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Abstract: Currently, a significant problem is the production of coatings for titanium implants,
which will be characterized by mechanical properties comparable to those of a human bone,
high corrosion resistance, and low degradation rate in the body fluids. This paper aims to describe
the properties of novel chitosan/Eudragit E 100 (chit/EE100) coatings deposited on titanium grade
2 substrate by the electrophoretic technique (EPD). The deposition was carried out for different
parameters like the content of EE100, time of deposition, and applied voltage. The microstructure,
surface roughness, chemical and phase composition, wettability, mechanical and electrochemical
properties, and degradation rate at different pH were examined in comparison to chitosan coating
without the addition of Eudragit E 100. The applied deposition parameters significantly influenced the
morphology of the coatings. The chit/EE100 coating with the highest homogeneity was obtained for
Eudragit content of 0.25 g, at 10 V, and for 1 min. Young’s modulus of this sample (24.77 ± 5.50 GPa)
was most comparable to that of human cortical bone. The introduction of Eudragit E 100 into chitosan
coatings significantly reduced their degradation rate in artificial saliva at neutral pH while maintaining
high sensitivity to pH changes. The chit/EE100 coatings showed a slightly lower corrosion resistance
compared to the chitosan coating, however, significantly exceeding the substrate corrosion resistance.
All prepared coatings were characterized by hydrophilicity.

Keywords: titanium; chitosan; Eudragit; electrophoretic deposition; nanoindentation; pH-sensitive
coatings; wettability

1. Introduction

Titanium and titanium alloys are materials often used in biomedical applications due to their high
biocompatibility, high corrosion resistance, and low Young’s modulus comparing to other metallic
biomaterials. These properties promote their use as orthopedic and dental implants, orthodontic wires
and brackets, and other biomedical devices [1–3]. Titanium and its alloys are often subjected to
improving their osseointegration properties, resistance to corrosion, and protection against the
development of bacterial infections by modification of the surface topography and the deposition of
bioactive materials, e.g., calcium phosphates and bioglasses [4–7].

Currently, so-called smart polymers that respond to the external environment are gathering
considerable interest. These materials change their properties under the influence of temperature,
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pH, UV–Vis radiation, electric, and magnetic field effects [8–12]. Among the most popular polymers
are chitosan [13] and Eudragit E 100 (EE100)–methacrylic acid copolymer [14].

Chitosan, due to its biodegradability, biocompatibility, nontoxicity, and antibacterial activity,
is often used in controlled drug delivery systems, wound healing, and tissue regeneration [15,16].
It is commonly applied in different forms, such as membranes, nanogels, micro/nanoparticles, films,
and hydrogels [17–19]. Chitosan coatings are gathering more interest in implantology, however,
they show low mechanical properties and low stability at neutral pH [20,21]. Chitosan rapidly absorbs
water and is characterized by a high swelling degree in aqueous environments, leading to fast drug
release [22]. Hence, co-deposition of chitosan with other biopolymers (e.g., gelatin) or nanomaterials
(e.g., silver nanoparticles, gold nanoparticles, carbon nanotubes) is performed to overcome these
problems [23–25]. One of the modifiers of chitosan coatings may be EE100.

Eudragits are a group of biopolymer materials that have been used in controlled drug delivery
systems for several years. Depending on their functional groups, they are usually divided into
polycations and polyanions [26]. Polycations include Eudragits E with dimethylamino groups,
and RL, ES, NE with quaternary amino groups, while polyanions include Eudragits L and S with
carboxyl groups [27]. Eudragit E 100 copolymer is based on dimethylaminoethyl methacrylate,
butyl methacrylate, and methyl methacrylate with a ratio of 2:1:1 and belongs to the group of cationic
polymers. It is sensitive to pH changes, dissolves in acidic environments due to amino groups, but is
insoluble at neutral pH [28]. In an alkaline environment, the polymer swells [29]. It is most often
used for coatings on pills to transport the drug substance to the appropriate part of the digestive
tract, mainly the stomach, because of its good adhesion, low viscosity, and good ability to mask
odor and unpleasant taste [30]. The sensitivity of Eudragit E 100 to change in pH is utilized in drug
delivery systems because inflamed and cancerous tissues are characterized by a lower pH value [31,32].
This copolymer is mainly used as a coating material, nanocapsules, or nanoparticles. EE100 is also
widely used to improve the solubility of drugs that are poorly soluble in water. The drug substance is
then either dispersed in the biopolymer matrix or trapped in the nanocapsules [28,33–41].

Eudragit E 100 is often used as a blend with other biopolymers, which can result in the development
of a new biopolymer with desired properties, such as a drug release profile. Farooq et al. produced
Eudragit E 100/polycaprolactone microspheres in oil by the water solvent evaporation method [30].
Blended polylactic glycolic acid and Eudragit E 100 were proposed for the prevention of autoimmune
diabetes [42]. There are many reports of the use of Eudragit E 100 in medicine, but few of them relate
to bone implants.

