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Abstract
The bio-inertness of titanium, which is the ultimate choice of metallic material for 
implant applications, causes delayed bone–tissue integration at the implant site 
and prevents expedited healing for the patient. This can result in a severe issue for 
patients with immunocompromised bone health as titanium does not offer inherent 
antimicrobial properties, and thus, infections at the implant site are another concern. 
Current strategies addressing the issues above include using cemented implants 
as a coating on Ti6Al4V bulk material for orthopedic applications. Roadblock 
arises with coating failure due to weak interfacial bond at the Ti–cement interface, 
which necessitates revision surgeries. In this study, we added osteogenic MgO and 
antibacterial Cu to commercially pure titanium (CpTi) and processed them using 
metal additive manufacturing. Mg, an essential trace element in the body, has been 
proven to enhance osseointegration in vivo. Cu has been popular for its bactericidal 
capabilities. With the addition of 1 wt.% of MgO to the CpTi matrix, we observed a 
four-fold increase in the mineralized bone formation at the bone–implant interface 
in vivo. The addition of 3 wt.% of Cu did not result in cytotoxicity, and adding Cu to 
CpTi-MgO chemical makeup yielded in vivo performance similar to that in CpTi-MgO. 
In in vitro bacterial studies with gram-positive Staphylococcus aureus, CpTi-MgO-Cu 
displayed an antibacterial efficacy of 81% at the end of 72 h of culture. Our findings 
highlight the synergistic benefits of CpTi-MgO-Cu, which exhibit superior early-stage 
osseointegration and antimicrobial capabilities.

Keywords: Commercially pure titanium; Osseointegration; Additive manufacturing; 
Antibacterial performance; Porous metal

1. Introduction
The selection of metallic materials for biomedical applications relies on several 
considerations, including corrosion resistance, fatigue strength, and biocompatibility[1,2]. 
Over the years, titanium (Ti) has emerged as the optimal material for load-bearing 
implants[3-5]. While Ti6Al4V demonstrates excellent fatigue resistance and is commonly 
used for bulk metallic implants at load-bearing sites[6], commercially pure titanium 
(CpTi) with higher biocompatibility but lower strength than Ti6Al4V is often employed 
either at low-load-bearing sites or as a metallic coating on these bulk implants[7]. Since 
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the in vivo performance of an implant is greatly influenced 
by the chemistry of the implant surface upon contact with 
the physiological environment, researchers have explored 
the use of calcium phosphate (CaP) coatings added with 
dopants, such as MgO, SiO2, and ZnO, on bulk Ti to 
enhance osseointegration[8-10]. However, the weak metal-
ceramic interface in these coatings has led to challenges, 
including some coating failures due to delamination. 

The long-term stability of the implant is severely affected 
by polymicrobial infections at the implant site, eventually 
leading to implant loosening and prosthetic joint infection 
(PJI)[11]. Addressing such polymicrobial infections involves 
long-term antibiotic administration, revision surgeries 
involving debridement of infected tissues with implant 
retention, or implant replacement, the latter being the 
most effective in eradicating the infection[12-14]. However, 
revision surgeries in patients with compromised bone 
health pose significant risks to their overall well-being and 
increase the probability of early mortality. A report on PJI 
indicated that 25% of patients treated for PJI died within 
5 years[15]. Moreover, a recent survey by the World Health 
Organization highlights 700,000 annual deaths due to 
microbial infections, with projections of 10 million deaths 
by 2050[16]. The seriousness of the situation prompted a call 
to action at the United Nations General Assembly in 2017, 
aiming to reduce the mortality caused by antimicrobial 
resistance down by 200,000 deaths[18]. Without adequate 
intervention, the number of deaths from polymicrobial 
infections may rise exponentially in the coming decades.

