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Abstract: The increasidng demand for implants due to the aging populations highlights the necessity
for applying highly functional coatings on the surface of implants. This study investigates the impli-
cations of applying a chitosan/polylysine composite coating on anodized titanium surfaces, aiming
for improved biocompatibility, bioactivity, and anti-bacterial properties. Titanium substrates were
anodized at 40 volts for a duration of two hours, followed by dip coating with the chitosan/polylysine
composite. Fourier-transform infrared (FTIR) analysis was employed to characterize the polymer
structure, while field emission scanning electron microscopy (FESEM) and energy-dispersive X-ray
spectroscopy (EDS) techniques were utilized to evaluate nanotube morphology and the coating
structure. Results showed that samples containing 1.5% polylysine exhibited noticeable anti-bacterial
properties and cell viability above fifty percent. Subsequent immersion in simulated body fluid
(SBF) for a duration of two weeks revealed the formation of apatite crystals on the coated samples,
indicating that the samples are bioactive. Furthermore, polylysine contributed to enhanced resistance
against degradation in phosphate-buffered saline (PBS) solution. Overall, the chitosan/polylysine
composite coating exhibited promising mechanical and biomedical characteristics, suggesting its
potential for applications in orthopedic implants.

Keywords: chitosan; anodizing; titanium; polylysine; biomedical

1. Introduction

Dramatic changes in lifestyle are associated with health challenges, necessitating new
approaches and innovative solutions in the biomedical sector [1-3]. With an increase in the
average weight and reduced activities, resulting in increasing bone injuries and defects [4].
This clearly necessitates the need for implants and bone graft materials with enhanced
properties [5]. Repairing bone defects has always been a challenge, given that infections
or immune reactions are always a possibility [6,7]. With that said, there is a demand for
safer and more reliable methods to address current bone-related treatments [8,9]. Effec-
tive bone regeneration requires perfect attachments, controlled biodegradability, proper
nutrient/oxygen transfer, and delivery of vital factors for cell formation and tissue integra-
tion [10]. Metallic implants, such as special steel, Co-Cr alloys, and Ti alloys, are widely
used options for applications such as joint replacement and fixtures for bone fractures,
especially when it comes to applications where high mechanical properties are needed [11].
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Ti alloys also demonstrate excellent biocompatibility for orthopedic applications [12]. Nev-
ertheless, the lack of proper bioactivity and the fact that Ti in nature is not anti-bacterial are
major concerns in the seamless integration of titanium implants within living tissues [13].
Bacterial infections, associated with implants, have emerged as a difficult and yet very com-
mon challenge in the field of orthopedic surgery. To address these concerns, various surface
modifications have been proposed, including the inclusion of antibiotics and metal oxides
such as Ag, Cu, and Zn on the surface of implants [14]. Using carbon-based materials like
carbon nanotubes and graphene, as well as organic coatings such as anti-bacterial peptides,
has lately gained attention [15]. While most of these methods are capable of effectively erad-
icating microorganisms, they may concurrently impose health risks by causing damage in
normal cells [16]. With these complications in mind, there is an ever-increasing demand for
the development of non-cytotoxic and highly efficient anti-bacterial coatings on biomedical-
grade titanium alloys with enhanced bioactivity and osseointegration properties. To this
end, cationic antimicrobial peptides have emerged as a promising solution [17]. Antimi-
crobial peptides have lately been extensively utilized to modify the surfaces of implants,
given that they do have superior anti-bacterial characteristics, minimal drug resistance,
and low cell toxicity [18]. The incorporation of anti-bacterial peptides into the surface of
orthopedic implants appears to be a biologically safe and effective strategy in the creation of
anti-bacterial surfaces that are highly resistant against infections while imposing any risk to
healthy tissues [19]. Chitosan, a polymer that is derived from partially de-acetylated chitin,
is abundantly present in nature, specifically in the exoskeletons of crustaceans and the walls
of fungi [20]. The limited solubility of chitosan in physiological solvents, such as water, is
attributed to strong intermolecular hydrogen bonding [21]. In acidic aqueous environments
(pH < 6), chitosan is positively charged due to the protonation of amino groups, thereby
enhancing its solubility by overcoming the associative forces between polymer chains [22].
The anti-bacterial properties of chitosan are ascribed to its polycationic structure, which
is essential for electrostatic interactions with the negatively charged bacterial cell wall.
The anti-bacterial mechanism, associated with chitosan, involves initial attachment to
the cell wall, physical disruption of the cell membrane, attachment to the DNA (thus
inhibiting replication), and finally resulting in the cell demise [23]. Protein adsorption,
which takes place in the very beginning of implantation, creates a reaction environment in
which positively charged amino groups of chitosan electrostatically interact with negatively
charged proteins. All these complicated interactions are controlled by factors such as pH,
temperature, ionic content of the solution, and the surface properties (i.e., roughness and
hydrophobicity) of the biomaterial [24]. The extent of protein adsorption at the surface is
a crucial aspect of a biomaterial surface. That and the intricate interactions between the
chitosan layer and the adsorbed protein layer are important factors when it comes to the
biomedical functioning of the chitosan-coated implant [25]. When it comes to properties
of a novel composition or coating in biomedical applications, it is of crucial importance to
evaluate different structural aspects and biological interactions of the material with the
surrounding tissue [26-28].