There are several reports on the use of chitosan in combination with Eudragits. Vibhooti et al.
developed Eudragit S 100-coated chitosan beads with pH-sensitivity for colon-targeted delivery [43].
Eudragit L 100 and S 100 were used for coating crosslinked chitosan microspheres with metronidazole
by the emulsion solvent evaporation technique [44]. Interpolyelectrolyte complexes of chitosan and
Eudragit L 100 were applied in oral controlled drug delivery systems [45]. Xu et al. prepared Eudragit
L 100-coated mannosylated chitosan nanoparticles for oral bovine serum albumin delivery [46].
The addition of Eudragit RS to the pectin/chitosan films prepared by the casting/solvent evaporation
method significantly decreased the swelling ratio of this polyelectrolyte complex in phosphate-buffered
saline (PBS). Furthermore, the introduction of the Eudragit RS to the coating ensured a controllable
slow release followed by a burst release of theophylline immediately after the change in pH [47].
Kouchak et al. revealed that increasing Eudragit’s RL content in chitosan films could improve their
mechanical properties without undesirable effects on their water uptake and oxygen penetration.
The properties of these biopolymer coatings can be modified by changing the chitosan/Eudragit
ratio [48].

The aim of this research is the electrophoretic deposition and characterization of the chit/EE100
coatings. According to the previous studies [47,48], the addition of Eudragit E 100 improves the
mechanical properties of chitosan coatings and limits the dissolution rate of the chitosan coating at
neutral pH. This type of coating may be a matrix for the controlled release of the drug used in the case



Coatings 2020, 10, 607 3 of 18

of load-bearing implants. So far, there have been no reports in the literature regarding the production
of this type of biopolymer coatings using the electrophoretic deposition method.

2. Materials and Methods

2.1. Materials

The Ti grade 2 (EkspresStal, Luboń, Poland) was used as a substrate. Table 1 shows its chemical
composition given by the manufacturer. Commercial high molecular weight chitosan (high purity
> 99%, MW ∼ 310–375 kDa) coarse ground flakes and powder with a degree of deacetylation > 75%
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Eudragit E 100 granules (purity 99.9%,
MW ∼ 47 kDa) were provided by the Evonik Industries (Darmstadt, Germany). Acetic acid (99.9%)
was obtained from Stanlab (Gliwice, Poland), while isopropanol (99.8%) and hydrochloric acid (30%)
from POCH (Gliwice, Poland).

Table 1. The chemical composition of the Ti grade 2 substrate, wt.%.

Element N C H Fe O Ti

wt.% 0.009 0.013 0.001 0.168–0.179 0.190–0.170 remainder

2.2. Substrate Preparation

As a substrate, the Ti grade 2 round samples with a diameter of 12 mm and a height of 4 mm
(cut from a rod) were used. All samples were wet ground using SiC abrasive papers up to grit #800.
Prior to coating deposition, the Ti substrate was rinsed with isopropanol and distilled water.

2.3. Electrophoretic Deposition of Chitosan/Eudragit E 100 Coatings

Two different suspensions containing 0.25 g (suspension A) and 0.5 g (suspension B) of Eudragit
E 100 were prepared for electrophoretic deposition. The appropriate amount of biopolymer was
dissolved in 100 mL of 1% (v/v) aqueous acetic acid solution with 0.1 g of chitosan, according to the
previous work [49]. This suspension was magnetically stirred (Dragon Lab MS-H-Pro+, Schiltigheim,
France) for 24 h at room temperature.

Different time and deposition voltage values were used. The designation of samples with applied
parameters is shown in Table 2. Ti substrate was used as a cathode, and the counter electrode was
platinum mesh. The distance between electrodes connected to the DC power source (MCP/SPN110-01C,
Shanghai MCP Corp., Shanghai, China) was about 10 mm. The deposition was carried out at room
temperature. After deposition, the samples were rinsed with distilled water, dried at room temperature
for 48 h, and stored in a desiccator for further characterization. After the deposition, the parameters
ensuring the best quality of chit/EE100 coating were selected, and, for comparison, a chitosan coating
without the addition of EE100 was prepared using these deposition parameters.

Table 2. Designations of experiment samples with the applied process parameters.

Suspension Sample Voltage (V) Time (min)

A
(0.25 g EE100)

100 mL of 1% (v/v) acetic acid
with 0.1 g of chitosan

A1
10

1
A3 3

A1’
30

1
A3’ 3

B
(0.5 g EE100)

B1
10

1
B3 3

B1’
30

1
B3’ 3
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2.4. Structure and Morphology of Chitosan/Eudragit E 100 Coatings

The surfaces of the composite coating were examined using a high resolution scanning electron
microscope (SEM JEOL JSM-7800 F, JEOL Ltd., Tokyo, Japan) with an LED detector at 5 kV acceleration
voltage. Before testing, samples were sputtered with a 10 nm thick layer of gold using a table-top
DC magnetron sputtering coater (EM SCD 500, Leica, Vienna, Austria) in a pure Ar plasma condition
(Argon, Air Products 99.999%). The surface roughness of all prepared samples was determined by
using a contact profilometer with EVOVIS software (1.38.0.2) (Hommel Etamic Waveline, Jenoptik, Jena,
Germany). The test was conducted according to the ISO 4287-1997 standard [50]. Three measurements
were carried out for each sample, measurement distance was 8.8 mm with a scanning speed of
0.5 mm/s. Based on the tests, the average values of roughness (Ra), the peak-to-valley roughness
(Rz), and maximum peak-to-mean height (Rp) were obtained. The qualitative elemental analysis of
the obtained coatings was determined by the X-ray energy-dispersive spectrometer (EDS) (Edax Inc.,
Mahwah, NJ, USA). The X-ray diffraction spectroscopy (Phillips X’Pert Pro, Almelo, the Netherlands)
was conducted (Cu Kα, λ = 0.1554 nm) in the 2θ range of 10◦–90◦ at a 0.02 step and 2 s/point at
ambient temperature and under atmospheric pressure. Fourier-transform infrared spectroscopy
(FTIR, Perkin Elmer Frontier, Waltham, MA, USA) at a resolution of 2 cm−1 (scans number 32) in the
range of 400–4000 cm−1 was utilized.