Despite titanium’s established position as the ultimate 
metallic material for implant applications worldwide, its 
bio-inertness remains a significant drawback[17,18]. The early 
stage of osseointegration, which is crucial for a patient’s 
healing period post-surgery and the long-term stability 
in vivo, can be severely affected by a prolonged healing 
process at the implant site, particularly in individuals 
with compromised bone health. Given that the implant’s 
surface is constantly in contact with the physiological 
environment, its role in biological performance, including 
osseointegration and integration with surrounding bone 
tissue, is vital. Numerous strategies have been employed to 
enhance bone–tissue integration on titanium surfaces, such 
as introducing surface porosities and calcium phosphate 
coatings with dopant additions. One prominent dopant 
addition is magnesium oxide (MgO), which enhances 
osteogenesis in bone-remodeling processes. Magnesium 
(Mg) is the fourth main cation found in the human body; 
an adult body contains approximately 25 g of Mg, with 
50–60% present in the bony intracellular matrix[19]. Mg, 
a biodegradable material in vivo with poor corrosion 
resistance, is usually incorporated in a biomaterial matrix 

such as hydroxyapatite[20]. Mg2+ ions play a crucial role in 
bone metabolism, aiding osteogenesis by regulating local 
pH, which enhances osteoblast recruitment, proliferation, 
and differentiation[21,22]. Mg2+ ions also aid in regulating 
gene expressions in stem cell differentiation of osteoblastic 
cells to stimulate formation of bone matrix proteins and 
enhance bone formation[23,24]. Numerous studies have 
demonstrated the efficacy of Mg ions in bioactive ceramic 
matrices, significantly enhancing cell proliferation in 
vitro[25,26] and osteogenesis and bone mineralization in 
vivo[8,27]. 

A major concern associated with cemented implants 
is aseptic loosening due to delamination of the ceramic 
coating on the titanium implant under loading conditions, 
leading to implant failure[28-31]. A recent survey study on 
the aseptic loosening of cemented implants post-total 
knee arthroplasty surgeries from 2009 to 2017 reported 
an alarming 6% failure rate due to cement debonding in 
the tibial implant[32]. Such a high failure rate necessitates 
a search for suitable cemented implant substitutes. 
Instead of using Mg-doped hydroxyapatite or calcium 
phosphate cemented onto titanium implants, we propose 
incorporating MgO into the Ti matrix. Limited studies 
have been conducted on incorporating MgO into the metal 
matrix to enhance osteogenesis[25]. The challenges posed by 
the difference in melting points between Ti (1668°C) and 
MgO (2852°C) have been overcome by utilizing additive 
manufacturing (AM) for fabricating this composition. AM 
allows the manufacturing of metal-ceramic composites 
with greater flexibility and enables the incorporation of 
designed porosities that aid in enhanced osseointegration 
in vivo, a feat not achievable by other manufacturing 
methods[33]. However, to prevent brittleness of the metal-
ceramic composites and ensure successful AM fabrication, 
we have restricted the addition of MgO dopant to 1 wt.% 
in Ti[34]. Copper (Cu) has also been extensively studied due 
to its antibacterial properties in Ti-Cu alloys. Nevertheless, 
concerns regarding toxicity resulting from higher amounts 
of Cu in the human body limit its use in significant 
quantities. This study added small amounts of Cu (3 wt.%) 
to the Ti-MgO composition.

Given these issues, we added MgO and Cu to CpTi 
matrix to enhance its osteogenic potential and imbue 
inherent bactericidal capabilities. There lies a research 
gap in exploring the effect of MgO incorporation into 
Ti matrix. The novelty of this study lies in investigating 
the synergistic osteogenic and antibacterial potential of 
the CpTi-MgO-Cu material design. This Ti-MgO-Cu 
material chemistry is expected to enhance early-stage 
osseointegration due to osteogenic MgO and prevent 
polymicrobial infection incidence at the implant site, 
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ensuring the implant’s long-term stability and preventing 
the need for revision procedures due to their aseptic 
loosening. This study aims to fabricate CpTi, CpTi + 1 
wt.% MgO (CpTi-MgO), and CpTi + 1 wt.% MgO + 3 
wt.% Cu (CpTi-MgO-Cu) compositions using metal AM. 
These compositions were characterized in terms of their 
microstructure and microhardness. In vivo rat studies were 
conducted to evaluate the biological performance of these 
compositions. Structures utilized for the in vivo studies 
were ~40 vol.% porous with an approximate pore size of 
600–700 µm since pore sizes in this range are optimum 
for enhanced tissue integration and osseointegration[35,36]. 
Additionally, in vitro bacterial culture was studied using 
the commonly occurring Staphylococcus aureus strain to 
evaluate the antibacterial efficacy of CpTi-MgO-Cu. We 
hypothesize that the CpTi-MgO-Cu composition will 
demonstrate better osseointegration performance than 
CpTi in vivo with no cytotoxicity due to the presence of 
Cu, as schematically shown in Figure 1.

