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Titanium is the optimal biomaterial for orthopedic and dental applications. 
Due to its biocompatibility and superior mechanical properties, it is more 
suitable for implant applications than other metals. However, due to its 
bio-inertness, the surface of titanium must be modified for human bone 
tissue. Various techniques can be used to construct titanium dioxide (TiO2) 
nanoparticles (TNPs), but anodizing is the most often used because of its 
portability and low cost. Due to the high similarity of hydroxyapatite to the 
mineral components of bone and dentin, metal implants are coated with 
bone-conducting biomaterials such as hydroxyapatite (HA) to enable better 
bone bonding. In this study, copper and chitosan were used because of their 
excellent antimicrobial properties. Electrochemical impedance tests show 
that an HA/Cu/Drug/chitosan (Chit) coating has a polarization resistance of 
300,000 Ω because the copper coating on the titanium dioxide nanoparticle 
(TNP) increases corrosion resistance. A potentiodynamic polarization test 
shows that the current of corrosion of the HA/Cu/Drug/chitosan sample is 
2.1719 × 10−6 A. The antibacterial activity of the HA/Drug, HA/Drug/Chit, 
and HA/Cu/Drug/Chit coatings was evaluated in vitro against Staphylococcus 
aureus ATCC 29737, and it is found that the HA/Cu/Drug/Chit coating 
presents high antibacterial activity due to the presence of copper and chitosan. 
Its optical density is 0.78, which is lower than that of all the other samples. Cell 
viability is highest for the TNP samples containing chitosan. Regarding the 
TNP sample containing HA/Drug (99.4%), it is observed that the percentage 
of cell viability is higher than that of the TNP sample containing HA/Cu/Drug 
(97.54%) due to the toxicity of copper. This study shows that the modification 
of the titanium implants can be used to control drug release and enhance 
corrosion resistance, antibacterial properties, and cell viability.
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INTRODUCTION
In recent years, the successful application of 

orthopedic implants to related diseases such 
as osteomyelitis and osteoporosis has been a 
major concern [1]. Hip replacements, which 
involve the replacement of a problematic human 
hip joint with an artificial hip joint, are among 
the most successful orthopedic surgeries [2]. A 
hip replacement is a medical procedure that is 
performed to physically replace a damaged human 
hip joint with a hip prosthesis [3].

Metal ions are produced from the wear of 
particles in metal-on-metal bearings that circulate 
in the body and cause local inflammation [4]. 
Abraded metal particles can spread through the 
lymphatic system to regions far from the implant 
and accumulate in the liver, spleen, lymph nodes, 
and bone marrow [5]. In the design of porous 
implants, permeability is essential as a function of 
cell migration and bone tissue regeneration. In this 
study, a porous implant was created according to 
the morphological indicators of cancellous bone 
(including porosity, specific surface area, thickness, 
and torsion) [6]. However, active implant users with 
longer life expectancies still undergo reoperation 
due to implant failure [7]. Efforts made to prevent 
the failure of implants must further evaluate the 
selection of metal materials used for implants [8]. 
In addition, when an implant is used to replace lost 
tissue, it undergoes a complex process, especially 
for the degradation mechanism. This degradation 
mechanism is one of the most common reasons 
for failure; therefore, the use of a material that 
is biocompatible in terms of its biomechanical 
properties is optimal when selecting an implant [9]. 
Several metal materials can be used in implants, 
including cobalt chromium molybdenum (CoCrMo), 
stainless steel 316 L (SS 316 L), and titanium alloy 
[10]. These metals are widely used in the field of 
orthopedics in both temporary and permanent 
equipment [11]. Titanium (Ti) and its alloys are 
widely used in the manufacture of implants. The 
biocompatibility of Ti and its alloys is a result of 
the formation of a layer of titanium oxide (TiO2) 
on the surface of the implant. This passive oxide 
layer provides high stability, low chemical wear, 
permeability, and corrosion resistance in biological 
environments [12].