2.5. Mechanical Studies

Nanoindentation tests were performed using the NanoTest™ Vantage device (Micro Materials,
Wrexham, Great Britain) with a Berkovich three-sided pyramidal diamond indenter. Ten independent
measurements were performed for the Ti reference sample and the biopolymer coatings prepared at
different deposition parameters. The distance between individual indents was 20 µm. The value of
maximum force was 50 mN, the loading and unloading rate were set up at 20 s and the dwell period at
maximum load was 10 s. The load–displacement curve was obtained for each measurement by the
Oliver and Pharr method. Based on these curves, surface hardness (H) and Young’s modulus (E) were
determined. For the calculations, the values of Poisson’s ratio 0.3 and 0.4 were used for the reference Ti
sample and the samples with biopolymer coatings, respectively.

The scratch tests were carried out over a distance of 500 µm, the load increasing from 0 to 200 mN
at a loading rate of 1.3 mN/s. The force that caused complete delamination of the coating from the
substrate was determined based on an abrupt change in frictional force at the plot of the normal force
versus friction force for each measurement. Besides, for its exact determination, all scratches were
examined using an optical microscope (BX51, OLYMPUS, Tokyo, Japan).

2.6. Degradation Analysis

Dried and pre-weighed (Pioneer PA114CM/1, OHAUS, Greifensee, Switzerland) samples with
chitosan and chit/EE100 coatings were immersed in artificial saliva solution (ASS, prepared according
to reference [51]) at 37 ◦C temperature at different pH (3, 5, and 7) value for 1, 3 and 7 days. HCl was
used to adjust the solution pH. According to reference [52], weight loss (WL) of the investigated coating
was calculated as:

WL =
W1 −W2

W1
× 100% (1)

where W1 is the weight of the dry sample with coating before swelling and W2 is the weight of the dry
sample after swelling. The measurement results were collected at an accuracy of 0.0001 g.

2.7. Corrosion Studies

The electrochemical measurements were made in a potentiodynamic mode in artificial saliva
solution at 37 ◦C using a potentiostat/galvanostat (Atlas 0531, Atlas Sollich, Gdansk, Poland).
A three-electrode cell setup was utilized, with platinum electrode as a counter electrode, and Ag/AgCl
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(saturated with potassium chloride) as a reference electrode. Before the experiment, the samples
were stabilized at their open circuit potential (OCP) for 10 min. A potentiodynamic polarization test
was conducted within a scan range −800/1000 mV at a potential change rate of 1 mV/s. Using the
Tafel extrapolation method, the corrosion potential (Ecorr) and corrosion current density (icorr) values
were determined.

2.8. Contact Angle Studies

The measurement of the water contact angle was carried out by falling drop method (Contact Angle
Goniometer, Zeiss, Oberkochen, Germany) at room temperature and 10 s after drop out. The water
drop volume was about 2 µL, and three measurements were performed for each sample.

3. Results and Discussion

3.1. Structure and Morphology of Chitosan/Eudragit E 100 Coatings

Figure 1 depicts the microstructure of the Ti grade 2 substrate, the chitosan coating, and the
chit/EE100 coatings obtained by electrophoretic deposition. The Ti grade 2 substrate after wet grinding
was characterized by a typical structure resulting from the grinding process [53]. The effects of EE100
content in the suspension, deposition time, and applied voltage on the quality of prepared coatings
are visible. The increasing deposition time and the applied voltage resulted in more uneven coatings
morphology. This effect has also been observed in other studies [54]. The increase in these parameters
caused more rapid kinetics of coating deposition and bubble formation of hydrogen gas on the
surface of the titanium sample caused by water electrolysis, which resulted in the deposition of a more
heterogeneous coating [55,56]. The presence of hydrogen bubbles blocks the flow of biopolymer particles
to the surface, which strongly affects the structure of coatings [57]. The prints of formedhydrogen
bubbles are visible in the SEM images (Figure 1). In some areas of the coatings, it caused total exposure
of the titanium substrate. The reduction in bubble formation can be achieved by reducing water content
in the suspension by replacing it with, e.g., ethanol [58].
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An increase in the content of EE100 in the suspension also contributed to the increase in
heterogeneity of the obtained coatings. Similar to other biopolymer coatings, an increase in Eudragit
content in the suspension caused a disturbance in particle flow, resulting in a more porous coating [59].
For all chit/EE100 samples, the images obtained at higher magnifications showed a microporous
structure of the coatings. However, it has been reported that the porosity of implant coatings promotes
in vivo cell growth [23]. The A1 sample, prepared at the lowest deposition parameters, showed the
highest homogeneity. In this case, the coating completely covered the titanium substrate surface,
and the images obtained at higher magnifications revealed slight unevenness. Therefore, the A1 sample
was selected for the next examinations. For comparison purposes, using the A1 sample deposition
parameters, a chitosan coating without the addition of EE100 was prepared for the remaining tests.
Continuous coating was observed, and it was characterized by uniformly distributed unevenness
visible at higher magnifications. Compared to the A1 sample, a similar homogeneity was observed.
The mechanism of creating chitosan coatings most likely involves loss of charge in the high pH value,
an alkaline region on the cathode surface by chitosan protonated amino groups, and the formation of
insoluble precipitates [60].

