistry and Physics 175 (2016) 68e80 73
each of which contains ten (10) results of chemical compassion. On the
other hands, The EDX elemental concentrations were obtained
using the ZAF correction method; because certain factors related to
the sample composition, called matrix effects associated with
(atomic number (Z), absorption (A) and fluorescence (F)), can affect
the X-ray spectrum produced during the analysis of electron
microprobe and therefore theses effects should be corrected to
ensure the development of a careful analysis. The correction factors
for a standard specimen of known composition were determined
initially by the ZAF routine. The relative intensity of the peak K was
determined by dead time correction and a referent correction for
the X-ray measured. So, before each quantitative analysis of an EDX
spectrum a manual background correction and an automated ZAF
correction were carried out [38]. So, the spectrum showed prefer-
ential peaks of constituent elements to confirm b-TCP and chitosan
presence in the coatings. Preferential peaks refer to the difference
between two outer shells of the atomic structure of each element,
taking in account that the fundamental principle that each element
has a unique atomic structure allowing unique set of peaks on its X-
ray emission spectrum [52]. The preferential Ca peaks also indi-
cated that bothmaterials were homogenous in composition. As was
expected, chitosan increased in chemical composition of coating
must influence values of intensity in preferential peaks of calcium,
phosphorus, oxygen and carbon when comparing EDX spectra for
all compositions (Fig. 4). Thus, it is possible to observe a decrease in
calcium and Phosphorus preferential peaks and an increase of ox-
ygen and carbon preferential peaks as function of chitosan weight
percentage increase (Fig. 5). This phenomenon could be possible
due to a shielding effect of chitosan where particles of chitosan
precipitated and deposited on surface coating by ionic exchange.
Chemical changes in coating were evidenced in changes of peak
intensity of EDX spectra, these chemical changes are related with
changes in changes in characteristic peaks evidenced in XRD
analysis (Fig. 3). In that way, response of coating is modifiedwith an
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increase of chitosan percentage.
Figure 5 showed the quantitative elemental composition of

phosphorous and calcium of deposited b-TCP-chitosan coatings. A
reduction of phosphorus and calcium as function of increasing of
chitosan weight concentration was observed, which generate the
physic-chemical changes in the b-TCPeCh coatings. Changes in
intensity of peaks in each spectrum could correspond to a
competitive effect generated by chemical elements provided from
chitosan and b-TCP. Therefore, a careful correction has to be done in
all stoichiometric analysis because EDX has low reliability for ni-
trogen concentration via ZAF correction method [38]. The relative
intensity of the peak K from EDX results was determined by dead
time correction and a referent correction for the X-ray measured. A
manual background correction and an automated ZAF correction
were carried out before each quantitative analysis of an EDX
spectrum was performed. Similar to the displacement of prefer-
ential peaks presented in XRD patterns showed in Fig. 3a, the
decrease in calcium and phosphorous peaks is related with the
inclusion and subsequently increase of chitosanweight percentage,
increasing of chitosan amount suggest an effect of shielding over b-
TCP material, this effect promotes a decrease in intensity of pref-
erential peaks of main elements of b-TCP. In this way; decrease in
peak area and peak height evidenced in Fig. 3b have a relationship
with changes in chemical composition for b-TCPeCh coatings due
to crystallographic changes induced by the inclusion of chitosan in
b-TCP structure. These effects are associated with the chemical
composition of materials composed by b-Ca3(PO4)2 -(C6H11NO4)n)
[39].