The corrosion of the metal implants in the 
human body due to the introduction of unwanted 
ions can affect biocompatibility and mechanical 
integration and cause adverse biological reactions 

[13]. To ensure of the long-term stability of 
orthopedic implants, effective primary and 
secondary stabilization is required. Secondary 
stabilization supports the long-term stabilization 
of the implant and is often achieved through 
bone growth in a porous coating on the implant 
[14]. Effective primary stabilization is required 
for successful secondary stabilization [15–19]. 
Electrochemical anodizing is a commonly used 
method for the formation of pores/nanotubes 
on the surfaces of titanium metal. Numerous 
studies have reported that titanium surfaces with 
titanium dioxide nanoparticles (TNP) offer positive 
effects such as bone fusion, cell differentiation, 
and antimicrobial properties [20]. TNPs fabricated 
through electrochemical anodization have 
attracted a great deal of attention in biomedical 
applications due to their unique topography, 
low cytotoxicity, and low elastic modulus [21]. 
To meet patient and market needs, implants 
are developed using materials that ensure 
biocompatibility, strength, and appropriate weight 
[22] and that have features such as excellent 
hardness, strong wear resistance, a low friction 
coefficient, and superior toughness [23]. In 
addition to their proven biocompatibility, TNPs 
have sufficient bioactivity and enhanced cellular 
functions, enabling significant drug loading and 
the achievement of optimal release kinetics [24, 
25]. Titanium dioxide is widely used in many other 
applications, ranging from self-cleaning surfaces to 
electronics, energy, and biotechnology [26]. These 
features constitute the characteristics of an ideal 
implant modification technology that can address 
the most common bone implant challenges and 
enable local drug delivery. The hollow structure of 
TNPs can be used as an alternative to orthopedics. 
It can also be used as an orthopedic drug carrier to 
aid topical therapy, improve the bioavailability of 
drugs, and reduce side effects [27–34]. Therefore, 
TNPs are increasingly attracting the attention of 
biomaterials scientists for using these materials as 
carriers of drugs and various species such as trace 
elements, growth factors, etc. [35].

The metal element copper has shown strong 
antibacterial behavior against a wide range of 
microbes, including resistant bacterial strains, and 
is one of the essential trace elements. In addition, 
it is capable of increasing the cellular compatibility 
of implant surfaces [36]. Several studies have 
reported that copper in hydroxyapatite coatings 
has beneficial effects on bone metabolism and 
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prevents bacterial adhesions [37]. 
The application of a hydroxyapatite bioceramic 

coating on biomedical metal substrates can 
significantly increase their mechanical strength 
for various applications [38]. Hydroxyapatite is 
one of the main components of bone, which is 
a derivative of calcium phosphate crystals and is 
situated between collagen fibers [39]. 

Chitosan has biocompatibility and antibacterial 
activity. The amino groups present in its structure 
affect killing bacteria. The mechanism of chitosan’s 
antibacterial activity is that positively charged 
amines in chitosan attract the negatively charged 
bacterial cell wall and cause a disruption in the cell 
membrane [40].

The HA/Cu/Drug/Chit coating has unique 
properties for drug-eluting stents (DESs). A DES 
is designed to prevent in-stent restenosis by 
inhibiting smooth muscle cell proliferation. Drugs 
can be combined with polymers or minerals, or 
applied directly into the stent surfaces, slowly 
releasing the drug at the site [41]. The deposition 
of drugs on titanium-dioxide-coated implants and 
the development of drug-eluting implants seem to 
be effective strategies to reduce the corrosion rate 
and increase it post-infection [42].

In this research, titanium sheets were 
converted into TNP by the electrochemical 
anodization method. Hydroxyapatite and copper 
(with different concentrations) were deposited 
on the TNP’s surface by chronopotentiometry. 
Sodium alendronate was coated onto the TNPs 
using the immersion method. Then, chitosan 
was coated onto the TNPs using the immersion 
method. Finally, after placing the coated TNP 
in the phosphate buffer solution, its absorption 
value was investigated on different days using 
a spectrophotometer. The released drug was 
evaluated using the drug calibration curve and 
the measured absorption values. The number of 
released copper ions in the phosphate buffer was 
also determined using a flame atomic absorption 
spectrometer. The conversion of metallic titanium 
into titanium dioxide creates pores and nanotubes, 
which causes the absorption and trapping of 
compounds such as hydroxyapatite, copper, 
drugs, and chitosan. In addition, the release rate 
is controlled. The novelty of the work is using 
titanium dioxide instead of titanium in these cases. 
The titanium sheet is converted to titanium dioxide 
by electrochemical anodization, and SEM analysis 
shows the growth of nanoparticles on the titanium 

surface. Therefore, the synthesis of nanoparticles 
was done in this way. Hydroxyapatite and copper 
coating was used on the surface of TNP and the 
amount of release of copper ion and sodium 
alendronate drug was investigated.