e-Polylysine (e-PL) is a biopolymer naturally produced by Streptomyces albulus, at-
tracting loads of attention from the biomedical community in recent years. e-PL is known
to have remarkable anti-bacterial properties and superior biocompatibility. Also, notice-
able water solubility and temperature resistance are reported in this polymer [29]. These
properties make ¢-PL a promising candidate for biomedical applications. The anti-bacterial
effectiveness of e-PL can be related to electrostatic interactions between the positively
charged amino (-NH?3*) groups in the polylysine structure and the surfaces of microor-
ganisms [30]. This type of interaction results in the destruction of cell membranes of
microorganisms [31]. The anti-bacterial effectiveness of polylysine essentially has to do
with the quantity of protonated NH3* groups or the presence of L-lysine residues in its
structure [32]. It is postulated that there is a positive association between the molecular
weight of polylysine and its anti-bacterial properties [32]. Larger molecular weights are
believed to be associated with enhanced anti-bacterial efficacy, resulting in a decrease in
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the minimum inhibitory concentration of S. aureus [33]. Currently, e-PL and its derivatives
have shown very promising results in cancer treatment due to their exceptional stability
and efficiency in drug encapsulation [34]. Additionally, e-PL plays a vital role in tissue
adhesion [34] and the healing of bacteria-infected wounds [35]. The diverse range of appli-
cations for e-PL highlights its potential importance in various biomedical applications and
makes it one of the most promising biopolymers when it comes to the coating of implants.

This study investigates the effects of surface modification of anodized titanium using
innovative chitosan/polylysine composite coatings, aimed at improving the properties
of pure titanium for biomedical applications. Titanium alloy substrates underwent an-
odization to generate nanotubular structures on their surfaces, enhancing their functional
properties. Following the anodization process, various polymeric compositions of chitosan
and polylysine were applied to the modified titanium surfaces. The primary focus of this re-
search was to assess the anti-bacterial and biomedical performance of chitosan/polylysine-
modified titanium alloys. The novelty of this study lies in the application of composite
coatings, which provide an effective approach to enhancing the bioactivity, anti-bacterial
properties, and overall performance of pure titanium, making it more suitable for use in
medical implants.

2. Materials and Methods
2.1. Materials

Ammonium fluoride (NH4F, Sigma-Aldrich, Darmstadt, Germany), Chitosan (190 KDa,
Sigma-Aldrich, Darmstadt, Germany), phosphoric acid (H3POy, Sigma-Aldrich, Darmstadt,
Germany), and Poly-¢-Lysine (e-PL, Sigma-Aldrich, Darmstadt, Germany) were used to
prepare the anodized bath.