Table 3 summarizes the mean values of surface roughness parameters: the average roughness
(Ra), the peak-to-valley roughness (Rz), and maximum peak-to-mean height (Rp) obtained for the Ti
grade 2 substrate, the chitosan coating, and the chit/EE100 coatings.

Table 3. Surface roughness parameters of the Ti grade 2 substrate, the chitosan coating, and the
chit/EE100 coatings (mean ± SD; n = 3).

Surface Roughness Parameters (µm)

Sample Ra Rz Rp

Ti grade 2 0.12 ± 0.01 0.77 ± 0.13 0.44 ± 0.11
Chitosan 0.15 ± 0.05 1.34 ± 0.58 0.88 ± 0.46

A1 1.57 ± 0.05 7.01 ± 0.44 4.29 ± 0.29
A3 2.84 ± 0.11 11.39 ± 0.05 6.31 ± 0.11
A1’ 4.63 ± 0.68 20.27 ± 2.05 10.24 ± 1.00
A3’ 2.98 ± 0.24 14.48 ± 0.56 8.01 ± 0.37
B1 2.53 ± 0.47 12.16 ± 1.97 7.64 ± 1.65
B3 2.66 ± 0.31 12.47 ± 1.29 7.70 ± 1.24
B1’ 2.39 ± 0.11 11.76 ± 0.64 7.28 ± 0.71
B3’ 2.93 ± 0.38 12.92 ± 1.28 7.19 ± 0.88

The titanium substrate showed the lowest roughness. The deposition of biopolymer coatings
by the electrophoretic method resulted in increased surface roughness compared to a bare substrate.
A similar relationship was observed in previous studies [49]. The chitosan coating showed roughness
similar to the substrate after grinding; in the case of chit/EE100 coatings, a significant increase in mean
values of parameters Ra, Rz, and Rp was observed. The reason for this lies in the more rapid EPD process
for chit/EE100 deposition and the formation of hydrogen bubbles on the cathode [55]. The results
obtained are consistent with the SEM images shown in Figure 1. Increased surface roughness allows
for better tissue adhesion and stabilization of the implant in the initial phase [61].

Figure 2 presents the results of the EDS measurements for the Ti grade 2 substrate, the sample
with chitosan coating, and the sample with chit/EE100 coating (sample A1). This analysis was only
qualitative. The samples previously subjected to SEM examinations were used; hence, peaks referring
to Au were visible in all spectra. EDS spectrum of the substrate confirmed the presence of Ti. For the
other two samples, peaks related to Ti were less intense. Moreover, constituents of the coatings
(O, C) and Ti element from substrate were noted; however, Ti peaks were less sharp. In the case
of the chit/EE100 sample, the Ti peaks reached a lower intensity compared to the chitosan coating,
which could result from a greater thickness of the chit/EE100 coating. The addition of Eudragit E
100 to the chitosan coating reduced the intensity of the O peak. This oxygen decrease is difficult to
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explain. Presumably, the porous chitosan coatings contain a lot of molecular oxygen, and the addition
of Eudragit may be placed inside the empty spaces at the expense of oxygen. The spectra obtained
confirmed the absence of other elements in the prepared samples, indicating no contamination during
the EPD process.
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Figure 3a depicts the X-ray diffractograms of analyzed specimens. Within the patterns, only peaks
associated with the titanium alpha phase can be identified (JCPDS file 44-1294), which indicates the
relatively thin, both chitosan and chit/EE100, layers. No reflections of chitosan or Eudragit E 100 can
be indexed within the obtained patterns [62,63].
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Figure 3b presents the FTIR results of measured samples. In the case of the spectra acquired for
the layered chitosan samples, some low-intensity bands were observed. These bands can be attributed
to the chitosan layer. The clear bands which appear in the range of 1680–1480 cm−1 can be associated
with the vibrations of carbonyl bonds (C=O) of the amide groups, when absorption in the range
from 1160 to 1000 cm−1 can be recognized as vibrations of CO bonds [64]. In the case of the spectra
recorded for the sample with chit/EE100, the bands with higher intensity are visible. FTIR spectrum of
Eudragit E 100 presented typical bands of ester groups in the range of 1300–1150 cm−1. A strong C=O
ester stretching band was observed at 1720 cm−1. In addition, vibrations of the hydrocarbon chain
were observed at 1385, 1450–1490, and 2950 cm−1. Signals visible between 2770 and 2820 cm−1 can,
on the other hand, be attributed to dimethylethanolamine (DMAE) groups. Such bands were already
observed for the stand-alone Eudragit E 100 polymer [65].

3.2. Mechanical Studies

For long-term and load-bearing implants, the mechanical properties are among the most significant
factors determining implant durability. The difference between the properties of human bone and the
implant can lead to loosening of the implant [66]. Nanoindentation is an increasingly used method
for testing thin coatings for biomedical applications [67]. This technique allows for making indents
with sizes measured in nanometers, which permits testing thin coatings. It enables the determination
of mechanical parameters such as hardness and Young’s modulus, and nanoindentation properties:
maximum depth of indentation, plastic, and elastic work.