2. Materials and methods
2.1. Processing of samples using metal additive 
manufacturing
CpTi, CpTi-MgO, and CpTi-MgO-Cu compositions 
were processed using metal additive manufacturing. A 
metal matrix composition of CpTi-MgO was prepared by 
premixing CpTi powders (GKN Hoeganaes, Cinnaminson, 
NJ, USA) with 1 wt.% of MgO (Inframat® Advanced 
Materials™, Manchester, CT, USA) powders. Similarly, 
CpTi-MgO-Cu composition was prepared by premixing 
CpTi powders with 1 and 3 wt.% of MgO and Cu (GKN 
Hoeganaes, Cinnaminson, NJ, USA) powders, respectively. 
All metal and ceramic powders used for fabrication were 
sieved to obtain a powder particle size of <63 µm. All metal 

and ceramic powers used were spherical. The fabrication 
used two AM processes: directed energy deposition 
(DED) and selective laser melting (SLM). Samples for 
in vitro study were printed on a 5-axis DED-based AM 
system (FormAlloy, Spring Valley, CA). Although coarser 
powder particles (45–150 µm) are preferred for DED-
based AM systems, we optimized the printing parameters 
to accommodate finer particle size of <63 µm for the 
printing operation. The printing operation was conducted 
in an argon-purged environment with O2 < 20 ppm in the 
printing chamber. A cold rolled CpTi substrate was used 
as a build plate. Discs of 8 mm diameter and 4 mm height 
were printed on the DED system. The printing parameters 
used for the compositions are presented in Table 1. 

Samples used for in vivo study were printed on an SLM-
based powder bed fusion system (3D Systems ProX® DMP 
200, Rock Hill, SC, USA) with a 300 W fiber laser and a 
wavelength of λ = 1070 nm. Porous structures of 2.4 mm 
diameter and 4 mm height with ~40 vol.% porosity were 
designed in 3DXpert CAD Software (3D Systems, Rock 
Hill, SC, USA). Premixed powders were poured into the 
supply chamber and compacted using a compaction plate. A 
thick CpTi plate of ~2.5 cm thickness was used as the build 
platform and secured on the melting stage. A roller system 
carried powders from the supply to the build stage, with 30 
µm set as the layer thickness. The laser power and scanning 
speed for all the compositions are reported in Table 1. 3D 
Systems provide printing parameters used for CpTi and 
CpTi-MgO as the standard Ti printing parameters. Laser 
power was increased by 10%, and scan speed reduced by 
10% to increase the print energy input for CpTi-MgO-Cu 
since Cu displays poor laser absorption and needs more 
energy for additive manufacturing operation[37,38]. Post-
printing porous cylinders were cut from the build plate and 

Figure 1. Schematic of MgO-induced osteogenic activity toward early-stage osseointegration and bactericidal effect of Cu in CpTi. The CpTi-MgO-Cu 
was processed via metal additive manufacturing, enabling the incorporation of designed porosity. This further expedites the bone remodeling and tissue 
attachment on the implant’s surface, contributing to its long-term stability in vivo.
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subjected to repeated sonication in deionized water and 
ethanol, followed by compressed air treatment to remove 
any loose powder particles inside the pores. The final step 
in residual powder removal involved acid etching in 1% 
hydrogen fluoride in deionized water. The samples were 
sonicated again in deionized water and ethanol to remove 
any acid residues.

2.2. Microhardness and microstructure
DED-printed discs were cut off the build plate and subjected 
to grinding on silicon carbide grinding papers with 80–2000 
grit size. This was followed by alumina suspension polishing 
to reduce the alumina powder particle size from 1 to 0.05 
µm. Vickers microhardness test was conducted on a Phase II 
Plus Micro Vickers Hardness tester (Upper Saddle River, NJ, 
USA) using a load of 200 g and a dwell time of 15 s. Hardness 
values on a polished surface perpendicular to the build 
direction were obtained. An n = 5 measurement were taken 
for each composition. For acquiring the microstructures, 
polished surfaces of the discs were etched in Kroll’s reagent 
for 45 s and observed under a scanning electron microscope 
(SEM; Apreo, Thermo Scientific, MA, USA).