2.2. Sample Preparation

To attain nanotubes over the surface of substrates, an anodizing solution was prepared
by mixing 100 mL of distilled water with phosphoric acid. Then, 0.37 g of NH4F. A
polymeric solution was prepared by adding 10 g per liter of chitosan, combined with
1 volume percentage of acetic acid, in a solvent volume of 10 mL of water. Chitosan-0.5%
e-PL, chitosan-1% &-PL, chitosan-1.5% &e-PL, and chitosan-3% e-PL samples were prepared
by adding the proper amount of ¢-PL to the chitosan solution. Polymeric coatings were
applied by the dip-coating method. A substrate made of TigAl4V, cut in 10 x 30 mm, was
used in this study. The anodizing procedure for the substrate was carried out for 2h at a
potential difference of 40 V. Samples were heated at 550 °C to facilitate the formation of
the anatase phase. Anodized samples were cleaned with ultra-solicitation for 30 s before
coating chitosan/e-PL coating layers. The dip-coating technique was chosen on the grounds
that it provides a uniform coating layer over surfaces. Coated samples were left to air-dry
at ambient temperature for 48 h. The schematics of the sample preparation are shown
in Figure 1.

2.3. Materials Characterizations

A series of tests were conducted to comprehensively characterize the samples and
coatings under investigation. The analytical techniques employed provided insights into
the structural, chemical, and physical properties of the materials, as well as their biological
and anti-bacterial performance. FTIR was performed to determine the structure and chemi-
cal composition of the coatings; SEM (SEM, Philips 30 X1, Eindhoven, The Netherlands) and
energy dispersive X-ray spectroscopy (EDS) were performed to investigate the surface struc-
ture and chemical composition of coatings, respectively. The contact angle was measured to
assess the hydrophobicity of the surface. The surface roughness and the topography of the
coating layer were evaluated using a laser profilometer. And finally, biological tests were
performed to check the bioactivity and biocompatibility of the coatings, and anti-microbial
tests were conducted to evaluate the anti-bacterial properties of e-PL-chitosan coatings.
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Figure 1. Schematic representation of the experimental procedure for fabricating and modifying
the Ti-6Al-4V anodized surface. The process includes anodizing in an electrolyte solution, heat
treatment at 550 °C for 2 h, ultrasonic cleaning to remove contaminants, and subsequent dip-coating
in a chitosan/polylysine solution to form a hybrid layer over the nanotubes.

2.4. Biological Characterizations

To evaluate the bioactivity of coated samples, samples were exposed to simulated body
fluid (SBF) solution (1X concentration, 142Na*-5K*-1.5Mg?*-2.5Ca?*-148C1~!-4.2HCO;—
1HPO,3~-SO427), for two weeks to monitor the formation of hydroxyapatite crystals,
expected to be formed by the release of P and Ca ions from the solution. The temperature
was kept constant at 37 °C in a water bath during the test. During the 14-day immersion
period, the pH of the solution was monitored every day. The formation of hydroxyapatite on
samples was investigated utilizing SEM, enabling detailed visualization of the precipitated
crystals. Furthermore, the contents of Ca and P present in the solution were quantitatively
analyzed by the application of inductively coupled plasma mass spectrometry (ICP). This
multi-faceted approach provided comprehensive insights into the bioactivity and efficacy
of the coated samples in facilitating the precipitation of hydroxyapatite crystals, a crucial
indicator of their potential for biomedical applications. To conduct in-vitro bioactivity
tests, representative Gram-positive bacteria (Staphylococcus aureus ATCC 6538) and Gram-
negative bacteria (Escherichia coli ATCC10536) were used with a 0.5 McFarland concentration
to attain a standard bacterial suspension for consistent testing conditions. Afterwards,
bacterial suspensions were incubated at 37 &= 2 °C for 24 h. The controlled incubation
period allows for the assessment of bacterial growth under optimal conditions. Following
the incubation period, each sample underwent dilution, down to 107 to 10~!. These
dilutions were accurately prepared to create a range of concentrations for thorough testing
and analysis. Subsequently, diluted samples were cultured for an extra 24 h at 37 + 2 °C.
After the incubation period, the count of colonies at each concentration was conducted.
This step enables the quantification of bacterial growth under varying concentrations and
conditions. Finally, the colony counting was carried out. Deviations from the control sample
provide valuable insights into the anti-bacterial response of tested substances against the
chosen bacteria, helping to evaluate their usefulness and prospects for further anti-bacterial
applications.

