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Abstract: The preparation of the metal surface before coating application is fundamental in deter-

mining the properties of the coatings, particularly the roughness, adhesion, and corrosion re-

sistance. In this work, chitosan/Eudragit E 100 (chit/EE100) were fabricated by electrophoretic dep-

osition (EPD) and both their microstructure and properties were investigated. The present research 

is aimed at characterizing the effects of the surface pretreatment of titanium substrate, applied dep-

osition voltage, and time on physical, mechanical, and electrochemical properties of coatings. The 

coating’s microstructure, topography, thickness, wettability, adhesion, and corrosion behavior were 

examined. The applied process parameters influenced the morphology of the coatings, which af-

fected their properties. Coatings with the best properties, i.e., uniformity, proper thickness and 

roughness, hydrophilicity, highest adhesion to the substrate, and corrosion resistance, were ob-

tained after deposition of chit/EE100 coating on nanotubular oxide layers produced by previous 

electrochemical oxidation. 

Keywords: coatings; titanium; chitosan; eudragit; nanotubular titanium oxide; adhesion; thickness; 

topography; wettability; corrosion resistance 

 

1. Introduction 

The surface of titanium biomaterials for bone implants is usually subjected to modi-

fications aimed at improving osteointegration properties, providing resistance to corro-

sion, or delivering a therapeutic substance to the perivascular tissues. For this purpose, 

the surface layer of the implant is modified or a specific coating is deposited [1–4]. The 

coatings for implants should be characterized by high adhesion to metallic substrates un-

der shear stresses, suitable roughness, and high resistance to corrosion phenomena [5]. 

Nevertheless, such structures often exhibit a weak adhesion to the metallic substrate, 

which is exposed to heavy loads during the implantation procedure [6]. Coating delami-

nation is one of the leading causes of the failure of biomedical implants with surface coat-

ings [7]. The surface roughness of such systems is unfavorable for bonding the implant to 

the tissue or they degrade when exposed to the aggressive environments of the human 

body [8]. One of the key factors and which is rarely studied concerns the influencing of 

the properties of the produced layers and coatings as the method of pretreatment of the 

biomaterial surface before deposition [9,10]. 

There is a wide range of methods for implant surface preparation that affect its prop-

erties including, among others, surface roughness, surface charge, surface energy, and 

chemical composition. Such factors determine the performance of the deposited coatings 
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[11]. Among the methods of surface preparation, mechanical grinding [12,13], electro-

chemical polishing [14], etching [15,16], sandblasting [17,18], and chemical passivation 

[5,19] can be distinguished. 

Dry or wet grinding are the most common and conventional mechanical methods of 

preparing implants before the coating deposition [20,21]. In using abrasive papers of a 

specific gradation, the desired surface roughness can be achieved [22]. Etching of the tita-

nium surface provides a rougher surface and this method is frequently used for dental 

implants [23]. Acid etching is a subtraction method and the surface topography arises 

from a strong corrosion process, causing pits of different dimensions. During etching, the 

protective titanium oxide layer is dissolved, significantly altering the surface properties 

of the processed material [24]. There are reports regarding improved cell proliferation and 

bone formation after the etching of titanium samples [25,26]. Electrochemical anodizing is 

a technique that allows for obtaining self-organized, vertically oriented, and even nano-

tube structures on different metallic surfaces (e.g., zirconium, titanium, and titanium al-

loys). The growth of the nanotubes takes place through electrochemical processes and 

permits high control over the geometry of the structures’ forms [27]. The resulted nano-

tubes of nanometric sizes are characterized by higher wettability and the ability to adsorb 

proteins from surrounding body fluids [28]. Moreover, these structures can reduce the 

adhesion of bacteria to the implant surface. The layer produced adheres strongly to the 

substrate, is difficult to scratch, and is not damaged when bending the substrate [29]. To 

further improve the osteointegration properties, the nanotubes may be modified by at-

taching various biomolecules to their surface. It is also possible to introduce a therapeutic 

substance into their interior, thus providing an effective drug delivery system [30]. The 

development of a surface treatment based on the removal of material by physical, chemi-

cal, and electrochemical methods is still under investigation. There are a variety of more 

advanced methods of pre-treatment for implant surfaces for coating deposition, such as 

micro-arc oxidation (MAO) [31], ion implantation [32], laser modification [33], and friction 

stir processing [34]; however, these methods are expensive and require more complex 

equipment [35]. 