2.3. In vitro bacterial study 
Bacterial culture was carried out on CpTi and CpTi-MgO-
Cu to evaluate the antibacterial resistance using gram-
positive S. aureus strain for 24, 48, and 72 h. Freeze-dried 
S. aureus (Carolina Biological, NC, USA) was rehydrated 
using rehydration media. Tryptic soy broth was used as the 
nutrient medium. The rehydrated bacterium was subjected 
to nutrient broth dilutions to obtain 0.5 McFarland 
standard optical density measurement corresponding to 108 

CFU/ml of bacteria. Polished disc samples were sterilized 
before culture, placed in 24-well plates, and then studied 
in triplicate for colony count on agar plate and in duplicate 

for SEM characterization. Bacterial colonies at 106 CFU of 
bacterial colonies were seeded on the surface of the discs, 
with 2 ml of tryptic soy broth added as the nutrient medium 
in each well. After the respective time points, bacterial cells 
from triplicate samples for agar plate colony count were 
scraped using cell scrapers and mixed in 2 ml of 0.1 M 
PBS, which was then serially diluted to approximately 10 
to 100 colonies in 1 µl of the solution. One microliter of 
this solution was streaked on a tryptic soy agar plate and 
incubated for 24 h. The duplicate samples used to observe 
the bacterial cell morphology were subjected to fixative 
solution overnight. Dehydration was carried out with 2% 
OsO4 (Osmium tetroxide), followed by ethanol and HMDS 
dehydration treatments. The samples were gold coated and 
observed under an SEM (Quanta 200F, Thermo Fisher, 
Waltham, USA). Images were taken at 300× magnification 
for each composition, and the number of bacterial cells 
was counted on at least n = 4 images for each composition. 
The antibacterial efficacy for agar plate count at 24 h was 
evaluated as a function of bacterial colonies counted on 
individual material compositions, as 

N = C × d × 1000/l

R = (Ncontrol − Nmaterial)/Ncontrol × 100%

where N is the calculated number of bacterial colonies 
observed, C is the average colony count on a plate, d is the 
dilution factor, and l is the volume of bacterial suspension 
on the sample. Antibacterial efficacy from SEM images was 
evaluated at 24, 48, and 72 h timepoints and calculated for 
R, with N being the average number of bacterial cells from 
multiple SEM images.

2.4. In vivo study
CpTi, CpTi-MgO, and CpTi-MgO-Cu compositions 
were subjected to an in vivo rat study. CpTi is known to 

Table 1. Print-processing parameters used for DED and PBF operations of additively manufactured CpTi, CpTi-MgO, and CpTi-
MgO-Cu compositions

DED (in vitro, microstructure, hardness)

Composition
Laser power (W) Scan speed (mm/min) Shield gas (ℓ/

min)
Carrier gas (ℓ/
min)

Powder disc speed 
(rpm) Slice (mm)

Contour Hatch Contour Hatch

CpTi

350 350 1500 1200 18 14 0.7 0.3CpTi-MgO

CpTi-MgO-Cu

PBF (in vivo, ~40% porosity)

Composition Laser power (W) Scan speed (mm/s) Slice (μm)

CpTi
180 1600

30CpTi-MgO

CpTi-MgO-Cu 198 1440
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demonstrate excellent in vivo biological performance and 
is used as a control. Adding MgO to CpTi is expected to 
yield better early-stage osseointegration performance than 
CpTi. PBF-fabricated porous implants with ~40 vol.% 
porosity were used for the study.