From EDX results was possible to find an approximation of
chemical composition of the b-TCP-chitosan coating on the stain-
less 316L after deposition (Table 1). So, in Table 1 the concentration
of nitrogen, oxygen, and carbon are increasing as function of in-
crease in the chitosan percentage, indicating that the changes in the
stoichiometric relation from chitosan elements can influence in the
variation of crystallography structure (Figs. 2e3).
3.3. SEM analysis

b-TCPeCh coatings were analyzed via scanning electron mi-
croscope (SEM) to obtain micrographs of the surfaces for all
deposited coatings on AISI 316L stainless steel. Fig. 6 shows SEM
images as function of coating composition with respect to increase
of chitosan concentration. Fig. 6a illustrates the surface coating for
100% b-TCP material, which exhibits a fibrillar structure matrix
similar to data presented in published reports [37,38,40,41].
Moreover form SEM micrograph is possible to observe a mixture of
different particles, agglomerated and spherical form on coating sur-
face. So, Fig. 6a shows dispersed irregular particles on surface
coating, these particles are associated to b-TCP particles, which
were suspended rather than being dissolved due to saturation of
the phosphate on the water ethanol solution. b-TCP particles were
adhered on the coating surface by ionic exchange from Ca2þ and
PO4�3. When coating has 5% of chitosan it was possible to observe
Table 1
Composition of the b-TCP-chitosan coating on the stainless 316L after deposition.

Phosphorus ±0.01% Calcium ±0.01%

b-TCP-Ch [Ca3(PO4)]-[C6H11NO4)n]
b-TCP100%eCh0% 49.40 27.17
b-TCP95%eCh5% 45.33 24.13
b-TCP90%eCh10% 40.95 20.9
b-TCP75%eCh25% 36.91 15.53
b-TCP65%eCh35% 30.58 12.93
b-TCP50%eCh50% 22.20 7.82
and increase of irregular particles (Fig. 6b). This effect is explained
due to the polymerization of chitosan, which makes it difficult to
dissolve completely in the electrolyte solution before the deposi-
tion process. Moreover, the fibrillar matrix disappeared and a ma-
trix replaced it containing angular particles dispersed on the
surface coating without defined orientation. This effect demon-
strates functionalization of b-TCP with chitosan [17]. On the other
hand, increasing the chitosan percentage influences chitosan par-
ticles deposited on coating surface to be thinner than the other
coatings with lower chitosan percentage have a needle-shape as
observed in Fig. 6bee. Furthermore, these results exhibit progres-
sive increase in the percentage and size of particles deposited on
the surface coating. Fig. 6f shows a surface without needle-like
structures, probably due to increasing presence of irregular parti-
cles. From changes of surface morphology as function of changes in
chitosan weight percentage it is expected that roughness of coat-
ings changes in the sameway. Values of coating roughness decrease
from 140 mm to 50 mm as function of increase of chitosan weight
percentage. Allotropic changes in surface morphology of b-TCPeCh
coatings were described above; they can be related with changes in
crystallographic arrangement exhibited in Fig. 3aeb, and the
decrease of Ca and P as function of chitosan as shown in Fig. 5.
3.4. Electrochemical behavior of coatings

Using electrochemical impedance spectroscopy (EIS) it was
possible to observe the electrochemical behavior of b-TCPeCh
coatings in a biological environment, and the polarization resis-
tance of b-TCPeCh coatings was determinate. AISI 316L SS sub-
strates coated with b-TCPeCh coatings were exposed to HBSS
during 14 days (336 h) to determine the electrochemical stability
under biological environment. In other words, the degradation
profile of the coatings under physiological conditions was studied.
Fig. 7 shows Nyquist plots of each b-TCPeCh coating. The plots
exhibited high impedance values in b-TCPeCh coatings when
compared to electrochemical response of substrates of uncoated
AISI 316L stainless steel. Thus, b-TCPeCh coatings provided pro-
tection to metallic substrate in a biological and corrosive environ-
ment as Hanks solution provided an eroding electrochemical
potential. Moreover, due to the bioactive characteristic of b-TCP in
biological environments, b-TCPeCh coatings react with ions deliv-
ered from HBSS. Therefore, the coatings reduced substrate corro-
sion and degradation. Nyquist plots showed an increase of
impedance values while increasing the percentage of chitosan in
the coating. In this way, an increase of impedance values suggested
an increase in the protective effect of b-TCPeCh coating due to the
presence of chitosan in the coating [42].