The effect of substrate morphology on the final properties of the resulting coatings is 

seldom studied. Despite that, the beneficial effect of a neutral argon beam etching of 316L 

stainless steel, CoCr alloy, and Ti6Al4V on the adhesion of DLC (diamond-like carbon) 

coatings were confirmed [36]. The significant increase in adhesion of pure carbon coating 

to the Ti6Al4V substrate by carbon ion implantation was also investigated [37]. Subse-

quent treatments on the titanium surface, including grinding, etching in HNO3/HF solu-

tion, sandblasting, soaking in NaOH, and subsequent heat treatment, provided an increas-

ing adhesion trend of the deposited hydroxyapatite (HAp) coatings [38,39]. The increased 

bonding strength of the HAp coating to the titanium substrate was also observed after 

electrochemical oxidation of the metallic substrate and alkaline treatment of the nano-

tubular titania surface [40]. In addition, air abrasion coupled with chemical etching works 

synergistically to create strong bonds between PEEK-based (polyetheretherketone) poly-

mers and dental adhesives [41]. 

Recently, smart coatings sensitive to external environmental conditions have at-

tracted great interest [42–44]. Structures of this type are susceptible to changes in temper-

ature, pH value, electric and magnetic field, or UV-VIS radiation [45]. Representatives of 

this group of materials are chitosan (chit) and Eudragit E 100 (EE100), which tend to be 

sensitive to pH drops. These biopolymers can form a system of controlled release of a 

therapeutic substance [46]. Previous studies on novel biopolymer coatings [47] have con-

firmed that the addition of Eudragit E 100 to chitosan coatings improves their stability in 

neutral pH, while maintaining high sensitivity to pH decline and improving the mechan-

ical properties of these coatings. However, the adhesion of these coatings to the titanium 

substrate was still insufficient. 

This study aims to determine the effect of the applied method of substrate surface 

preparation on the properties, especially roughness, adhesion, and corrosion resistance of 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Coatings 2021, 11, 1120 3 of 19 
 

 

the electrophoretically deposited chit/EE100 coatings. The titanium grade 2 surface was 

subjected to grinding, etching, and electrochemical oxidation, and subsequently the 

chit/EE100 coatings’ electrophoretic depositions using different process parameters were 

performed. 

2. Materials and Methods 

2.1. Substrate Pretreatment 

The substrate used was Ti grade 2 (EkspresStal, Luboń, Poland). Its chemical compo-

sition given by the manufacturer is presented in Table 1. Round Ti grade 2 samples of a 

12-mm diameter and 4-mm height (cut from the bar) were subjected to surface modifica-

tion. 

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 0.170–0.190 rest 

Samples for coating deposition were prepared in three different manners. The first 

pretreatment consisted of grinding the surface of the samples with SiC abrasive paper to 

the final gradation #800. Ground samples were degreased in isopropanol (99.7%, POCH, 

Gliwice, Poland) and washed with distilled water. The second modification involved etch-

ing samples of Ti grade 2 in hydrofluoric acid (10% HF, POCH, Gliwice, Poland) for 1 min 

and washing with isopropanol and distilled water. Finally, electrochemical anodization 

was performed according to the method described in previous studies [5]. The fabrication 

of the oxide nanotube layer was carried out in a solution containing 10 mL of 85% ortho-

phosphoric acid (1 M H3PO4) (Sigma Aldrich, St. Louis, MO, USA), 1.2 mL of 40% hydro-

fluoric acid (POCH, Gliwice, Poland), and 150 mL of demineralized water. The tests were 

conducted using an electrical system consisting of a DC power source (MCP Corp., Shang-

hai, China), a platinum polarization electrode as a cathode, and a Ti grade 2 sample as an 

anode placed at a distance of 10 mm. The process was carried out at room temperature at 

a constant voltage of 20 V for 20 min. After oxidation, the samples were rinsed in distilled 

water and dried in the air at an ambient temperature for 24 h. Following the method of 

surface preparation, the samples were marked as G (ground), E (etched), or A (anodized), 

respectively. 

2.2. Deposition of Chitosan/Eudragit E 100 Coatings 

The electrophoretic deposition of chit/EE100 coatings was carried out according to 

the protocol described previously [47]. In short, an EPD suspension was prepared by dis-

solving 0.1 g of chitosan (coarse ground flakes and powder, purity > 99%, MW 310–375 

kDa, degree of deacetylation > 75%; Sigma-Aldrich, St. Louis, MO, USA) and 0.25 g of 

Eudragit E 100 (purity 99.9%, MW 47 kDa, Evonik Industries, Darmstadt, Germany) in 

100 mL of 1% acetic acid (99.9%, Stanlab, Gliwice, Poland) using a magnetic stirrer 

(Dragon Lab MS-H-Pro+, Schiltigheim, France) for 24 h. Using a setup similar to that for 

the electrochemical oxidation, the Ti substrate was employed as the cathode and the plat-

inum mesh electrode as the anode. The distance between the electrodes was about 10 mm. 