2.4.1. Surgery and implantation procedure
Male Sprague-Dawley rats with average weights between 
300 and 350 g were used for the in vivo study. The animals 
were acclimatized in temperature- and humidity-controlled 
rooms in separate cages for at least 2 weeks. Buprenorphine 
(0.3 mg/kg) was subcutaneously administered to the animals 
for alleviating pain 30 min before anesthesia. A prescribed 
dose of IsoFlo® (isoflurane, USP, Abbott Laboratories, North 
Chicago, IL, USA) coupled with oxygen (Oxygen USP, A-L 
Compressed Gases Inc., Spokane, WA, USA) was used to 
anesthetize the animals. Once the animal’s movements ceased 
under anesthesia, the implantation area around the femur 
and the knee was shaved thoroughly and cleaned thrice 
with chlorhexidine and isopropyl alcohol scrubs. Lidocaine 
hydrochloride (0.3 ml; without epinephrine) with a 0.5% 
concentration was subcutaneously administered as a localized 
numbing agent near the implantation area on each limb. The 
animal was then transferred onto a sterile surgery table area. 
A 2-inch incision was made along the femur on the lateral 
side above the distal femoral condyle. A unicortical defect of 
2.4 mm diameter was made on the lateral epicondyle using 
gradually increasing drill bits and rinsed with saline to prevent 
thermal necrosis and remove bone fragments. The implant 
was inserted, and the fascia and the skin over the incision 
were sutured with undyed braided coated with MONOCRYL-
polyglactin 910 (Ethicon Inc., Somerville, NJ, USA). The 
incision area was cleaned with saline scrubs and stapled. A 
similar procedure was carried out on the other limb of the 
animal. The animal was periodically monitored for its breathing 
rate during the surgery procedure. Lactated ringers solution 
(LRS, 3 ml) for rehydration was subcutaneously administered 
to the animal post-surgery, followed by meloxicam (0.2 mg/
kg) administration as an anti-inflammatory analgesic, and 
monitored until the animal regained consciousness. Post-
operative care was carried out for 3 days, with buprenorphine 
administration every 12 h and meloxicam every 24 h. The 
animals were euthanized 6 weeks after the surgery by means 
of carbon dioxide overdose, followed by cervical dislocation 
as a secondary measure, and the femoral bone with the metal 
implant was harvested. The Institutional Animal Care and Use 
Committee (IACUC) of Washington State University (WSU-
Pullman, WA)-approved protocol was followed to perform 
the experimental and surgical procedure.

2.4.2. Histological and histomorphometric analysis
The bone–metal explants were fixed in 10% neutral 
buffered formalin for at least 72 h for tissue infiltration. 

Serial dehydration was carried out in ethanol followed by 
embedment in polymethylmethacrylate (PMMA)[39]. These 
embedded bone explants were cut on EkaktTM saw into 
200 µm thick sections, mounted on glass slides, and then 
ground to 20–50 µm thick sections using sand paper with 
1200 grit size on Ekakt 400 micro grinder. The sections 
were then polished on the micro grinder using paper with 
4000 grit size. Gomori trichrome, hematoxylin & eosin 
(H&E), and Sanderson’s Rapid Bone Staining (SRBS) were 
used to stain separate bone sections for each composition. 
The stained bone sections were imaged on a Keyence 
digital microscope (Model VHX-7000, Itasca, IL, USA). 
H&E-stained slides were imaged for any visible markers 
that indicate an inflammatory response in areas around the 
implant. Gomori’s trichrome-stained slides were observed 
for the presence of muscle fibers and collagen at the bone–
implant contact (BIC), and SRBS-stained slides for the 
mineralized bone formation, osteoid presence at the BIC, 
and mineralization fronts.

Histomorphometric analysis was carried out using 
SRBS-stained slides for each composition. To restrict the 
region of interest (ROI) to 100–150 µm from the implant 
surface, images were captured at 1000× magnification 
around the BIC region. Quantitative evaluation of 
mineralized bone formation at the BIC was carried out 
using Trainable Weka Segmentation in ImageJ with 
Random Forest Algorithm for individual images[40,41]. At 
least seven regions were analyzed to quantify mineralized 
bone formation at the BIC, which was expressed in % 
area fraction.

3. Results
CpTi shows good biocompatibility and no cytotoxicity. 
Compared to bulk Ti6Al4V implants, CpTi is a more 
popular coating material choice owing to the lack of 
strength and fatigue resistance. However, it is bio-inert 
and possesses no antibacterial capabilities. Besides, the 
surface properties of the implant influence its biological 
performance in the physiological environment. This 
study aims to enhance the early-stage osseointegration 
of CpTi by adding MgO and to induce inherent 
antibacterial capabilities by adding Cu. This CpTi-
MgO-Cu material chemistry is expected to show 
superior biological performance in vivo compared to 
CpTi and can be a potential metallic coating material of 
choice for bulk metallic implants.