MATERIALS AND METHODS
Characterization of Materials

The raw material of 99.5% purity Ti foil was 
purchased from the Nazari Company (Tehran, 
Iran). Chitosan was bought from the Sigma 
Chemical Company (St. Louis, MO, USA). The active 
ingredient of sodium alendronate was purchased 
from the Iran Daru Parseh Company (Tehran, Iran). 
Staphylococcus aureus ATCC 29737 was purchased 
from the microbial collection of the Scientific and 
Industrial Research Organization of Iran (Tehran, 
Iran). Other materials were purchased from the 
Merck Company (Darmstadt, Germany). 

X-ray diffraction (XRD) patterns were recorded 
by a Philips X’Pert Pro X-ray diffractometer using 
Ni-filtered Cu Kα radiation at a scan range of 10 
< 2θ < 80. The morphology of the films that were 
obtained at 17.5 kV performance was determined 
by field emission scanning electron microscopy 
(FESEM, Zeiss, and Gaithersburg, Germany). FESEM 
images with energy-dispersive X-ray spectroscopy 
were obtained on an LEO-1455VP. The energy 
dispersive spectrometry (EDX) analysis was studied 
by an XL30 Philips microscope. Electrochemical 
impedance spectroscopy and potentiodynamic 
polarization experiments were performed by an 
Atolab potentiostat-galvanostat PGSTAT 35 (Eco 
Chemie, Utrecht, and The Netherlands). The 
polarization test was performed at the scanning 
speed of 0.001 v/s, and the electrochemical 
impedance was performed in the frequency range 
of 0.1 Hz to 100 kHz. The UV–Vis absorption 
spectra of sodium alendronate drug in buffer were 
recorded using a double-beam spectrophotometer 
(PerkinElmer (Markham, ON, Canada) Lambda 25 
UV–Vis Spectrophotometer) in Suprasil quartz cells 
of 1 cm optical path length, and the absorbance 
of the samples was measured in the wavelength 
of 254 nm. The electrodeposition method was 
performed for coating TNP with HA and Cu with 
a SAMA 500 model potentiostat-galvanostat. The 
amounts of Cu deposited on the TNP and released 
in the buffer were determined by a PerkinElmer 
model atomic absorption spectrophotometer. The 
surface resistance value of TNP was determined by 
the FPP-SN-555 model four-point probe. 
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TNP Formation and Measuring the Surface 
Resistance of TNP

Anodizing of titanium foil was performed 
to convert titanium foil into titanium dioxide 
in an electrolyte solution consisting of 0.3 g of 
ammonium fluoride, 3 mL of deionized water, 
and ethylene glycol (97 mL). Anodization was 
performed at a voltage of 60 V for 45 min in 
a two-electrode system consisting of titanium 
(working electrode) and platinum sheets (counter 
electrode). Finally, titanium dioxide was placed in 
the furnace at 450 °C for 1 h.

The resistance of the surface amount of TNP 
was investigated with a four-point probe device.

Cu-HA Formation on TNP
TNPs were coated with hydroxyapatite 

and copper by the electrodeposition method. 
Electrodeposition was performed with a three-

electrode system in the workstation. Titanium 
foil, platinum, and Ag/AgCl (KCl 3.0 M) were 
selected as the working, the counter, and the 
reference electrodes, respectively. Calcium nitrate 
with a concentration of 0.042 M, copper nitrate 
with different concentrations containing 0.001, 
0.002, and 0.003 M, and ammonium dihydrogen 
phosphate with a concentration of 0.25 M in a 
volume of 50 mL at a pH of 4.5 were selected as 
the electrolyte solution. Then, the experiment 
was performed by chronopotentiometry with a 
constant current intensity of 1 mA for 25 min at 
65 °C.