The deposition was performed at an ambient temperature at 10 or 20 V, for 1 or 2 min. 

The characterization of each sample by the applied process parameters is shown in Table 

2. After deposition, the samples were rinsed with distilled water and dried at an ambient 

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

Sample Substrate Pretreatment Suspension Voltage (V) Time (min) 

G1 

Grinding 

100 mL of 1% 

(v/v) acetic acid 

with 0.1 g of chi-

tosan and 0.25 g 

of Eudragit E 

100 

10 
1 

G2 2 

G1′ 
20 

1 

G2′ 2 

E1 

Etching 

10 
1 

E2 2 

E1′ 
20 

1 

E2′ 2 

A1 

Anodization 

10 
1 

A2 2 

A1′ 
20 

1 

A2′ 2 

2.3. Structure and Morphology Studies 

The surfaces of the samples after the substrate pretreatment and further deposition 

of the coatings were examined by a scanning electron microscopy (SEM, JEOL JSM-7800F, 

JEOL Ltd., Tokyo, Japan). Before testing, the samples were sputtered with a 10-nm chro-

mium layer using a DC magnetron sputtering system (Q150T ES, Quorum Technologies 

Ltd., Laughton, UK). The surface topography was examined with an atomic force micro-

scope (NaniteAFM, Nanosurf AG, Liestal, Switzerland). A non-contact mode of examina-

tion was applied at a force set at 55 mN. The three tests carried out on an area of 50 × 50 

μm were conducted. The surface topography parameters, i.e., arithmetic mean deviation 

(Sa), maximum peak height (Sp), and maximum valley depth (Sv), were determined. The 

thickness of the coatings was measured by a dual scope FMP100 coating thickness gauge 

(SN150001281, Helmut Fischer GmbH, Sindelfingen, Germany). Fifteen measurements 

were taken for each coated sample. The coatings were evaluated using an X-ray energy 

dispersion spectrometer (EDS, Edax Inc, Mahwah, NJ, USA) to detect the crystalline 

phases. Fourier-transform infrared spectroscopy (FTIR) using the Perkin Elmer spectro-

scope (Perkin Elmer Frontier, Waltham, MA, USA) in ATR mode with a resolution of 2 

cm−1 in the range of 400–4000 cm−1 was employed to analyze the chemical bonds in the 

investigated materials. 

2.4. Wettability Study 

The falling drop method was performed to measure the water contact angle (Atten-

tion Theta Life, Biolin Scientific, Espoo, Finland) at room temperature. Five measurements 

were made for each sample. The volume of distilled water droplets was about 2 µL and 

the angle was measured 10 s after the droplet. 

2.5. Adhesion Study 

Adhesion of the chit/EE100 coatings to a metallic substrate was determined by a 

scratch test using the NanoTestTMVantage device (Micro Materials, Wrexham, UK). 

Scratches were made over a distance of 500 µm with increasing the load from 0 to 120 mN 

at a load speed of 1.3 mN/s. For each measurement, the force causing the complete delam-

ination of the coating from the substrate was determined based on the sudden change in 

friction force as observed in the normal force vs. friction graph. In addition, all scratches 

were examined using an optical microscope (BX51, OLYMPUS, Tokyo, Japan). 
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2.6. Corrosion Study 

Electrochemical measurements included the determination of the open circuit poten-

tial (OCP) of a system consisting of a platinum counter electrode, a calomel reference elec-

trode, and a coated sample, placed in a simulated body fluid (SBF, prepared according to 

[48]) at 37 °C for 1 h. Subsequently, electrochemical impedance spectroscopy (EIS) was 

performed in the frequency range of 0.1 Hz–100 kHz with RMS = 10 mV. Corrosion curves 

in the −1.0–1.0 V range at a potential change rate of 1 mV/s were determined using the 

potentio-dynamic method. Based on the Tafel extrapolation, the values of the corrosion 

potential (Ecorr) and the corrosion current density (icorr) were found. All tests were con-

ducted using a potentiostat/galvanostat (Atlas 0531, Atlas Sollich, Gdańsk, Poland). 