3.1. Microstructure and hardness
SEM micrographs of the etched surface for CpTi and CpTi-
MgO (Figure 2b) show typical α’ martensitic needle-like 
structures typically observed in additively manufactured 
CpTi due to the fast-cooling nature of the process[42]. 
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With Cu addition, we observed keyhole porosities owing 
to balling effect and splashing of molten material[43,44]. Cu 
has a high thermal diffusivity, almost 100 times that of 
Ti[43], and very poor laser absorption[38]. With the higher 
viscosity of Cu in the melt-pool compared to that of Ti[45-47], 
a shallower and wider melt-pool was created by splashing 
molten particles, leading to keyhole porosities.

Vickers microhardness measurements conducted on 
the polished surface of the DED-printed compositions 

(Figure 2c) revealed a hardness of 224 ± 2 HV0.2 on CpTi 
surface, similar to those observed in a previous work[48]. 
With MgO addition in CpTi, the microhardness value 
increased to 280 ± 8 HV0.2 due to reinforced MgO 
particles in the CpTi matrix providing resistance to 
deformation. Cu addition in CpTi-MgO increased the 
hardness to 327 ± 12 HV0.2 due to Ti2Cu intermetallic 
formation and solute solution strengthening by Cu 
solute atoms[49, 50].

Figure 2. (a) An image of the build plate after DED operation showing dense discs printed on a CpTi build plate and a schematic of the top surface of 
the discs used for microstructure and microhardness evaluations. (b) Microstructure of polished samples, which are perpendicular to the build direction. 
The samples were processed via DED-based AM technique. CpTi and CpTi-MgO show α’ martensitic acicular needle structure typically observed in AM-
processed CpTi due to the fast cooling nature of the process. CpTi-MgO-Cu shows keyhole porosities on the surface due to balling effect and material 
splashing in the melt-pool owing to high thermal diffusivity and low laser absorption demonstrated by Cu. (c) Vickers microhardness (HV0.2) evaluation 
of the compositions reveals enhancement in hardness with MgO addition in CpTi due to ceramic reinforcement. Hardness further increased with Cu 
addition in CpTi-MgO due to Ti2Cu intermetallic formation. Hardness values were analyzed with one-way ANOVA test for n = 5 and α < 0.05. Tukey–
Kramer correction simulation was carried out for pairwise comparison of means. P < 0.05 is considered significantly different and marked with an asterisk 
(*). Hardness values for all compositions were found to be statistically different from each other.
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Figure 3. Histology images of in vivo bone sections of a rat distal femur model after 6 weeks of surgical implantation. A feature legend for each stain 
representing particular features is presented. The implant area is denoted by triangles in each histology image. (a) Gomori’s trichrome stain represents 
the growth of muscle fibers and collagen formation at the bone-implant contact (BIC). Visible gaps were observed at the BIC for CpTi, indicating poor 
osseointegration performance. Similar gaps at the BIC for CpTi-MgO were filled with mineralization fronts. Muscle fiber interwoven with collagen 
formation apposed directly to the implant surface was observed for CpTi-MgO and CpTi-MgO-Cu. (b) Hematoxylin and Eosin (H&E) stain showing 
varying shades of pink, which indicate that bone remodeling is taking place. No inflammatory markers indicating necrosis or neoplasia were observed 
at the BIC. Trabecular bone formation apposed to the implant surface was observed in CpTi-MgO with good pore infiltration. CpTi-MgO-Cu showed a 
lower degree of trabecular bone at the BIC than CpTi-MgO, indicating delayed osseointegration owing to the presence of Cu. (c) Bone sections stained by 
Sanderson’s rapid bone staining (SRBS) showed mineralized bone with well-embedded osteocytes apposed directly to the implant surface with infiltration 
into the implant region in CpTi-MgO. In contrast, CpTi showed an osteoid lining at the BIC, indicating delayed osseointegration compared to CpTi-MgO. 
Quantitative analysis of mineralized bone formation at the BIC showed four-fold bone formation for CpTi-MgO than CpTi. CpTi-MgO-Cu showed lower 
amounts of trabecular bone formation than CpTi-MgO, eliciting delayed osseointegration. Statistical analysis was performed with one-way ANOVA for 
mineralized bone formation for n ≥ 7 and α < 0.05. Tukey–Kramer simulations were conducted for pairwise comparison with a P < 0.05 considered to be 
significantly different. Mineralized bone formations for CpTi-MgO and CpTi-MgO-Cu were statistically similar and higher than that for CpTi. Low-power 
field images for all compositions and stains are presented in Figure S1 (Supplementary File).
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3.2. Histological analysis and histomorphometry: 
Bone-implant interface
To assess the biological performance of the compositions 
in a physiological environment, an in vivo rat model was 
utilized. CpTi was considered the control, while CpTi-
MgO and CpTi-MgO-Cu were treated as the treatment 
compositions. Figure 3 presents bone sections of porous 
implants stained by Gomori’s trichrome, H&E, and SRBS 
with approximately 40 vol.% porosity. H&E-stained 
bone sections (Figure 3b) were observed for possible 
inflammatory markers. None of the compositions show any 
inflammatory response, including neoplasia and necrosis[51]. 
Gomori’s trichrome stain was employed to evaluate muscle 
fiber formation and collagen presence at the BIC (Figure 3a).  
At the BIC, all three compositions exhibited interwoven 
muscle fibers within collagenous regions, indicating early-
stage osseointegration and mineralization front. Notably, 
these regions appeared visibly thinner for CpTi than CpTi-
MgO and CpTi-MgO-Cu, suggesting a higher degree of 
osteogenesis in the latter compositions attributed to MgO. 
Further examination at higher magnification revealed gaps 
at the BIC for CpTi, whereas for CpTi-MgO and CpTi-
MgO-Cu, these gaps were filled with osteogenic fronts 
accompanied by small areas of muscle fiber presence. 
Compared to CpTi-MgO and CpTi-MgO-Cu, the pink-
bluish regions at the BIC for CpTi-MgO indicated the 
presence of muscle fibers interwoven with collagenous 
regions. Conversely, the bright pink regions at the BIC for 
CpTi-MgO-Cu indicated the presence of muscle fibers 
without collagen, suggesting delayed bone maturation and 
osseointegration due to the presence of Cu. 