Preparation of Phosphate Buffered Saline (PBS)
First, for PBS preparation, 2.0 g of NaCl, 0.05 g 

of KCl, 0.36 g of Na2HPO4, and 0.06 g of KH2PO4 
were placed in 200 mL of deionized water. The 
solution temperature was adjusted to 37 °C with a  
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Fig. 1. FESEM images of (a) TNP (b) TNP/HA/Drug (c) TNP/HA/Drug/Chit (d) TNP/HA/Cu/Drug/Chit.
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deionized water bath, and the pH was adjusted to 
7.4 with a HCl solution and diluted to 250 mL with 
deionized water. 

Loading of Drug and Chitosan into TNP 
A drug concentration was dissolved in PBS 

(0.08 g of drug in 4 mL PBS). The coating was done 
by immersion of the TNP for 3 min repeated 20 
times, and finally, 1% chitosan was coated onto 
the nanoparticles by the same method. 

Studies of Drug and Copper Ion Release
The nanoparticles coated with HA/Drug, HA/

Drug/Chit, and HA/Cu/Drug/Chit were placed in 
PBS at 37 °C. On the first, second, fourth, eighth, 
and sixteenth days, the PBS was replaced with 
a fresh PBS. Finally, the buffer samples were 
collected and the amount of the released drug 
was recorded using a UV–Visible device and a 
calibration curve was plotted. The equation of the 
calibration curve of alendronate sodium drug is 
equal to: 

Y= 0.5286x – 0.0018

Using atomic absorption, the amount of the 
released Cu was investigated for the HA/Cu/Drug/
Chit sample.

Electrochemical Study
Impedance and polarization data were 

collected using a standard three-electrode system 
(working, counter, and reference electrodes) 
and an electrochemical workstation. Open 
circuit potential was performed by immersing 
the modified, counter, and reference electrodes 
in PBS. The obtained data were expressed in 
impedance and Tafel plots from which corrosion 
current and polarization resistance were obtained. 

Antimicrobial Properties and Cell Viability Assay
To evaluate the antimicrobial properties of 

TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and TNP/
HA/Cu/Drug/Chit samples after inoculation of S. 
aureus ATCC 29737 in the nutrient broth medium, 
the samples were incubated at 37 °C to reach 
turbidity of half a McFarland. In total, 20 mL of 
the suspension and four samples of TNP/HA/Drug, 
TNP/HA/Drug/Chit, and TNP/HA/Cu/Drug/Chit 
were placed inside four Erlenmeyer flasks. The 
fifth Erlenmeyer flask contained only suspension; 
no sample was placed inside, and this was 
considered the control sample. The Erlenmeyer 
flasks were then placed in a 37 °C shaker incubator 
for 24 h. Optical density (OD) was recorded to 
measure the number of microorganisms after 24 
h with an ultraviolet spectrophotometer at 600 
nm. To examine the adhesion of S. aureus to the 
implant, after removing the samples from the 
suspension after 24 h, they were washed with 
physiological saline to separate the bacteria from 
the non-adherents. After placing the samples in a 
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Fig. 2. EDX images of TNP/HA/Cu/Drug/Chit sample.
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test tube containing 10 mL of physiological serum, 
they were placed in an ultrasonic bath for 5 min to 
remove bacteria adhering to the implant surface. 
Then, 10 μL from bacterial cells isolated from 
the implant surface was inoculated on each of 
four plates containing nutrient agar medium and 
placed in an incubator at 37 °C for 24 h.

Cell viability analysis was performed by the US 

Food and Drug Administration. Minor changes are 
described in detail in the literature [43].

RESULTS AND DISCUSSION
Characterization of TNP Coating and Measuring 
the TNP Resistance of Surface

The structure and morphology of the TNPs 
and the modified TNPs were studied by FESEM  
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Fig. 3. EDX mapping spectrum of (a) Cu (b) N (c) O (d) P (e) Ca (f) Ti.
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images. Fig. 1a shows the TNPs. The nanoparticles 
are uniformly distributed throughout the titanium 
substrate. Fig. 1b shows the TNPs modified 
with the drug and hydroxyapatite. A uniform 
distribution of hydroxyapatite is observed at 
the titanium dioxide nanoparticle level. This 
observation is related to the good correlation 
between hydroxyapatite and the drug. Fig. 1c 
shows the TNPs modified with chitosan in addition 
to hydroxyapatite and the drug. The pores are 
covered by the chitosan polymer layer, and the 
thickness of the nanoparticles has increased. Fig. 
1d shows the TNPs modified with hydroxyapatite, 
copper, the drug, and chitosan. With the presence 
of copper, the particles are more uniformly placed 
on the surface of the TNP. Copper-ion-substituted 
hydroxyapatite was coated on TNP’s surfaces. Fig. 
1a shows that the pores are empty. When we load 
materials into nanoparticles, the materials enter 
the pores (Fig. 1b–d). These images confirm the 