To fit the experimental data, the system was modeled as an
equivalent circuit, which can approximate the Randles cell [43]
used to simulate the phenomenon at the interfaces. The coating/
electrolyte and the metallic substrate/coating interfaces were
approximated as double layer capacitors in parallel. Also, coating
resistance and electrolyte resistance was taken in consideration
Oxygen ±0.01% Nitrogen ±0.01% Carbon ±0.01%

15.45 2.83 5.15
16.54 4.88 9.12
17.85 7.32 12.98
17.86 11.72 17.98
17.91 17.31 21.27
17.95 22.92 29.11



Fig. 6. SEM micrographs of b-TCP-Chitosan coatings: (a) b-TCP100%eCh0%, (b) b-TCP95%eCh5%, (c) b-TCP90%eCh10%, (d) b-TCP75%eCh25%, (e) b-TCP65%eCh35%, and (f) b-TCP50%eCh50%.
Irregular particles are related with particles without a defined shape; Needle-like particles are elongated particles and angular particles are agglomerated particles with angular
shapes.

Fig. 7. Nyquist plots of the b-TCPeCh coatings evaluated at 14 days as function of
increasing chitosan concentration. Nyquist plot showed the relation between Z00 or
imaginary part of impedance (plotted on the y-axis). Z0 is the real part of impedance
(plotted on the x-axis).
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due to ions transfer reactions from the electrolyte to metal sub-
strates [43,44,50] The equivalent circuit in Fig. 8 corresponds to
Nyquist plots presented in Fig. 7. The diagram contained two ca-
pacitors labeled as constant phase elements (Yel-re; Ydl). These
elements contribute a pseudo-capacitance to the total impedance
of the system. Yel-re is a constant phase element associated to
HBSS/b-TCPeCh coating interface, and Ydl is associated to interface
between b-TCPeCh coating and the 316L stainless steel substrate.
Also, two resistances were considered: Rel-re and Rdl. Rel-re was
associated to the resistance between HBSS and b-TCP-Chitosan
coating, and Rdl corresponded to the resistance associated to the b-
TCPeCh coating and AISI 316L stainless steel (Fig. 8).

Polarization resistance (Rp) is related to values of impedance,
thus, impedance values analyzed in Fig. 7 were used to determinate
the behavior of polarization resistance as a function of chitosan
percentage. Polarization resistance can be defined as resistance
between the electrodes and the electrolyte. This resistance pre-
vents the ion exchange between the electrolyte and substrate. As a
result, resistance to corrosion in a harsh microenvironment can be
achieved [35,37]. Fig. 9 showed polarization resistance or protec-
tive effect as a function of chitosan. Here, we illustrate an increase
in polarization resistance with an increase of chitosan percentage
due to bioactive characteristic of b-TCP in biological environments.
Also, the introduction of chitosan as a biocompatiblematerial in the
b-TCP structure could improve the dielectric nature of coatings.
Fig. 9 also showed an increase of approximately 86% of the



Fig. 8. Schematics of the system showing the interface between the 316L SS substrate and the b-TCP-Chitosan coating immersed in HBSS. Corrosive free ions (green beads) that are
present in the HBSS interact with the b-TCP-Chitosan coating, which protect the 316L SS substrate from degradation. The insert shows the equivalent circuit that was used to fit
impedance data of the system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Polarization resistance (Rp) values as function of chitosan concentration. Arrow
indicates polarization resistance of 316L SS. Increasing of polarization resistance on b-
TCP coating suggests an increase in corrosion resistance. Chitosan inclusion (up to 50%
by weight in the coatings) improved the electrochemical behavior. The figure also
indicates the low polarization resistance of 316L SS substrate (10 kU cm2 without b-
TCPeCh coating).