The observations described above are further 
supported by the H&E-stained histology micrographs 
(Figure 3b), where varying shades of pink and purple 
reveal distinct demarcations representing mineralized 
bone, osteoid lining, and osteoblast recruitment regions. 
In the case of CpTi, only certain regions exhibited a 
mineralized bone front at the BIC, while it was absent 
in other regions. In contrast, CpTi-MgO visibly 
demonstrated a higher presence of mineralized bone 
directly at the BIC, followed by an osteoid mineralization 
front, indicating superior early-stage osteogenic 
performance. Upon closer examination at the BIC, 
CpTi-MgO revealed the infiltration of mineralization 
fronts into the implant area, encompassing the implant 
regions. However, H&E histology for CpTi-MgO-Cu 
showed a lower degree of mineralized bone formation 
at the BIC compared to CpTi-MgO, although similar 
implant area infiltration features into the implant area 
were observed.

SRBS-stained histological micrographs, shown in 
Figure 3c, depict trabecular bone formation, osteoid 

presence, and osteoblast recruitment at the bone–implant 
interface. Across all compositions, mature bone formation 
with well-embedded osteocytes and focal outward growth 
of osteoblastic regions from the implant surface can be 
observed. CpTi’s trabecular bone formation was followed by 
a thick osteoid lining at the BIC. In contrast, both CpTi-MgO 
and CpTi-MgO-Cu compositions exhibited newly formed 
trabecular bone directly apposed to the outer surface of the 
implant, indicating superior osseointegration performance 
compared to CpTi. Furthermore, the SRBS-stained histology 
micrographs reveal a higher degree of mature bone infiltration 
in the porous channel for CpTi-MgO and CpTi-MgO-
Cu than CpTi. To obtain a clearer idea on the remodeling 
process undergone at the BIC, SRBS-stained histology was 
employed for histomorphometric analysis to evaluate the 
mature bone formation at the BIC (Figure 3c) within the 
specified ROI of 100 µm. Among the tested compositions, 
CpTi-MgO demonstrated the highest amount of matured 
bone formation at the BIC (49.5 ± 11.5%), followed by 
CpTi-MgO-Cu (38.2 ± 7.2%), while CpTi exhibited the 
least amount (12.1 ± 9.2%). This suggests a higher affinity 
and enhanced biological response of the host tissue toward 
the chemical makeup of CpTi-MgO and CpTi-MgO-Cu. 
Although the mature bone formation between CpTi-MgO 
and CpTi-MgO-Cu falls within the error range of each other, 
the difference in mean values can be attributed to the delayed 
osseointegration observed in the latter composition due to 
the presence of Cu, as discussed earlier.