Figure 4 presents single hysteresis load-deformation graphs for the substrate and the prepared
coatings. Each of the curves consists of three sections: increasing the force to the maximum value,
holding with maximum force, and offloading. A slight deflection on the deformation curves is visible
for all tested samples, which results from the temperature drift during the measurement. Based on the
obtained curves, nanoindentation parameters were calculated, as presented in Figure 5.
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The Ti grade 2 substrate showed the highest hardness and Young’s modulus, which resulted in
the smallest indentation depth obtained. All coated samples showed worse mechanical properties,
but higher nanoindentation properties as compared to the Ti grade 2 substrate. Similar relationships
were observed in the past studies, and they result from the features, like chemical bonds, of the specific
material groups. Metals show higher mechanical properties compared to polymers, which leads
to a lower depth of indentation [49,68]. In the case of the chitosan coating, the obtained values
of hardness and Young’s modulus were similar to the values presented in the previous work [49].
Coatings containing EE100 had similar hardness (except A1’ and B3’) and much lower Young’s
modulus compared to that of the chitosan coating. This can be explained by the different thickness,
packing density, and porosity of chit/EE100 coatings compared to a no-Eudragit coating. The highest
hardness of sample B3’ results from the application of the highest deposition parameters (time,
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voltage, EE100 concentration). This coating was probably the thickest and most densely packed.
For sample A1’, the lowest hardness value may be due to the thinnest coating and low packing density,
due to the short deposition time and lower EE100 concentration in the suspension [69]. The Young’s
modulus values of chit/EE100 coatings were similar to the value of Young’s modulus of human bones.
The Young’s modulus value closest to Young’s modulus of the human tibia cortical bone (E = 25.8 GPa)
was obtained for sample A1 [70]. This coating showed the highest homogeneity. In implantology,
there must be no significant differences in the mechanical properties between the implant and the
human bone [66]. The obtained values of parameters determining the mechanical properties of coatings
could be influenced by the titanium substrate.Coatings 2020, 10, 607 9 of 19 
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It was difficult to determine the effect of applied coating deposition parameters on the mechanical
properties of the prepared coatings. However, for coatings deposited at 10 V, the longer deposition time
resulted in a decrease in the hardness and Young’s modulus of the coatings. An inverse relationship
was observed for 30 V. An increase in the concentration of EE100 in the suspension increased the
hardness of the coatings. According to the SEM images (Figure 1), deposition kinetics increased with
increased applied voltage, resulting in a more heterogeneous coating structure with visible chit/EE100
clusters that could increase the hardness of coatings locally [71].

The value of elastic work for a particular sample exceeded the value of plastic work. For all samples,
the value of plastic work increased with an increased maximum depth of indentation. The obtained
results confirm that the tested coatings are more elastic (less brittle) than the reference chitosan coatings,
which is a positive impact of Eudragit addition. The increase in plastic work with increasing indent
depth results from increasing plastic deformation at the tip, a number of dislocations, and plastic
strengthening. High values of standard deviations from the average values probably result from the
heterogeneity of the coatings produced as a result of bubble formation during the EPD process [49,58].
There are reports in the literature on a wide range of hardness, Young’s modulus, and nanoindentation
parameters for chitosan coatings. It results from the differences in applied conditions and measurement
parameters [72–74]. Fahim et al. and Akhtar et al. applied much lower loads during the indentation
measurements, 3 and 5 mN, respectively, obtaining much lower hardness values of chitosan coatings.
Possibly, a too high preliminary load was applied in the case of the conducted tests, and therefore,
the results were influenced by the titanium substrate [73,74]. There is no information concerning the
mechanical properties of chit/EE100 coatings.

Figure 6 presents plots of the dependence of the friction force on the normal force for each sample
with an indication of the critical force causing complete delamination of the coating from the titanium
substrate. The value of the critical force was determined based on a comparison of the frictional force
dependence on the normal force and optical microscopic observation of the made scratch.
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Table 4 shows the values of the average critical load force (Lc) and the corresponding friction
force (Lf ) determined from scratch test measurements. All coatings with Eudragit E 100 showed
higher adhesion to the titanium substrate compared to the chitosan coating. This may be attributed to
an increase in the density of chitosan coatings due to the addition of Eudragit E 100 [48]. The most
increased adhesion was demonstrated for the A3 and B3 samples. These coatings were prepared at a
lower voltage, which resulted in gentle kinetics of biopolymer particle deposition and the formation of
a densely packed coating [75]. The effect of the deposition parameters on the critical friction and load
is poorly visible. However, there was a tendency (except for samples B1’ and B3’) that the values of Lc
and Lf increased with increasing deposition time. This is probably due to the increase in the thickness
of the biopolymer coating. The high values of standard deviations were due to the heterogeneity of the
produced coatings. High adhesion of the coating to the implant surface is an important factor during
the implant placement procedure, as the implant is exposed to heavy loads that can lead to the removal
of the coating [76]. There are almost no studies on the adhesion of chitosan and chit/EE100 coatings
to metallic substrates in the literature. Therefore, our data, relating to composite coatings containing
chitosan, are difficult to compare [49,77].

Table 4. Nanoscratch test properties of the chitosan and chitosan/Eudragit E 100 coatings (mean ± SD;
n = 10).