Fig. 10. Coating porosity of ß-TCPeCh coating as function of Chitosan percentage.
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polarization resistance with 50% of chitosan in b-TCPeCh coating
when compared with AISI 316L SS substrate uncoated. The
improvement of the polarization resistance in AISI 316L stainless
steel substrate coated with b-TCPeCh as function of chitosan per-
centage can be related with allotropic changes in the surface
morphology of b-TCPeCh coatings as described previously (Fig. 6).

According to previous publication [51], from values of polariza-
tion resistance it was possible to determinate a porosity factor, the
total porosity factor equation is shown below, Equation (2) corre-
sponds to the ratio between the polarization resistance of uncoated
substrate and the coated substrate.

P ¼ Rp;u
Rp;r�u

(2)

where P is the total coating porosity Rp;r�u is the polarization
resistance of the uncoated substrate and Rp;u is the measured
polarization resistance of the coating e substrate system.
Fig. 10 presents values of coating porosity as function of chitosan

weight percentage increase. This curve suggest that porosity of
coating is inversely to chitosan amount, porosity decreased at least
50%, these results are in agreement with changes in surface
morphology evidenced in SEM analysis where chitosan amount
modifies the nature of surface coating.
3.5. Coating integrity

Corrosion resistance in HBSS was a first approach to b-TCPeCh
coatings integrity, results of coating swelling adhesion measure-
ments by scratch test showed good stability under different con-
ditions. The swelling ratio of the coating was calculated using the
equation (3).

Swelling ratio ¼ Ws�Wd
Wd

� 100 (3)

where Ws is the weight of the swollen coating, Wd is the weight of
the dry coating. The degree of swelling ratio was observed for



Fig. 11. Critical load associated to adhesion failure as function of Chitosan percentage.
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coating prepared in different conditions. Table 2 shows that
swelling percentage of coatings containing chitosan increases
creases with increasing of chitosan percentage, these values ob-
tained are related with chitosan hygroscopic factor.

The scratch-test technique was carried out to characterize b-
TCPeCh coatings adherence strength in aim to understand the
mechanical coating integrity. Therefore, to identify adhesion
properties of coatings is important take in account lower critical
load (LC1), defined as the load where the first cracks occurred
(cohesive failure) and the highest critical load (Lc2) where occurs
the first delamination at the edge of scratch (adhesive failure) [54].
LC1 and LC2 values correspond to tribological zones where the
friction is independent of the applied load [55].

Chitosan percentage is relatedwith values of Lc2 so Fig. 11 shows
a curve of Lc2 as function of Chitosan percentage. This curve in-
dicates that adhesion of coating increase while increase Chitosan
percentage, in other words, it must be applied a higher stress to
achieve the coating delamination. From studies of other authors is
possible to analyze that tribological results were governed by the
elasticeplastic properties of coating and adhesion corresponding to
coating-substrate interface [54]. It is possible to deduct that the
critical load difference occurs due to increasing of inherent me-
chanical properties, which generates opposition to indenter pene-
tration producing an opposition to coating deformation [54].
3.6. Biocompatibility analysis

Fig. 12 presents the main source of animal cells and exhibit
schematically experimental assembly of AISI 316L coated with in b-
TCPeCh coatings and deposited in wells to subsequently cells cul-
ture. Moreover Fig. 12b exhibits the reproductive organ of the adult
female Hamster in situ [57]. It is possible to observe the relation-
ship of the ovaries (O) to the kidneys (K). Note that uterus (U) lies
on the colon (Co) and both right uterine horn (RUH), thus the uterus
(U) which act as precursor of CHO cells. Fig. 12 c(i) shows CHO cells
before of deposition into wells, CHO cells were dissolved in Dulbeco
modified Eagle's medium (DMEM), supplemented with 10% Fetal
Bovine Serum (FBS) and 2mMof L-glutamina. Fig.12c(ii) shows CHO
cells after incubation time which exhibit a change in color of cells
solvent and was observed a growing in CHO cells surviving, in this
way, b-TCP-Chitosan coatings allow the coexistence of cells on
contact with coatings.