Biocompatibility /cell viability of specimens was evaluated by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, according to the ISO 10993-
5:2009 standard [36], which is basically based on the gauging of the viability of cells by
evaluating the variation in MTT color within the mitochondria of living cells. MTT is a
photometric estimate of viable cell numbers. Before the MTT test, specimens were sterilized
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in an autoclave. The MTT test involved seeding 1 x 10* MG63 cell samples with DMEM
culture media into 96-well plates in triplicate. Various contents (100, 50, 10, 5, and 1%) and
10 uM of the sample solution were poured into the wells three times and incubated in a 5%
carbon dioxide atmosphere at 37 £ 1 degrees Celsius for 24 h. Following this treatment,
each well received 20 microliters of 5 mg/mL MTT dye. More details on the MTT protocol
can be found here [13].

3. Result and Discussion
3.1. FTIR-ATR Analysis

Figure 2 represents the ATR-FTIR results from chitosan, ¢-PL, and chitosan-¢-PL
coatings on anodized TigAl4V substrate. The presence of discernible FTIR peaks approves
the complete coatings of these polymers onto the substrates, with identifiable peaks related
to typical vibrational modes of both chitosan and ¢-PL. The ATR data clearly elucidate
the chemical structure of the deposited layers, displaying well-known peaks linked to
functional groups in both chitosan and &e-PL. Chitosan is a natural polysaccharide with a
chemical formula (CgH;3NOs), and amino groups in e-PL are clearly present, providing
strong evidence of the active deposition of these polymers over the surface. The mixture of
these coatings is predicted to end up in a change in peak height, as depicted in Figure 2.
Particularly in the case of chitosan, the strongest peak is at 3250, while the weakest one is
centered at 600. In the case of e-PL, these peaks are seen at 1617 and 1047, respectively.
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Figure 2. ATR-FTIR for chitosan, e-PL, and chitosan-¢-PL samples at (a) 500 to 4000, (b) 2000 to 4000,
and (c) 500 to 2000 cm 1.

3.2. Stereomicroscope Results

Stereomicroscope images of an uncoated anodized sample and those of specimens
coated with chitosan-x%e-PL (0.5 < x < 3%) are shown in Figure 3. Figure 3a shows the
uncoated surface, entirely in yellow. Subsequently, Figure 3b depicts the coated surface
with pure chitosan (in purple), which exhibits complete uniformity all over the surface.
Figure 3c illustrates the impact of introducing e-PL into the chitosan matrix. It is evident
that the addition of e-PL has some implications for the coating layer. As the concentration
of e-PL in the coating increases, the topology of the coating layer changes in such a way
that some uncoated yellowish spots are visible over the surface. This phenomenon is
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likely due to the change in the shrinking behavior caused by the addition of ¢-PL to the
chitosan matrix.

100 pm

100 pum P 100 pum

Figure 3. Stereomicroscope micrographs of (a) as-received TigAlsV surface and surfaces with (b) chi-
tosan, (c) chitosan-0.5% ¢-PL, (d) chitosan-1.0% &-PL, (e) chitosan-1.5% ¢-PL, and (f) chitosan-3.0%
¢-PL as coating layers.

3.3. FE-SEM Microscopy

Figure 4 illustrates FE-SEM images of TiO, nanotubes formed on the anodized surface
together with EDS analysis. As expected, the EDS/SEM results show titanium and oxygen-
related peaks, inferring that TiO, nanotubes have been successfully attained and that the
grown nanotubes are closely packed with hardly any space in-between. Also, it is noticeable
that the TiO, nanotubes have a relatively uniform diameter, implying that they have a
uniform distribution over the surface.

290K 3
261K Element  Weight % Atomic %
S 0K 16.48 AT
- TiK 83.52 6286
174K
145K
116K
087K
A LE S !
02%k| o I
0.005.0 17 34 51 (1] 85 = 102

Figure 4. FE-SEM/EDS analysis of TiO, nanotubes over anodized surface.

Figure 5 shows SEM images from the surface of anodized titanium coated with the
chitosan and e-PL-containing chitosan composites. It can be seen that in all compositions,
the surface is fully covered with the polymeric coating layer. The most noticeable feature in
these coatings is the presence of some white spots in the coating layer, and the number of
these rough white surface spots varies with the composition. As can be seen, the surface
roughness decreases with increasing the content of ¢-PL in the coating composition up to
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1% &-PL, followed by a slight increase in the roughness in samples containing higher e-PL.
It appears that the sample chitosan-1.0% ¢-PL has the highest uniformity and smoothness
among all samples. Also, EDS analyses/elemental mapping in Figure 6 show the presence
of peaks related to titanium, silicon, magnesium, phosphorus, aluminum, carbon, and
oxygen in all samples, coming from the substrate and the coating layer. It is noteworthy
that in all cases, there is a homogeneous dispersion of alloying elements in coating layers.