presence of materials inside the TNP. The average 
particle diameter is about 27.03 nanometers. Fig. 
2 shows the EDX image of the TNP coated with HA/
Cu/Drug/Chit. The structure of hydroxyapatite, 
copper nitrate, titanium dioxide, and chitosan 
contains Ca, N, O, P, Ti, Na, C, and Cu elements. 
Therefore, Fig. 2 shows these elements present 
on the TNP’s surface. Fig. 3 shows the presence 
of these elements on the TNP’s surface. Fig. 4 
shows the XRD of a TNP coated with an HA/Cu/
Drug/Chit sample. The JCPDS card number for 
copper nitrate is 01-074-2372, the JCPDS card 
number for titanium dioxide in the anatase phase 
is 01-083-2243, and the JCPDS card number for 
hydroxyapatite is 00-001-1008. The 2θ of 25.5°, 
48.1o is related to titanium dioxide in the anatase 
phase. The 2θ of 53.3° is related to hydroxyapatite, 
and the diffraction peaks with 2θ of 35.4°, 40.44°, 
54.3°, 63.3°, and 71° indicate copper in the sample.

The value of the surface resistance of the TNPs 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

(101) 

(004) 

(020) 

(213) 

(602) 
(613) 

(531) 

(200) 

Fig. 4. Diffraction of X-ray of TNP/HA/Cu/Drug/Chit.
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was investigated with a four-point probe device. 
The conductivity of the TNPs was confirmed by 
measuring the resistance of the surface value of 
the TNPs (0.071 Ω/square).

Fig. 5 shows the optical density for the samples 
of TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and 
TNP/HA/Cu/Drug/Chit after 24 h. The optical 
density of the TNPs coated with HA/Cu/Drug/
Chit is lower than that of the TNPs coated with 
HA/Drug/Chit because the copper element may 
be a promising antibacterial agent, as one of the 
transition metal elements released from TNPs, 
which may have a lethal effect by inhibiting the 
adhesion of bacteria. The optical density of TNPs 
coated with HA/Drug/Chit is lower than that of 
TNPs coated with HA/Drug. This is due to the 
presence of chitosan, which has antibacterial 
properties. The optical density of the TNP sample 
is the highest because of the lack of layering. The 
optical density of TNPs coated with HA/Cu/Drug/
Chit is lower than all of the samples due to the 
simultaneous presence of copper and chitosan, 
increased antibacterial effect, and lower optical 
density value. 

Fig. 6 shows the adhesion of bacteria for TNP, 
TNP/HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/
Cu/Drug/Chit samples on the implant surface. In 
the sample of a TNP coated with HA/Cu/Drug/Chit, 
its bacterial adhesion is lower than that of a TNP 
coated with HA/Drug/Chit because the copper 
element may be an up-and-coming antibacterial 

agent as one of the transition metal elements 
released from the TNP, which may have a lethal 
effect by inhibiting the adhesion of bacteria. The 
sample of TNP coated with HA/Drug/Chit has 
lower bacterial adhesion than that of TNPs coated 
with HA/Drug. This is due to the presence of 
chitosan, which has antibacterial properties. The 
TNP sample has the highest bacterial adhesion 
because of the lack of layering. The sample of 
TNPs coated with HA/Cu/Drug/Chit has lower 
bacterial adhesion than all samples because of the 
simultaneous presence of copper and chitosan, 
which means that the antibacterial properties are 
increased. 