Lactate dehydrogenase (LDH) activity was measured as
described in the experimental section. As shown in Fig. 1, the
experimental assembly of AISI 316L coated with different compo-
sitions of b-TCPeCh coatings was deposited into some of the wells
of a 24-well culture plate to subsequently perform the culture of
CHO cells. Values of LDH absorbance were correlated to values of
cytotoxicity. So Fig. 13 shows percentages of cytotoxicity for
different samples including untreated cultured cells (negative
control), AISI 316L substrates (positive control), and cells cultured
on b-TCPeCh coatings with varying chitosan percentage. Cytotox-
icity values indicated 82% of cytotoxicity in AISI 316L stainless steel.
After coating the substrate with different compositions of b-
Table 2
Swelling percentage of b-TCPeCh coating as function of chitosan percentage.

b-TCP-Ch [Ca3(PO4)]-[C6H11NO4)n] Swelling ±0.001%

b-TCP100%eCh0% 0.040
b-TCP95%eCh5% 0.060
b-TCP90%eCh10% 0.080
b-TCP75%eCh25% 0.100
b-TCP65%eCh35% 0.135
b-TCP50%eCh50% 0.142
TCPeCh it was possible to observe a reduction down to 35.8% of
cytotoxicity compared to uncoated substrates. b-TCPeCh coatings
with 35% and 50% of chitosan showed the highest percentages of
cytotoxicity. This could be explained by the fact that high levels of
chitosan may influence biological functions reducing cell migration
and cell growth, as reported before [45,46]. Another explanation
could be related with the percentage of deacetylation and charge
density of chitosan. Muco-adhesive properties of chitosan are
associatedwith positive charge in amine groups and the percentage
of deacetylation may modify the charge density of chitosan.
Therefore, there should be a balance between mucoadhesive
properties and adverse effects produced by a highly cationic poly-
mer (biopolymer with a high degree of deacetylation) [47],

On the other hands the residual acetic acid without neutrali-
zation in the chitosan material affect the protonated amino group
which serve as a mechanism for retaining cells due to the elec-
trostatic interactions with glycosaminoglycan and proteoglycans.
Therefore, the residual acetic acid in the chitosan can produce a
degradation for b-TCPeCh if the Ch percentage it increase, in this
sense the degradation for b-TCPeCh coating system can to increase.
Taking in account that cytotoxicity test consisted of assessing
possible toxic effects of b-TCPeCh coating as function of increasing
in the Chitosan percentage on direct contact to cells, while indirect
cytotoxicity test evaluates the potential deleterious effects of sub-
stances released in the culture medium by b-TCPeCh coating
[58,59].

Considering that b-TCPeCh coating system presents possible
applications in medical devices such as bone implants, the pre-
clinical studies are needed to determine the degradation and
contamination susceptibility in the b-TCPeCh system due to that
the degradation of b-TCPeCh coating may affect the sensible cells
as Chinese Hamster Ovary cells (CHO) in relation to (e.g. osteoblast
cells), because the CHO cells are used in Cytotoxicity Assay for the
Rapid Diagnosis of Bordetella Pertussis [59]. Also CHO cells do not
express the Epidermal growth factor receptor (EGFR), which makes
them ideal in the investigation of various EGFR mutations, more-
over The CHO Cell are a commonly-used mammalian cell model
used in biology and in medical, pharmaceutical and bioengineering
research. In addition, they are frequently used for commercial
purposes to manufacture therapeutic recombinant proteins and
test for biomedical devices [60].

Cytotoxicity results of b-TCPeCh coatings also were associated
to decreasing percentages of Ca and P elements (Fig. 5) due to the



Fig. 12. Representation of biocompatibility analysis: (a) Hamster (animal), (b) utero Hamster and (c) simulation of experimental assembly of AISI 316L coated with in b-TCP/Ch
coatings into well of 24 well plate, (i) CHO cells at 0 h incubated, and (ii) Cho cells at 120 h incubated.