Figure 5. FE-SEM images for (a) chitosan coating, (b) chitosan-0.5% &-PL, (c) chitosan-1.0% &-PL,

(d) chitosan-1.5% ¢-PL, and (e) chitosan-3.0% ¢-PL. all with a scale bar of 50 um.
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Figure 6. Cont.



Coatings 2024, 14, 1522

8 of 19

w b) T'

304K
266K
228K

190 C

15 Wt% | 93

Element

114K
Ti

% o A

|
g Mg

At% 201 427 052 19 11 13 323

0 Mg A S P
262 048 201 12 154 593

0% 17 3 51 68

VAV

342K c)

304K

Ti

26.6K
228K
19.0K
152K Element

114K Wt.%

7.6K At.%

38Kl p

79 239 254 165 3.8 602

17.7 404 28 | 16 3.34 34.0

85 102 119 136 153

0 Mg A P T

00k 17 34 51 63

Ti

630K d)

56.0K
49.0K
42.0K

35.0K
Element

28.0K W%
21.0K At.%

140k] O Al

70K

85 102 119 136 153

C 0O Mg Al  si P Ti
48 203 024 251 033 104 70

123 385 03 28 036 1.02 447

008 o 17 34 51 68

Figure 6. Cont.

85 102 119 136 153



Coatings 2024, 14, 1522 90of 19

450K e)

400K

35.0K

300K

250K i &

200K Element C 0 Mg Al

150K Wt% 341 444 463 043 11 95 58

10.0K :O Mg . At.% 452 441 3.03 025 063 49 5.8 &4

S'OKSA;{ AIS:I 1 T )

00%4 17 34 51 68 85 102 119 136 153

Figure 6. EDS analyses/elemental mapping for (a) chitosan layer, (b) chitosan-0.5% ¢-PL, (c) chitosan-
1.0% ¢-PL, (d) chitosan-1.5% &-PL, and (e) chitosan-3.0% ¢-PL. all with a scale bar of 100 um.

3.4. Contact Angle Measurements

Wettability is certainly an important surface characteristic, not only in biomedical
applications but also in surface-related applications [37-39]. Wettability analyses performed
on surfaces with and without coating are shown in Figure 7. According to the theory and
as confirmed by the presented, it is expected that the hydrophilicity of Ti samples will
increase when samples are anodized. This has to do with the increased surface area due
to the formation of nanotubes on the surface. The hydrophobicity of the chitosan-coated
surface is comparatively much higher than that of the anodized surface, resulting in contact
angles as high as 100 degrees. The addition of e-PL to the chitosan matrix is associated
with a significant decrease in contact angles, rendering more hydrophilic surfaces, which
is certainly a positive attribution. The lowest contact angle (60°) was attained in the
chitosan-1.5% &e-PL sample. Further increase in the e-PL content of the coating layer up
to 3.0% &-PL is accompanied by a slight increase of the wetting angle, inferring that the
chitosan-1.5% e-PL coating has the highest hydrophilicity. The fact that the presence of the
e-PL in the chitosan matrix results in a lower contact angle suggests that the number of
n-acetyl-glucosamine groups in the coating structure has increased. These amino groups are
expected to establish hydrogen bonds with hydroxyl groups. Consequently, the formation
of hydrogen bonds and enhanced molecular bonding between polylysine-covered chitosan
and surrounding surfaces possibly contribute to the observed reductions in the contact
angle, thereby modifying the surface properties of the coating. This observed increase
in the hydrophilicity of the coating is expected to enhance the biological properties and
bioactivity of the surface [12,13].