Nanoscratch Test Properties

Sample Critical Load, Lc (mN) Critical Friction, Lf (mN)

Chitosan 53.87 ± 22.04 61.24 ± 22.04
A1 64.24 ± 25.91 90.73 ± 30.95
A3 91.28 ± 23.06 126.66 ± 46.53
A1’ 58.05 ± 8.59 70.28 ± 22.79
A3’ 68.18 ± 25.10 105.87 ± 44.77
B1 56.42 ± 23.82 83.34 ± 32.18
B3 90.63 ± 37.58 115.86 ± 48.16
B1’ 73.88 ± 15.58 96.55 ± 25.55
B3’ 61.00 ± 16.80 84.68 ± 34.24

3.3. Degradation Analysis

The test results of the degradation rate of the investigated coatings are shown in Figure 7.
The impact of exposure time and pH on weight loss is visible for both tested samples. The degree of
degradation of both the chitosan coating and the chit/EE100 coating increased with the increase in the
exposure time and the decrease in the pH of the environment. Similar correlations were reported in other
works [78]. Under the influence of lowered pH, the protonation of chitosan and EE100 amine groups
intensifies, and as a result of repulsive interaction, the degradation occurs [79,80]. The chit/EE100
coating is significantly more stable at a pH of 7 compared to the coating without Eudragit. The mass
loss after 7 days at pH 7 was 1.79% and 32%, respectively. However, the chit/EE100 coating showed
greater sensitivity to pH changes. Lowering the pH to 5 caused a sharp increase in the mass loss.
The degradation of the coating was comparable at pH 5 and 3. The degradation of the chitosan coating
with a decrease in pH was smoother. The chit/EE100 blend contains more amine groups in comparison
to chitosan alone. Therefore, the pH reduction results in stronger repulsion of the polymer chains
during protonation, resulting in more rapid degradation of the coating [80].

Due to the high stability at neutral pH and high sensitivity to its decline, coatings based on
chitosan and Eudragit E 100 could be used in controlled drug delivery systems [81]. The use of this
type of biopolymer with, e.g., silver nanoparticles as a coating for implants, would protect against the
development of bacterial infection after implantation [82]. Such a system could provide controlled
release of the drug substance only at the time of inflammation, which is associated with a decrease in
the pH of peri-implant tissues [79]. The high stability of the chit/EE100 coating at neutral pH would
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also significantly reduce the adverse effect of burst release, i.e., the rapid release of a large dose of the
drug after the implant has been placed in an environment simulating body fluids [83].
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3.4. Corrosion Studies

Figure 8 depicts potentiodynamic polarization curves obtained for the uncoated Ti grade 2
substrate and chitosan, and chit/EE100 coatings in ASS at 37 ◦C temperature. Table 5 summarizes
the determined corrosion parameters such as open circuit potential, corrosion potential, and current
density. Moreover, Figure 9 shows SEM images of the surface topography of the Ti grade 2 substrate,
the chitosan coating, and the chit/EE100 coating obtained after corrosion studies. According to the
results, samples with coatings showed higher corrosion resistance as measured by corrosion current
density compared to the bare Ti grade 2 specimen. Chitosan-based coatings formed a protective layer
separating the metallic substrate from the corrosive environment [16]. The addition of EE100 to the
chitosan coating slightly reduced its corrosion resistance. This results from a more heterogeneous
structure of the chit/EE100 coating and therefore, reduced barrier properties (Figure 9). In the case of
samples with coatings, the corrosion potential value was shifted towards positive values compared to
the uncoated sample. A slight shift of corrosion potential can be attributed, as confirmed by Tafel curves,
to the change of activation polarization, i.e., runs of cathodic and anodic parts. Despite that, the deep
decrease in corrosion current can be ascribed mainly to the increasing ohmic resistance of the biopolymer
coating as compared to the metallic substrate [55]. Improvement of corrosion resistance of the metallic
substrate after application of the chitosan coating was observed in other studies [55,84]. The corrosion
resistance of metal implants is crucial because it can affect biocompatibility and mechanical integrity [85].
Implants in aggressive environments are particularly susceptible to corrosion [86]. Titanium is stable in
a neutral, alkaline, and only slightly acidic environment; below pH ~ 5, it starts to dissolve. In addition,
local pH reduction in peri-implant tissues occurs during inflammation in the human body [87,88].
In such conditions, corrosion products can penetrate peri-implant tissues, which can lead to metallosis
and implant rejection [89].
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Table 5. Open circuit potential, corrosion potential, and current density of the Ti grade 2 substrate and
coated substrate with chitosan and chit/EE100 (sample A1).

Sample OCP (V) Ecorr (V) icorr (nA/cm2)

Ti grade 2 −0.471 −0.453 794.15
Chitosan −0.351 −0.445 4.79

Chitosan/EE100 (A1 sample) −0.306 −0.315 93.79
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Figure 9. SEM images of the surface topography of the Ti grade 2 substrate, the chitosan coating, and the
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×100 (on the left) and ×5000 (on the right).

3.5. Contact Angle Studies

Figure 10 shows the values of the average contact angle for the reference Ti grade 2 sample
and samples with chitosan and chit/EE100 coatings. The obtained results confirmed the hydrophilic
character of all the tested samples. Due to a more uneven surface, almost all samples (except A1’)
showed a lower contact angle compared to the reference sample Ti grade 2. The addition of EE100
reduced the wettability of the coating. However, the contact angle was less than 90◦. The EE100 coating
is water-repellent [62]. The obtained results did not reveal the relationship between the concentration
of EE100 in the suspension, the deposition time, or the value of applied voltage and the value of
the contact angle. For samples with coatings, a higher surface roughness results in a higher wetting
angle. In some cases, surfaces considered to be more uneven were more hydrophilic, probably due to
the penetration of water into the irregularities of the coatings [90]. Some studies suggested that for
the best cell adhesion, the contact angle of the coatings should be in the range of 40◦–60◦. However,
this range depends on the type of cell and may vary [91]. In the case of bone cells, this range is given
as 35◦–85◦, and the optimum value is 55◦ [92]. Therefore, all tested samples were close to the upper
limit of this requirement.
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4. Conclusions