Fig. 13. Determination of b-TCPeCh coating-induced cytotoxicity in CHO cells. Cells
were cultured on samples of AISI 316L coated with different compositions of b-
TCPeCh, chitosan concentration varied from 0% to 50%. The strongest cell damage was
produced by uncoated AISI 316L followed by b-TCP-(50%Ch) and b-TCP-(35%Ch). Chi-
tosan percentages below 35% seem to have minimum cytotoxic potential. PC, refers to
positive control, i.e., the substrate AISI 316L SS material without b-TCPeCh coating. NC,
refer to negative control, i.e., untreated cultured cells.

Fig. 14. Polarization resistance (Rp) and percentage cytotoxicity of b-TCP- Ch coatings
as function of chitosan percentage deposited on AISI 316L stainless steel substrate.
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bioactive characteristic of b-TCP and chitosan materials. The pro-
tective effect of b-TCPeCh coatings in HBSS showed an increase in
corrosion resistance and a decrease in corrosion products which
can further improve the biocompatibility properties of the coating.
Finally the error bars in Fig.13 are associate to standard deviations in
the cytotoxicity test. Therefore, all acceptance criteria must be met
by the Positive Control (PC) for a cytotoxicity test to be acceptable.
So, the cytotoxicity test must be within ±2.5 standard deviations
(SD) of the historical mean established by the Test Facility andmust
have an R2 (coefficient of determination) �0.85 (calculated for the
Hill model fit using PRISM® software).

After careful evaluation of the response of b-TCPeCh coatings in
a biological medium, it was possible to find a correlation between
cytotoxicity as a function of chitosan in the coatings. Fig. 14 showed
a systematic dependence of Rp as a function of chitosan percentage
taking into account the low polarization resistance of uncoated
316L stainless steel substrate in HBSS. Nonetheless, when 316L/b-
TCP50-Ch50 coating was used (highest chitosan percentage in
coatings studied) the best anticorrosion potential was achieved
when compared with all the other groups. So, taking into account
the correlation analysis as well as the cytotoxic and electrochemical
properties, it can be inferred that the 316L/b-TCP75-Ch25 coating
system was optimal (Fig. 14 dotted red rectangle).

Finally, low concentrations (2.5%w/w) of chitosan improve the
biomaterial interaction with surrounding tissue without inducing
an adverse host response [48]. This finding is in agreement with
those reported here. In this sense the current results present in this
research and those from other groups [49] suggest that b-TCPeCh
coatings could be used as a biomaterial to enhance biocompatible
properties of bone prosthesis and successful bone regeneration and
osteointegration. Therefore, in possible to utilize this technology in
further studies to integrate this technology in bio-absorbable bone
implants such as dental grafts or artificial tooth sockets to repair
maxillofacial defects.
4. Conclusions

XRD results indicate that b-TCP crystal lattice arrangement
change with an increase of chitosan percentage. These results
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indicated that orthorhombic structure of b-TCP is under tensile
stress when a biopolymer is integrated in the b-TCP material. The
tensile stress was evidence as the change observed in the variations
of width peaks and height peaks variations in x-ray diffraction
patterns.

SEM, EDX, and electrochemical results showed that it was
possible to obtain b-TCP- Ch coatings with improved anticorrosion
performance in a biologically-relevant solution such as HBSS. The
cytotoxicity and electrochemical results indicated that b-TCPeCh
coatings showed better biocompatibility response than AISI 316L SS
alone as explained by the improvement in polarization resistance.

From electrochemical assay results and cytotoxicity assay re-
sults between chemical compositions it was possible to observe
that b-TCP75-Ch25 coating present an optimized amount of chitosan
to improve cell viability and corrosion resistance. This, the coatings
presented in this manuscript represent a potential novel alternative
to be used in biomedical applications.
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