In terms of morphology, e-PL concentration affects the surface structure of the com-
posite coatings. At 1%, the polymer distribution is insufficient, resulting in simpler and
less refined surface features. At 1.5%, optimal interactions between e-PL and the chitosan
matrix produce a smoother, more uniform morphology, enhancing hydrophilicity. In con-
trast, at 3% ¢-PL, excessive polymer disrupts surface uniformity through aggregation or
microphase separation, leading to rougher surface features and diminished hydrophilic
behavior. These findings highlight the critical role of optimizing e-PL concentration to
achieve desirable surface properties. Notably, all p-values for the variables presented in
Figure 7 were below 0.05 (p < 0.05).



Coatings 2024, 14, 1522

10 of 19

125

,|*_
Hi

100

~
9]
|
i

n
<
1

Contact Angle (Degree)

N
)]
|

uncoated Chi Chi/0.5%PL Chi/1%PL Chi/1.5%PL Chi/3%PL

Samples

Figure 7. The result of contact angle measurements for anodized TigAl4V surface and surfaces, coated
with chitosan-x% e-PL (0.5 < x < 3.0%) layer. (*: p < 0.05, The data underwent analysis through
a one-way ANOVA method, followed by Tukey’s post-hoc test for further evaluation. Statistical
significance was established at a threshold of p < 0.05 to identify any meaningful differences).

3.5. Surface Roughness Evaluations

A roughness test (laser profilometry) was first conducted on the anodized surface. The
growth behavior of nanotubes on the TigAl;V substrate, containing both alpha and beta
phases, presents distinct characteristics for each phase. In the alpha phase, the resulting
nanotubes display a lower thickness coupled with an increased height. On the contrary, the
beta phase exhibits nanotubes with increased wall thickness and reduced height [40—42].
Figure 8 depicts the surface topography of coated specimens with different contents of
polylysine. The chitosan-coated surface has a clearly different topography as compared
with those containing e-PL additive. The chitosan coating layer has a comparatively coarser
surface topography with deeper valleys. It appears that the presence of e-PL in the chitosan
layer has resulted in finer surface topography, possibly because e-PL has led to a smoother
and easier distribution of the coating layer over the surface. This is shown in numbers in
Figure 9, where a dramatic decrease in the surface roughness has taken place when ¢-PL is
added to the chitosan matrix.

Based on the results of surface roughness and contact angle measurements, the sample
containing 1.5% e-PL was considered the optimal sample for further investigation. It ap-
pears that this particular composition has favorable characteristics in terms of wetting angle
and hydrophilicity, making it a potentially optimal choice for the intended application.
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Figure 8. Surface profilometry for (a) chitosan layer, (b) chitosan-0.5% &-PL, (c) chitosan-1% &-PL,
(d) chitosan-1.5% ¢-PL, and (e) chitosan-3% ¢-PL.
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Figure 9. Surface roughness for e-PL-containing chitosan coating layers. (*: p < 0.05, notably, all
p-values for the variables presented in Figure 9 were below 0.05 (p < 0.05)).

3.6. MTT Test Results

After a period of 24 &£ 2 h, the MTT tests on the sample chitosan-1.5% &e-PL were
conducted at 5 different concentrations (100%, 50%, 10%, 5%, and 1%) with three repetitions
for each concentration (results are shown in Figure 10). Evaluation of cell activity was
performed visually. In order to make sure the MTT test has been conducted properly,
the control sample is expected to exhibit 100% cell viability, as expected. To ensure that
data are repeatable, the standard deviation was fixed at less than 15% to make sure that
results are reliable. The survival percentage in each sample was compared with that of
the control sample, indicating the cytotoxicity of the chitosan-1.5% e-PL sample. A test
sample is considered non-cytotoxic in case viability exceeds 70%. Otherwise, it is classified
as a cytotoxic substance. The percentage of cell survival near the sample, measured at
five different concentrations with 3 replicates for 2 h, showed hardly any cytotoxicity
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at concentrations below 50 pM. Higher contents of ¢-PL might be considered relatively
toxic. At concentrations exceeding 50 uM, polylysine exhibits cytotoxicity due to its strong
electrostatic interactions with cell membranes and intracellular molecules. Its highly
cationic nature disrupts the integrity of cell membranes, increasing permeability and
leading to cell lysis. Additionally, elevated concentrations of polylysine induce oxidative
stress through reactive oxygen species (ROS) generation, causing damage to lipids, proteins,
and DNA, which reduces cell viability and triggers apoptosis. Polylysine can also interfere
with essential cellular processes, such as protein synthesis and DNA replication, through
its binding to nucleic acids and proteins. High intracellular uptake via endocytosis disturbs
cellular pH, osmotic balance, and organelle function. Aggregation on the cell surface at
toxic concentrations may further block nutrient and gas exchange while proinflammatory
responses amplify its cytotoxic effects. These combined mechanisms highlight the dose-
dependent nature of polylysine toxicity [43—45].