The obtained results confirm that it is possible to produce chitosan coatings with the addition of
Eudragit E 100 in a one-stage electrophoretic deposition process. Applied deposition parameters affect
the quality of the obtained coatings. The increase in the concentration of EE100, voltage, and time of
deposition resulted in a more heterogeneous structure of the coatings. The best process deposition
parameters for chit/EE100 coating on the surface of Ti grade 2 substrate are the 2.5 g/L of EE100 and
1 g/L of high weight chitosan with the degree of deacetylation > 75 % of 1% (v/v) of the aqueous acetic
acid solution, EPD voltage 10 V and EPD time 1 min at room temperature.

Compared to the chitosan coating, the chit/EE100 coatings showed similar hardness and
significantly lower Young’s modulus, similar to that of a human cortical bone; improved adhesion
of the coating to the titanium substrate; a much lower degradation rate at neutral pH. The corrosion
resistance and wettability of these coatings were comparable.

The successful deposition of this biopolymer coating, susceptible to pH change, forms a good
platform for controlled drug delivery systems, where the antibacterial vector can be silver nanoparticles
dispersed in the biopolymer matrix. The production of such a composite coating based on chitosan,
EE100, and silver nanoparticles will be the subject of further research. It would be possible to use them
as a coating containing a drug substance, e.g., on load-bearing implants, which could limit the adverse
effects of the peri-implantitis phenomenon.

Author Contributions: Conceptualization, Ł.P., M.B., and A.Z.; methodology, Ł.P., M.B., A.M.-G., G.S., and M.J.;
formal analysis, Ł.P., M.B., A.Z., and A.M.-G.; investigation, Ł.P., M.B., A.M.-G., G.S., and M.J.; writing—original
draft preparation, Ł.P., M.B., and A.Z.; writing—review and editing, Ł.P., M.B., and A.Z.; supervision, M.B. and
A.Z. All authors have read and agree to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors of the manuscript would like to thank Evonik Industries (Darmstadt, Germany)
for the donation of material used for experiments and Robert Kozioł from the Department of Applied Physics and
Mathematics, the Gdansk University of Technology for technical assistance in samples preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Prasad, S.; Ehrensberger, M.; Gibson, M.P.; Kim, H.; Monaco, E.A. Biomaterial properties of titanium in
dentistry. J. Oral Biosci. 2015, 57, 192–199. [CrossRef]

2. Assis, S.L.; Wolynec, S.; Costa, I. The electrochemical behaviour of Ti-13Nb-13Zr alloy in various solutions.
Mater. Corros. 2008, 59, 739–743. [CrossRef]

3. Niemeyer, T.C.; Grandini, C.R.; Pinto, L.M.C.; Angelo, A.C.D.; Schneider, S.G. Corrosion behavior of
Ti-13Nb-13Zr alloy used as a biomaterial. J. Alloys Compd. 2009, 476, 172–175. [CrossRef]

4. Liu, X.; Chu, P.K.; Ding, C. Surface modification of titanium, titanium alloys, and related materials for
biomedical applications. Mater. Sci. Eng. R Rep. 2004, 47, 49–121. [CrossRef]

5. Rau, J.V.; Fosca, M.; Cacciotti, I.; Laureti, S.; Bianco, A.; Teghil, R. Nanostructured Si-substituted
hydroxyapatite coatings for biomedical applications. Thin Solid Films 2013, 543, 167–170. [CrossRef]

6. Souza, J.C.M.; Sordi, M.B.; Kanazawa, M.; Ravindran, S.; Henriques, B.; Silva, F.S.; Aparicio, C.; Cooper, L.F.
Nano-scale modification of titanium implant surfaces to enhance osseointegration. Acta Biomater. 2019,
94, 112–131. [CrossRef] [PubMed]

7. Mistry, S.; Kundu, D.; Datta, S.; Basu, D. Comparison of bioactive glass coated and hydroxyapatite coated
titanium dental implants in the human jaw bone. Aust. Dent. J. 2011, 56, 68–75. [CrossRef]

8. Schmaljohann, D. Thermo- and pH-responsive polymers in drug delivery. Adv. Drug Deliv. Rev. 2006,
58, 1655–1670. [CrossRef]

9. Sponchioni, M.; Capasso Palmiero, U.; Moscatelli, D. Thermo-responsive polymers: Applications of smart
materials in drug delivery and tissue engineering. Mater. Sci. Eng. C 2019, 102, 589–605. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.job.2015.08.001
http://dx.doi.org/10.1002/maco.200804148
http://dx.doi.org/10.1016/j.jallcom.2008.09.026
http://dx.doi.org/10.1016/j.mser.2004.11.001
http://dx.doi.org/10.1016/j.tsf.2012.12.113
http://dx.doi.org/10.1016/j.actbio.2019.05.045
http://www.ncbi.nlm.nih.gov/pubmed/31128320
http://dx.doi.org/10.1111/j.1834-7819.2010.01305.x
http://dx.doi.org/10.1016/j.addr.2006.09.020
http://dx.doi.org/10.1016/j.msec.2019.04.069
http://www.ncbi.nlm.nih.gov/pubmed/31147031