3. Results and Discussion 

3.1. Structure and Morphology Studies 

Figure 1 depicts the morphology of Ti grade 2 substrates prepared for coating depo-

sition with various surface pretreatment approaches such as grinding, etching, and elec-

trochemical oxidation. In Figure 1a, typical structures resulting from the grinding process 

were visible [49]. Using acid etching, the oxide layer was removed and produced a more 

irregularly textured surface of the titanium substrate (Figure 1b) [24]. After etching, a sur-

face with fairly sharp micro edges was acquired. Similar morphology was reported in a 

previous study [7]. During etching, hydrogen fluoride readily reacted with Ti and both 

titanium fluoride and hydrogen gas were formed [50]. SEM images showed residues from 

the etched surface layer that were not removed by washing the samples with isopropanol 

and distilled water. Images (Figure 1c) at higher magnifications revealed a nanotube oxide 

layer produced by electrochemical oxidation that covered the surface of the titanium sam-

ple [51]. 

 

Figure 1. SEM images of surface pretreated Ti grade 2 substrates after (a) wet grinding, (b) acid etching, and (c) electro-

chemical anodization in different magnifications: ×1000 (a–c), ×5000 (a’–c’), and ×25000 (a’’–c’’). 
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The morphology and cross-section of the TiO2 nanotube layer are illustrated in Figure 

2. The nanotubes were densely packed and vertically oriented. The formation of a porous 

or nanotubular oxide layer on a metallic substrate is the result of three reactions: oxidation 

of the metallic surface of the substrate, dissolution of metal ions in the electrolyte, and 

selective chemical dissolution of the oxide layer caused by etching compounds (e.g., hy-

drofluoric acid HF) in the electrolyte [52]. The gap between the nanotubes was visible. The 

average inner diameter of the nanotubes was about 71 ± 7 nm and their average length 

was about 398 ± 11 nm, while the wall thickness was about 14 ± 2 nm. The wall thickness 

was uneven; this phenomenon may have been caused by voltage fluctuations in the oxi-

dation process [53]. The bottom view images of the nanotubes (Figure 2d) show a dense 

barrier layer formed between the nanotubes and the titanium substrate. This type of nano-

tube oxide layer with comparable morphology was previously found on titanium while 

using orthophosphoric and hydrofluoric acid-based electrolytes [5,54]. By selecting oxi-

dation parameters, it was possible to tune the dimensions of the resulting nanotubes [55]. 

It was proved that by using acidic electrolytes, the growth of nanotubes longer than 500 

nm was not possible due to the high dissolution rate of the formed oxide layer [56]. The 

phenomena of pore formation and the selective dissolution of the TiO2 oxide layer were 

attributed to the presence of fluoride ions in the electrolyte [57]. 

 

Figure 2. SEM images of TiO2 nanotubes on titanium grade 2 obtained by electrochemical anodization at 20 V for 20 min: 

(a) top view with inner diameter measurements of nanotubes; (b) top view with nanotube wall thickness measurements; 

(c) cross-sectional view with nanotube length measurements; and (d) bottom view of nanotubes. 

The morphology of chit/EE100 EPD coatings on the surface of pretreated Ti grade 2 

is presented in Figure 3. All prepared coatings covered the titanium substrate completely, 

and there were no visible discontinuities in the coatings. Coatings deposited on a substrate 
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previously etched and subjected to electrochemical oxidation exhibited a more heteroge-

neous surface compared to coatings deposited on the ground surface. The morphology of 

the deposited coatings reflected the irregularities of the titanium surface after pretreat-

ment. In all cases, the surface of the coatings revealed traces of hydrogen bubbles forming 

on the cathode during the EPD process. This phenomenon was less pronounced for coat-

ings deposited on the etched surface, where the chit/EE100 coating embedded itself in the 

deeper irregularities of the etched surface of the titanium substrate. The unfavorable elec-

trolysis of water during the EPD process, which significantly deteriorates the uniformity 

of the as-deposited coatings, could be mitigated by using another liquid medium to pre-

pare the EPD suspension [58]. The effect of the applied chit/EE100 coating deposition pa-

rameters on their morphology was less clear. It can be noted that increasing the applied 

deposition voltage intensified the electrolysis of water and formation of more hydrogen 

bubbles on the cathode, which contributed to a more porous coating. The EPD mechanism 

of chitosan and Eudragit E 100 deposition is based on the positive charge of chitosan and 

Eudragit E 100 molecules because of their protonation in acetic acid solutions and for-

mation of cationic electrolytes. The absorption of chitosan and Eudragit E 100 on the neg-

atively charged cathode arises from the electrophoretic movement of the macromolecules 

of these biopolymers during EPD. As a result, the pH at the electrode surface increases 

and the positively charged biopolymer molecules are subsequently neutralized [47,59]. 

 

Figure 3. SEM images of chitosan/EE100 coatings deposited on the surface of pre-treated Ti grade 2 samples for different 

process parameters: (a) G1, (b) G2, (c) G1′, (d) G2′, (e) E1, (f) E2, (g) E1′, (h) E2′, (i) A1, (j) A2, (k) A1′, and (l) A2′ sample, 

magnification ×1000. 