100 -+

Viability (%)

h
=]
1

100 50 10 5 1

Concentration (pM)

Figure 10. The results and images of cell viability tests after a period of 24 + 2 h: (a) concentrations
1 uM, (b) 100 uM, and (c) control sample. (*: p < 0.05, notably, all p-values for the variables presented
in Figure 10 were below 0.05 (p < 0.05)).

3.7. Anti-Bacterial Evaluations

The process of bacterial cell counting is a routine biological procedure used to deter-
mine the concentration of bacterial cells within a culture medium. It starts with cultivating
a set volume of cells in a culture medium. By counting individual colonies, cell concentra-
tions can be estimated relatively accurately. In this investigation, the colony count method
was used to evaluate the anti-bacterial efficacy against two widely used bacterial types:
E. coli and Staphylococcus. The anti-bacterial responses of samples coated with chitosan and
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chitosan-1.5%¢-PL were investigated. Results indicated a noticeable decrease in bacterial
activity in both chitosan and chitosan-1.5%¢-PL samples. In the case of Staphylococcus
aureus, the number of bacteria was dropped by 10.5 x 108 and 12 x 108 CFU/mL in
chitosan and chitosan-1.5%¢-PL samples, showing a comparatively better performance
when ¢-PL is used as an additive. In the case of E. coli, no meaningful difference was
observed, where both samples showed a reduction in the number of colonies in the order
of 63 x 10% CFU/mL. Figure 11 gives a visual overview of the colony count test. Overall, it
appears that the anti-bacterial contribution of ¢-PL addition is marginal.

Figure 11. Results of colony count test for (a) control sample, (b) chitosan, (c) chitosan-1.5% e-PL
with colony counts of 24, 3, and 0, respectively, against Staphylococcus aureus, (d) control sample,
(e) chitosan, and (f) chitosan-1.5% e-PL with colony numbers of 130, 3, and 3 against E. coli.

3.8. ICP Test/pH Measurements

Figure 12 shows results of monitoring pH and Ca/P concentrations in simulated body
fluid (SBF) solution for coated samples with chitosan and chitosan-e-PL composite coatings
during a 2-week immersion test. As depicted in Figure 12a, changing the pH of the solution
has an initial decreasing trend down to a minimum, followed by a rather sharp increase to
values close to 7. While the initial decrease has possibly to do with the partial dissolution
of the chitosan layer, the following increase is likely due to the competing hydroxyapatite
crystal formation/dissolution reactions over the surface. The formation of apatite crystals
on the surface can be confirmed by decreasing the content of Ca and P ions in the solution,
which is clearly visible in Figure 12b. As observed in this figure, the early contents of P and
Ca in the SBF solution are measured as 47 and 50 mg/dL, correspondingly. All specimens
showed a considerable decrease in the content of P and Ca when compared to the initial
solution, implying a depletion of these elements from the solution.
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Figure 12. (a) The changes in the pH of the solutions in this period of immersion in the SBF solution
and (b) variations in the phosphorus and calcium in the SBF solution, as compared with the as-
received SBF solution.