Electrochemical Studies
Polarization experiments and electrochemical 

impedance spectroscopy were performed to 
investigate the electrochemical behavior of the 
samples. Fig. 7 shows the polarization curves 
for TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and 
TNP/HA/Cu/Drug/Chit samples. In the sample of 
TNPs coated with HA/Cu/Drug/Chit, the current 
corrosion rate is lower than the sample of TNPs 
coated with HA/Drug/Chit due to the presence of 
copper, the increased number of layers, and the 
prevention of PBS penetrating the surface of the 
implant. The sample of TNPs coated with HA/Drug/
Chit has a lower corrosion current rate than those 
coated with HA/Drug. Since the chitosan polymer 
molecules interact with the surface of titanium 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

  

Fig. 5. Optical density of TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/Drug/Chit samples after 24 h.
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Fig. 6. The bacterial adhesion of (a) TNP (b) TNP/HA/Drug (c) TNP/HA/Drug/Chit (d) TNP/HA/Cu/Drug/Chit 
samples.
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dioxide by van der Waals forces, it increases the 
corrosion resistance of the TNP by separating 
the surface of the implant from the environment 
and preventing the contact of corrosive ions with 
it. Currently, the corrosion of the TNP sample is 
higher than all of the samples due to the lack of 
coating. Current corrosion values are shown in 
Table 1.

Fig. 8 shows the electrochemical impedance 
diagram of the different modified electrodes. The 
sample of TNPs coated with HA/Cu/Drug/Chit has 
a larger diameter of the capacitor ring than the 
sample of TNPs coated with HA/Drug/Chit due 
to the presence of copper, the increased number 
of layers, and the prevention of PBS penetrating 
the surface of the implant, so the polarization 
resistance is higher. The diameter of the capacitor 
ring of the TNPs coated with HA/Drug/Chit is 

greater than that of the TNPs coated with HA/
Drug. Since the chitosan polymer molecules 
interact with the titanium dioxide surface with 
van der Waals forces, it increases the polarization 
resistance by separating the implant surface from 
the environment and preventing the contact of 
corrosive ions. The polarization resistance of 
the TNP sample is lower than all of the samples 
due to the lack of coating. After processing the 
impedance test results using the equivalent 
circuit, the polarization resistance obtained for the 
samples is shown in Fig. 9. The equivalent circuit 
for all samples is R1CPER2, where R1 is the solution 
resistance, R2 is the polarization resistance, and 
CPE is the coating capacity. Rs and CPE values for 
the TNP sample are equal to 38.430 Ω and 0.634, 
respectively. Rs and CPE values for HA/Cu/Drug/
Chit sample are equal to 63.630 Ω, and 0.659, 
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Sample TNP/HA/Cu/Drug/Chit TNP/HA/ Drug/Chit TNP/HA/ Drug TNP 

jcorr (µA/cm2) 2.17 123.00 161.00 176.00 

Ecorr (V) −0.380 −0.706 −0.465 −0.676 

BetaA (V/dec) 0.140 0.309 0.211 0.370 

BetaC (V/dec) 0.324 0.193 0.311 0.231 

Rp (Ω) 19195.0 416.4 349.9 339.2 

Fig. 8. Electrochemical impedance spectroscopy of TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/Drug/
Chit samples.

Table 1. Parameters extracted from the Tafel diagram for TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/Drug/
Chit samples.
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respectively.
The polarization resistance values for all of the 

electrodes are shown in Table 2. The polarization 
resistance for the sample of TNPs coated with 

hydroxyapatite, copper, the drug, and chitosan has 
the highest value due to the presence of copper 
and chitosan. The sample of uncoated TNPs has 
the lowest value due to the lack of coating.
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Fig. 9. Equivalent circuit of TNP, TNP/HA/Cu/Drug/Chit samples.

 

Sample 
TNP/HA/Cu/Drug/Chi

t 
TNP/HA/ Drug/Chit TNP/HA/Drug TNP 

Rp(Ω) 300,000 250,000 90,000 658.4 

Table 2. Polarization resistance of TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/Drug/Chit samples.



448

N. Aryan et al. / Copper/Sodium Alendronate Drug Doped TiO2 NPs  for Implant Application

J Nanostruct 14(2): 437-451, Spring 2024

Cell Viability
Fig. 10 shows the percentage of cell viability 

for the samples. TNPs coated with chitosan have a 
higher percentage of cell viability. Among the TNPs 
coated with chitosan, the nanoparticles coated 
with hydroxyapatite, the drug, and chitosan 
have higher cell viability than those coated 
with hydroxyapatite and chitosan because the 
nanoparticles coated with hydroxyapatite, copper, 
the drug, and chitosan contain copper, which is 

toxic. TNPs coated with hydroxyapatite and the 
drug have higher cell viability than uncoated TNPs.
Investigation of Drug Release 

Fig. 11 shows the percentage release of 
sodium alendronate over 16 days for TNP/HA/
Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/
Drug/Chit samples. The samples of TNPs coated 
with hydroxyapatite 95.24%, TNPs coated with 
hydroxyapatite, chitosan 66.67%, and TNPs coated 
with hydroxyapatite, copper, chitosan 57.14%, 
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Fig. 10. Cell viability analysis of TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/Drug/Chit samples.