The atomic force microscopy 3D surface topography maps are depicted in Figure 4. 

To quantitatively describe the surface topography of the studied samples, the values of 

the arithmetic mean deviation (Sa), maximum peak height (Sp), and maximum valley 

depth (Sv) were determined, and the values are presented in Table 3. Among the selected 

surface pretreatment methods for the deposition of biopolymers, the surface roughness 

value of titanium grade 2 increased in the order G < A < E. As expected, the etching process 

of the titanium substrate contributed to a surface with the highest roughness. Deposition 

of the chit/EE100 biopolymer coating on the prepared surfaces resulted in a reduction in 
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the roughness of these surfaces, although the trend between the different types of surface 

preparation methods remained the same. This was most likely because of the particles of 

the deposited biopolymers filling the cavities created in the substrate by surface pretreat-

ment and creating a smooth surface. The effect of the coating deposition parameters on 

the surface roughness value was less pronounced. For the E-series samples, it was deter-

mined that increasing deposition time and voltage contributed to a decrease in surface 

roughness. The increase in these deposition parameters resulted in more biopolymer par-

ticles’ deposition and the filling of sizable irregularities after the etching process. In the 

case of long-term implant surfaces, the topography is the decisive factor of the correct 

osseointegration of the implant with bone tissue. The effect of roughness on the viability 

of osteogenic cells has been widely studied previously [60,61]. The positive effect of in-

creased roughness on the adhesion of L929 fibroblasts and MG-63 osteoblasts has been 

proven [62]. Thus, in the present results, the most biocompatible coatings are the E group 

coatings. Conversely, it has been speculated that with the increase of roughness, the risk 

of bacterial biofilm formation also increases [63]. 

The results of the thickness measurements of the coatings deposited on the substrates 

prepared using various methods are presented in Table 3. Coatings deposited on a ground 

titanium substrate (group G) were characterized by the highest thickness. Lower thickness 

values of deposited coatings were observed for etched samples and were the lowest for 

samples after electrochemical oxidation. For all groups of samples, there was a tendency 

for the coating thickness to increase as the deposition time increased. This trend was not 

visible for the increasing deposition voltage. Most likely, the increase in the applied dep-

osition voltage significantly increased the intensity of the water hydrolysis process, result-

ing in the more intense formation of hydrogen bubbles on the cathode, which contributed 

to an increase in the heterogeneity of the deposited film thickness distribution [64]. The 

fairly high standard deviations of the measured coating thickness values may be due to 

local non-uniformity of the produced coatings or the limited sensitivity of the measuring 

tool. 

 

Figure 4. Surface topographies obtained by atomic force microscopy of the investigated samples. 
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Table 3. Surface topography parameters and coatings’ thickness measurement results. 

Sample 
Surface Topography Parameters 

Coating Thickness (µm) 
Sa (nm) Sp (nm) Sv (nm) 

Ti grade 2 (G) 128 ± 8 943 ± 291 −672 ± 195 – 

Ti grade 2 (E) 582 ± 47 4458 ± 213 −2684 ± 178 – 

Ti grade 2 (A) 157 ± 18 1232 ± 479 −591 ± 79 – 

G1 111 ± 1 578 ± 25 −470 ± 55 2.86 ± 0.51 

G2 75 ± 11 698 ± 202 −263 ± 59 6.24 ± 0.69 

G1′ 75 ± 1 464 ± 32 −299 ± 33 3.54 ± 0.97 

G2′ 106 ± 13 596 ± 178 −397 ± 17 6.45 ± 1.57 

E1 272 ± 41 1765 ± 331 −1252 ± 226 2.19 ± 0.15 

E2 251 ± 16 1364 ± 356 −1009 ± 120 2.29 ± 0.24 

E1′ 219 ± 12 1059 ± 95 −732 ± 56 1.66 ± 0.23 

E2′ 156 ± 25 1001 ± 254 −673 ± 156 2.60 ± 0.91 

A1 96 ± 12 536 ± 114 −445 ± 133  1.46 ± 0.71 

A2 103 ± 11 454 ± 47 −436 ± 53 2.14 ± 0.44 

A1′ 214 ± 6 770 ± 9 −679 ± 37 1.74 ± 0.39 

A2′ 145 ± 12 452 ± 41 −491 ± 81 1.84 ± 0.49 

Qualitative EDS analysis of samples with chit/EE100 coatings deposited on the sub-

strate after grinding, etching, and electrochemical oxidation (samples G1, E1, and A1, re-

spectively) revealed characteristic peaks relating to the substrate material (Ti) and biopol-

ymer coating (C, O, N) (Figure 5a,b,c). Peaks related to the sputtered chromium (Cr) layer 

were also visible. For G1 and A1 samples, a weak peak from silicon (Si) was also identified, 

most likely resulting from the grinding process of the samples at the surface preparation 

stage for coating deposition. 