Coatings 2020, 10, 607 15 of 18

10. Wen, J.; Lei, J.; Chen, J.; Gou, J.; Li, Y.; Li, L. An intelligent coating based on pH-sensitive hybrid hydrogel for
corrosion protection of mild steel. Chem. Eng. J. 2020, 392, 123742. [CrossRef]

11. Zhang, A.; Jung, K.; Li, A.; Liu, J.; Boyer, C. Recent advances in stimuli-responsive polymer systems for
remotely controlled drug release. Prog. Polym. Sci. 2019, 99, 101164. [CrossRef]

12. Fu, X.; Hosta-Rigau, L.; Chandrawati, R.; Cui, J. Multi-stimuli-responsive polymer particles, films,
and hydrogels for drug delivery. Chem 2018, 4, 2084–2107. [CrossRef]

13. Kofuji, K.; Qian, C.J.; Nishimura, M.; Sugiyama, I.; Murata, Y.; Kawashima, S. Relationship between
physicochemical characteristics and functional properties of chitosan. Eur. Polym. J. 2005, 41, 2784–2791.
[CrossRef]

14. Nikam, V. Eudragit a versatile polymer: A review. Pharmacologyonline 2011, 1, 152–164.
15. Muxika, A.; Etxabide, A.; Uranga, J.; Guerrero, P.; de la Caba, K. Chitosan as a bioactive polymer: Processing,

properties and applications. Int. J. Biol. Macromol. 2017, 105, 1358–1368. [CrossRef] [PubMed]
16. Simchi, A.; Pishbin, F.; Boccaccini, A.R. Electrophoretic deposition of chitosan. Mater. Lett. 2009, 63, 2253–2256.

[CrossRef]
17. Ahmad, M.; Manzoor, K.; Singh, S.; Ikram, S. Chitosan centered bionanocomposites for medical specialty

and curative applications: A review. Int. J. Pharm. 2017, 529, 200–217. [CrossRef]
18. Ali, A.; Ahmed, S. A review on chitosan and its nanocomposites in drug delivery. Int. J. Biol. Macromol. 2018,

109, 273–286. [CrossRef]
19. Ahmed, S.; Ikram, S. Chitosan based scaffolds and their applications in wound healing. Achiev. Life Sci. 2016,

10, 27–37. [CrossRef]
20. Farrokhi-Rad, M.; Shahrabi, T.; Mahmoodi, S.; Khanmohammadi, S. Electrophoretic deposition of

hydroxyapatite-chitosan-CNTs nanocomposite coatings. Ceram. Int. 2017, 43, 4663–4669. [CrossRef]
21. Ordikhani, F.; Simchi, A. Long-term antibiotic delivery by chitosan-based composite coatings with bone

regenerative potential. Appl. Surf. Sci. 2014, 317, 56–66. [CrossRef]
22. Park, J.H.; Saravanakumar, G.; Kim, K.; Kwon, I.C. Targeted delivery of low molecular drugs using chitosan

and its derivatives. Adv. Drug Deliv. Rev. 2010, 62, 28–41. [CrossRef] [PubMed]
23. Jiang, T.; Zhang, Z.; Zhou, Y.; Liu, Y.; Wang, Z.; Tong, H.; Shen, X.; Wang, Y. Surface functionalization

of titanium with chitosan/gelatin via electrophoretic deposition: Characterization and cell behavior.
Biomacromolecules 2010, 11, 1254–1260. [CrossRef] [PubMed]

24. Luo, X.L.; Xu, J.J.; Wang, J.L.; Chen, H.Y. Electrochemically deposited nanocomposite of chitosan and carbon
nanotubes for biosensor application. Chem. Commun. 2005, 16, 2169–2171. [CrossRef] [PubMed]

25. Wang, Y.; Guo, X.; Pan, R.; Han, D.; Chen, T.; Geng, Z.; Xiong, Y.; Chen, Y. Electrodeposition of
chitosan/gelatin/nanosilver: A new method for constructing biopolymer/nanoparticle composite films
with conductivity and antibacterial activity. Mater. Sci. Eng. C 2015, 53, 222–228. [CrossRef] [PubMed]

26. Franco, P.; de Marco, I. Eudragit: A novel carrier for controlled drug delivery in supercritical antisolvent
coprecipitation. Polymers (Basel) 2020, 12, 234. [CrossRef]

27. Moustafine, R.I.; Kemenova, V.A.; Van den Mooter, G. Characteristics of interpolyelectrolyte complexes of
Eudragit E 100 with sodium alginate. Int. J. Pharm. 2005, 294, 113–120. [CrossRef]

28. Doerdelmann, G.; Kozlova, D.; Epple, M. A pH-sensitive poly(methyl methacrylate) copolymer for efficient
drug and gene delivery across the cell membrane. J. Mater. Chem. B 2014, 2, 7123–7131. [CrossRef]

29. Leopold, C.S.; Eikeler, D. Eudragit® E as coating material for the pH-controlled drug release in the topical
treatment of inflammatory bowel disease (IBD). J. Drug Target. 1998, 6, 85–94. [CrossRef]

30. Farooq, U.; Khan, S.; Nawaz, S.; Ranjha, N.M.; Haider, M.S.; Khan, M.M.; Dar, E.; Nawaz, A. Enhanced gastric
retention and drug release via development of novel floating microspheres based on Eudragit E 100 and
polycaprolactone: Synthesis and in vitro evaluation. Des. Monomers Polym. 2017, 20, 419–433. [CrossRef]
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