Fig. 11. The amount of drug released from coatings of TNP/HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/Drug/
Chit at 37 °C in the PBS for 16 days.
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and the drug were released after 16 days. The 
results show that for all samples, the drug release 
percentage was almost the same for 8 days. After 
8 days, the TNP samples coated with chitosan 
release a lower percentage of the drug. This is due 
to the significant limitation of the swelling of the 
polymer chain, which leads to a decrease in the 
movement of the drug molecule and consequently 
a reduction in the release rate. The sample of 
TNPs coated with hydroxyapatite, copper, and 
chitosan releases a lower percentage of the drug 
(after 16 days) than other samples due to the 
increased number of layers on the surface of the 
nanoparticles. The TNP/HA/Cu/Drug/Chit sample 
was both less and more controlled due to the drug 
release, so it is used in implants.

Investigation of Copper Ion Release
Fig. 12 shows the release concentration of 

copper ions during 16 days for the sample of TNPs 
coated with hydroxyapatite, copper, drug, and 
chitosan with concentrations of 0.001, 0.002, and 
0.003 M of copper. The concentration of copper 
ions released for the samples 0.001, 0.002, and 
0.003 M of copper is equal to 0.016 ppm, 0.028 
ppm, and 0.033 ppm, respectively. The results 
show that for the three samples, the percentage of 
copper ion release in the early days was almost the 
same. The concentration of copper ions released 
after 16 days was higher in the sample with a 
higher copper concentration. Copper is one of the 

most important elements for essential functions 
in the human body, the average recommended 
daily intake of copper for adults is 0.9 mg per day, 
and the highest daily intake should not exceed 10 
mg per day. In this work, the highest amount of 
copper released from this implant was 0.033 ppm 
after 16 days [44].

CONCLUSION
In this article, HA/Cu/Chitosan coatings on a 

Ti surface with anodized TiO2 nanoparticles were 
fabricated by the electrochemical method. Drug 
and copper ion release percentage, cell viability 
percentage, corrosion resistance, and microbial 
analysis for modified TNPs were investigated. 
The percentage of drug release in TNP/HA/
Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/Drug/
Chit samples were compared for 16 days using a 
spectrophotometer, which showed that in the TNP/
HA/Cu/Drug/Chit sample, due to the increased 
number of layers on the TNPs, the release was 
more controlled. The percentages of copper ion 
release in the TNP/HA/Cu/Drug/Chit sample with 
different concentrations of copper were compared 
for 16 days using an atomic absorption device. In 
the sample with a higher copper concentration, a 
higher percentage was released. The percentage 
of cell viability was compared for TNP, TNP/
HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/
Cu/Drug/Chit samples. The TNP/HA/Drug/Chit 
sample had a higher percentage of cell viability 

 
 

 

 

Fig. 12. The amount of Cu ion released from the coating of TNP/HA/Cu/Drug/Chit at concentrations of 0.001, 
0.002, and 0.003 M copper at 37 °C in the PBS for 16 days.
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due to the absence of copper as copper is toxic. 
Electrochemical analyses, including polarization 
and impedance, were investigated for TNP, TNP/
HA/Drug, TNP/HA/Drug/Chit, and TNP/HA/Cu/
Drug/Chit samples. The results showed that by 
increasing the coatings on the surface of the 
implant, the resistance of the implant against 
corrosion increased, and the current corrosion 
decreased. Microbial analysis was compared 
for TNP, TNP/HA/Drug, TNP/HA/Drug/Chit, and 
TNP/HA/Cu/Drug/Chit samples. In the TNP/HA/
Cu/Drug/Chit sample, the optical density value 
was lower than all of the samples due to the 
simultaneous presence of copper and chitosan, 
which have increased antibacterial properties. 
Analyses related to FESEM, EDX, XRD, and MAP 
were also examined. 
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