The FTIR analysis results are given in Figure 5d. G2, E2, and A2 samples were se-

lected for testing due to the increased thickness of the chit/EE100 coatings. Intensities re-

lated to both chitosan and Eudragit E 100 were identifiable on the spectra [65,66]. At 2940 

cm−1, 1450 cm−1, and 1380 cm−1, the vibrations of the CHx groups of Eudragit E 100 were 

distinguishable. The absorptions at 2865 cm−1 and 2820 cm−1, in turn, could be attributed 

to the dimethylamine groups of EE100. A strong C=O ester stretching band at 1750 cm−1 

was detected. Other typical bands for EE100 ester groups were observed in the 1300–1145 

cm−1 range. Concerning chitosan [66], oscillations of carbonyl bonds (C=O) from amide 

groups in the range of 1650–1450 cm−1 were reported. CO bond vibrations could be iden-

tified from the absorption between 1145 and 1000 cm−1. The results confirmed that the 

produced coatings are a blend of chitosan and Eudragit E 100. 
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Figure 5. EDS (a), (b), (c), and FTIR (d) analysis results of samples with chit/EE100 coatings deposited on substrates after 

(a) grinding (sample G1), (b) etching (sample E1), and (c) electrochemical oxidation (sample A1). 

3.2. Wettability Study 

The results of the contact angle measurements of titanium substrates and samples 

with biopolymer coatings are depicted in Figure 6. Except for the sample Ti grade 2 (E), 

all other specimens were characterized as hydrophilic but with still relatively high contact 

angle values. Among the samples without coatings, the contact angle value followed the 

trend G < A < E, similar to the results of the roughness measurements of these surfaces. 

The lowest contact angle value was determined for the titanium substrate after grinding 

(sample G). Among the coated samples, the G-series samples showed relatively better 

wettability. The effect of the applied chit/EE100 coating deposition parameter on the wet-

ting angle value of the produced coating was scarcely evident. The results generated for 

the chit/EE100 coatings were similar to those reported in the previous study [47]. In com-

paring the results of the contact angle measurements with the surface roughness meas-

urements of the prepared samples, for most samples, a trend was evident: as the surface 

roughness increased, the value of the contact angle also increased. 

Currently, the possibility of modifying and controlling the surface wettability of bio-

materials has drawn considerable scientific and technological interest. There are reports 

about the increased wettability of the implant surface, which improves its biocompatibil-

ity [67]. In biological systems, implant wettability plays a crucial role in mediating protein 

adsorption and cell adhesion; however, this also refers to bacterial cells [7,68]. The litera-

ture data indicate that an increase in the hydrophobicity of the biomaterial surface con-

tributes to a reduction in bacterial adhesion [69]. It is, therefore, necessary to obtain a sur-
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face with optimum wettability that will provide easy adhesion of, for example, bone-form-

ing cells and at the same time be less susceptible to bacterial colonization. For bone cells, 

an optimal contact angle value that provides the best cell proliferation is assumed to be 

35–85°, with an optimal value of 55° [70]. The coated samples produced in this study were 

within this range. Additionally, to reduce bacterial adhesion without significantly chang-

ing the wettability of the surface, the produced coatings could be enriched with substances 

with antimicrobial activity, e.g., silver or copper nanoparticles [71]. 

 

Figure 6. The results of the water contact angle measurements for the surface of pre-treated Ti grade 2 substrates and the 

modified substrates with chit/EE100 coatings obtained for different process parameters. Data are presented as the mean ± 

SD (n = 5). 

3.3. Adhesion Study 

Selected critical force versus friction force relationship curves and the corresponding 

microscopic images of single scratches with marked critical force (Lc) causing the com-

plete removal of the biopolymer coating from the metallic substrate obtained from the 

scratch test are shown in Figure 7. The average critical load and critical friction force val-

ues calculated from ten scratches are summarized in Table 4. 