3.9. Bioactivity Test

The bioactivity of various composite layers was investigated by checking the formation
of hydroxyapatite (HA) crystals over the surface of the specimens. The outcomes for sam-
ples chitosan, chitosan-1.5% e-PL, and chitosan-3.0% &e-PL are presented in Figure 13. The
specimens were immersed in 15 mL of SBF solution in a water bath at 37 °C for up to four-
teen days. As the Ca and P contents in the SBF solution decrease (as shown in Figure 12b),
as anticipated, hydroxyapatite crystals will form on the surface of the specimens, which
can be taken as an indication of bioactivity. The formation of hydroxyapatite crystals was
confirmed through scanning electron microscope and EDS analyses. The results showed
that in all cases there is Ca and P in the composition of precipitated phases, confirming
the aforementioned argument on the precipitation of P and Ca from the SBF solution,
accompanied with the precipitation of the HA phase. Yet, the fact that the Ca/P ratio is
relatively low in all cases implies that applied coatings do not have high bioactivity. At the
same time, results indicate that the presence of ¢-PL in the chitosan matrix is associated
with some alterations in the morphology of precipitated phases over the surface, with the
finest surface features seen in sample chitosan-1.5% e-PL.
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Figure 13. FE-SEM observations for the formation of hydroxyapatite for (a,b) chitosan, (c,d) chitosan-
1.5% ¢-PL, and (e,f) chitosan-3.0% &-PL after 2 weeks in the SBF solution.

In orthopedic applications, HA is widely regarded as the gold standard for bioactivity
due to its exceptional biocompatibility, ability to promote osteoconduction, and crucial role
in the regeneration of damaged bone tissue [46]. The ability of these composite coatings
to facilitate HA precipitation, even with some limitations, highlights their potential as
promising candidates for further optimization in orthopedic implant technology.

3.10. Degradation Tests

Figure 14 represents the outcomes of the degradation test for chitosan-based layers,
showing how different coating layers react with phosphate-buffered saline (PBS) solution
(after one week of immersion). Obviously, the presence of e-PL in the chitosan matrix is
associated with a noticeable decrease in the kinetics of degradation. While a complete
delamination is observed in the pure chitosan coating layer, the sample chitosan-1.5%
¢-PL shows hardly any de-cohesion or delamination, inferring that ¢-PL can be seen as an
additive that postpones the degradation of the chitosan coating inside the body.
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Figure 14. The result of degradation assessment in PBS solution for (a) chitosan, (b) chitosan-0.5%
e-PL, (c) chitosan-1.0% ¢-PL, (d) chitosan-1.5% ¢-PL, and (e) chitosan-3.0% &-PL samples.

4. Conclusions

In this study, the surface modification of anodized titanium surfaces with e-Polylysine
(e-PL)-containing chitosan coating layers has been investigated. The method involved
anodization followed by coating with chitosan, containing different percentages of e-PL,
up to 3 wt.%. Comprehensive analyses using techniques such as XRD, SEM, EDS, and FTIR
were carried out to analyze the properties of coating layers. The following conclusions can
be drawn from this investigation:

The bioactivity of the composite coatings was assessed through the formation of
hydroxyapatite (HA) crystals, a critical indicator of a material’s potential in orthopedic
applications. Hydroxyapatite, which closely resembles the mineral component of natural
bone, plays an essential role in promoting osteoconduction, enhancing biocompatibility,
and facilitating bone tissue regeneration. The study demonstrated that the coatings, includ-
ing chitosan, chitosan-1.5% &-PL, and chitosan-3.0% e-PL, were capable of inducing HA
precipitation when immersed in simulated body fluid (SBF). This confirms their ability to
support mineralization processes relevant for orthopedic use.

SEM/EDS analyses revealed the presence of calcium (Ca) and phosphorus (P) in
the precipitated phases across all samples, with evidence of HA formation. However, the
relatively low Ca/P ratios indicated moderate bioactivity, suggesting room for optimization
to enhance their bone-bonding capacity. Among the samples, chitosan-1.5% e-PL exhibited
the most refined surface morphology, suggesting its potential for improved HA nucleation
and growth. This characteristic is particularly advantageous in orthopedic applications, as
it can promote better osseointegration and long-term implant stability.

The findings also highlighted that while the addition of e-PL to the chitosan matrix
modified the surface morphology of the precipitated HA, the overall bioactivity was not
significantly impacted. Nonetheless, the ability to tailor surface properties and degradation
kinetics through ¢-PL addition offers a versatile approach for developing coatings with
specific orthopedic applications.

Overall, the composite coatings, particularly chitosan-1.5% e-PL, demonstrate promis-
ing potential as candidates for orthopedic implants. Future studies should focus on further
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enhancing their bioactivity and evaluating their in vivo performance to confirm their
suitability for clinical applications in bone regeneration and implant technologies.
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