The area of complete biopolymer coating removal from the titanium substrate pre-

pared before deposition was determined by the abrupt change in the value of the indenter 

friction force on the metal substrate. The values corresponded to the scratch images from 

the optical microscope. The higher Lc force value reflected better adhesion of the 

chit/EE100 coating to the titanium substrate. Based on the results obtained, the best adhe-

sion to a properly prepared metallic substrate was observed for the coatings deposited on 

the substrate after electrochemical oxidation (series A). However, those Lc values were 

comparable to those for coatings deposited on previously ground titanium (series G). For 

the etched samples (series E), it was difficult to determine the exact location of coating 

delamination because the surface of these samples possessed the highest inhomogeneity 

and individual scratches were barely visible. The effect of the applied EPD parameters of 

coating deposition on the adhesion of the coatings to the substrate was negligible. Con-

cerning surface roughness, a higher adhesion of the coating to the metallic substrate was 

observed for the less rough substrate. The research study determined the positive effect 

of electrochemical oxidation on the adhesion of biopolymer coatings. Similar results are 

observed from the tests for other coatings deposited on the titanium alloy [72,73]. For 

coatings deposited on a TiO2 nanotube substrate, the improvement in adhesion can be 
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attributed to the increase in the surface area caused by surface modification at the na-

noscale. In addition, increased adhesion should be attributed to the C=O bond between 

the coating and nanotube substrate, where the highest band intensity in the FTIR test was 

confirmed for coatings of group A. Tests of biopolymer coatings deposited by the electro-

phoretic method are not frequently performed; however, the adhesion tests of such coat-

ings are crucial for determining their mechanical properties. Tests with the use of the 

scratch-test technique for biocomposite EPD coatings (chitosan/gelatin/silica-gentami-

cin/bioactive glass) showed values of the critical force at the level of no more than 30 mN, 

with a maximum set force of 500 mN [74]. 

 

Figure 7. Scratch test curves obtained for coated specimens along with a single-scratch image and marked critical load 

value (Lc). 
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Table 4. The critical load and critical friction values determined from the scratch test of chit/EE100 

coatings deposited on substrates prepared variously. 

Sample Critical Load (mN) Critical Friction (mN) 

G1 37.63 ± 4.63 55.56 ± 8.28 

G2 57.18 ± 4.22 97.77 ± 9.94 

G1′ 55.84 ± 2.12 97.91 ± 5.96 

G2′ 43.54 ± 6.48 90.46 ± 17.18 

E1 23.29 ± 4.67 44.85 ± 12.06 

E2 31.91 ± 4.42 59.40 ± 10.55 

E1′ 19.53 ± 5.17 35.98 ± 11.60 

E2′ 34.11 ± 7.24 59.32 ± 13.16 

A1 53.31 ± 4.41 100.19 ± 10.65 

A2 54.15 ± 8.31 123.11 ± 22.05 

A1′ 52.07 ± 5.89 117.52 ± 14.69 

A2′ 44.82 ± 4.54 104.10 ± 14.00 

3.4. Corrosion Studies 

The results of the electrochemical assay are presented in Figure 8 and Table 5. The 

OCP value was used as a parameter to determine the initial corrosion resistance of the 

tested samples. All samples achieved stabilization in the SBF solution after 1 h (Figure 8a). 

An increase in the OCP value over time was observed for all tested samples because of 

the progressive stabilization of the forming passive layer; however, the course of the 

curves was moderate [75]. For coated samples, the open circuit potential values were 

shifted towards positive values as compared to samples without coatings. The recorded 

OCP values were in the range of about −0.4 to 0.1 V. The most positive value of the poten-

tial was recorded for the G1 sample. 

The OCP value corresponded to the approximate value of Ecorr. According to the cor-

rosion curves (Figure 8b), the Ecorr values of coated samples were higher compared to a 

bare sample, demonstrating lower corrosion resistance, and OCP values also shifted into 

less noble potentials. Based on the curves, corrosion parameters were determined using 

the Tafel extrapolation method (Table 5). The highest Ecorr value was recorded for sample 

G1. However, the icorr values for all samples were relatively low, on the order of nA/cm2. 

Similar results were obtained in previous studies of samples made of titanium or its alloys 

[47,71]. The formation of an oxide nanotube layer on the titanium grade 2 surface ensured 

higher corrosion resistance of the sample compared to the other two types of surface pre-

treatments. Presumably, the nanotube oxide layer provided a barrier separating the me-

tallic substrate from the corrosive environment (as shown in Figure 2d), resulting in 

higher corrosion resistance [76]. Deposition of the biopolymer coating on modified sub-

strates contributed to a decrease in the corrosion resistance of the samples. This is most 

likely due to the coatings’ non-uniformity, which may contribute to the formation of cor-

rosion channels [77]. In comparing the values of Tafel slopes, for the samples without 

coatings, the βc value was lower than the βa value. This indicates that anodic processes are 

faster than cathodic processes in this system. The higher the value of the Rpol resistance, 

the smaller the corrosion rate, thus the corrosion resistance of the coating can be evaluated 

by the Rpol value. Significantly higher Rpol values were observed for samples without coat-

ings, which corresponded to a lower icorr value [78]. 

Figure 8c,d present the EIS data. The Nyquist plots were well-defined at high and 

low frequencies. The impedance was characterized by employing a quarter-circle capaci-

tive loop for all samples. Similar shapes of impedance curves were reported in other stud-

ies on chitosan-based coatings [79]. The E-series samples exhibited the highest impedance, 

while the ground samples exhibited the lowest values. The correlations between the un-

coated samples and samples with chit/EE100 coatings were merely visible. In analyzing 
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the Bode-phase diagrams in Figure 8d, the phase angles for all samples approached 0° at 

high frequencies, suggesting that the impedance was mainly dominated by the electrolyte 

resistance [79]. At lower frequencies, the phase angles of the uncoated and coated sample 

after etching were higher than those of the other samples. According to the Bode plots, 

within the whole frequency range, the samples showed higher impedance after electro-

chemical oxidation, which indicated higher corrosion resistance. The results did not com-

pletely coincide with the corrosion curves, which may be due to the changing test condi-

tions. The corrosion curves were measured after the impedance tests, thus the prolonged 

presence of the samples in the SBF solution could contribute to the swelling of the biopol-

ymer coating, which could have affected the corrosion resistance of the tested sample [71]. 

Figure 9 depicts the microstructure of the samples after electrochemical testing. For 

both pretreated samples and coated specimens, no evidence of corrosion impact was evi-

dent. As in previous studies, when exposed to the SBF environment, swelling of the bi-

opolymer coating was visible in the SEM images. Swelling occurs due to an increase in 

the volume of the polymer as a result of solvent uptake. This mechanism is often consid-

ered in biopolymer coatings [80]. 

 

Figure 8. (a) Open circuit potential (OCP); (b) potentiodynamic polarization curves; (c) Nyquist plots; and (d) Bode plots 

of the surface of pre-treated Ti grade 2 substrates and samples with chit/EE100 coatings. 
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Table 5. Open circuit potential (OCP); corrosion potential (Ecorr); current density (icorr); Tafel slope values (βa and βc); and 

polarization resistance (Rpol) of the investigated samples. 

Sample OCP (V) Ecorr (V) icorr (nA/cm2) βa (mV) βc (mV) Rpol (kΩ·cm2) 

Ti grade 2 (G) −0.307 −0.234 84.905 314.318 219.406 660.804 

Ti grade 2 (E) −0.282 −0.257 101.973 423.702 159.648 493.759 

Ti grade 2 (A) −0.376 −0.340 64.237 513.015 113.258 627.128 

G1 0.115 −0.041 654.635 175.330 370.191 78.918 

E1 0.097 −0.065 393.674 446.942 379.676 226.428 

A1 −0.049 −0.062 190.636 327.120 568.025 472.877 

 

Figure 9. SEM images of the surface of pre-treated Ti grade 2 substrates after (a) wet grinding (G), (b) acid etching (E), and 

(c) electrochemical anodization (A), and for the samples: (d) G1, (e) E1, and (f) A1 with chit/EE100 coatings after electro-

chemical tests (images obtained with magnification at ×5000). 

4. Conclusions 

Surface modifications of metallic biomaterials significantly affects their physico-

chemical properties. It is difficult to determine which of the proposed techniques for sub-

strate preparation, before the deposition of biopolymer coatings, grinding, etching, or 

electrochemical oxidation, results in the best coating performance. However, based on the 

performed tests, it can be concluded that the coatings deposited on the nanotube oxide 

substrate showed high uniformity, adequate thickness (about 1.8 µm) and roughness (Sa 

about 140 nm), satisfactory wettability (θ ≈ 75°), and the highest adhesion (Lc value 

around 50 mN) to the metallic substrate in comparison with the other coatings deposited 

on substrates prepared differently. In addition, these samples showed superior corrosion 

resistance in an environment simulating human body fluids, which is particularly im-

portant for implant applications. Besides the biopolymer coating, the nanotube oxide lay-

ers additionally separated the metallic substrates from the corrosive medium. Such layers 

can provide an excellent carrier for the drug substance, which, in combination with a 

smart biopolymer coating based on chitosan and Eudragit E 100, will enable the develop-

ment of a controlled drug delivery system. The applied EPD process parameters changed 
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the morphology of the coatings, which translated into changes in the surface roughness 

and wettability. Their effect on adhesion and corrosion resistance is less pronounced. 
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