3.3. Infection prevention
CpTi does not possess inherent antibacterial capability[52]. 
In order to address post-surgical infections, the addition of 
Cu was implemented in the CpTi-MgO composition. Cu 
is well-known for inhibiting bacterial growth through the 
on-contact killing of bacterial cells. Since S. aureus is one 
of the most commonly occurring infections in vivo[53], the 
antibacterial efficacy of the CpTi-MgO-Cu material against 
this bacterial strain at 24, 48, and 72 h time points using 
CpTi as the negative control was evaluated (Figure 4a). After 
24 h of bacterial culture, we observed a significant reduction 
in bacterial viability on the agar plate for CpTi-MgO-Cu. 
Bacterial colony counting on the agar plate showed a 95% 
antibacterial efficiency for CpTi-MgO-Cu compared to CpTi. 
SEM images taken after 24, 48, and 72 h of culture revealed 
a significant reduction in planktonic bacteria on the surface 
of CpTi-MgO-Cu. At 24 h, the bacterial inhibition efficacy 
evaluated from the SEM images showed a 57% reduction in 
planktonic bacteria on the surface of CpTi-MgO-Cu. At 48 
and 72 h, enhanced antibacterial efficacy was observed, with 
a 53 and 81% reduction in planktonic bacteria on the surface 
of CpTi-MgO-Cu, respectively. The SEM images at 48 and 
72 h showed bacterial cells adhering to each other, which 
resulted in septum formation on the surface of CpTi-MgO-
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Figure 4. Results of antibacterial studies involving Staphylococcus aureus after 24, 48, and 72 h of culture. (a) Agar plate images after 24 h, and SEM images 
at 3000× magnification after 24, 48, and 72 h of culture. Respective bacterial colony counts and corresponding % bacterial viability relative to CpTi as the 
negative control are presented. Reduction in planktonic bacteria on the CpTi-MgO-Cu surface was significantly lower than on CpTi at all timepoints due 
to the bactericidal effect of Cu. Based on counting on SEM images (n = 4), there was a gradual reduction in % bacterial viability on CpTi-MgO-Cu from 
24 to 72 h, with the highest antibacterial efficacy at 72 h. (b) High-magnification SEM images showing the on-contact bacterial killing of S. aureus, which 
manifested deflated cell morphology, ruptured cell membrane, and cytoplasm outflow 48 and 72 h after culture.

Cu, indicating evidence of cytoplasmic outflow leading 
to eventual disruption of the bacterial cell membrane[54]. 
Higher magnification images (Figure 4b) revealed the 
on-contact bacterial killing of S. aureus on the surface of 
CpTi-MgO-Cu, with ruptured cell walls and disruption 
of the cell membrane, resulting in cytoplasm outflow and 
eventual killing of bacterial cells at 48 and 72 h time points. 

CpTi-MgO-Cu demonstrated an excellent ability to inhibit 
infections at the end of the 72 h culture period.

4. Discussion
The volume of orthopedic surgeries has been experiencing 
an exponential rise, with over 7 million orthopedic surgeries 
performed in the United States alone[55,56]. According to a 
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National Ambulatory Medical Care survey, 70% of patients 
visiting clinics for orthopedic surgery-related issues in 
2015–2016 were over 45 years of age[57]. Age has a significant 
impact on the quality of recovery, as the quality of bone and 
its healing ability significantly decrease with age[58]. Elderly 
patients, who often suffer from immunocompromised 
bone health, usually have a prolonged recovery after 
surgery, which compromises their overall health. The 
infections at the implant site requiring revision surgery 
have a huge impact on the health of patients, particularly 
the individuals with age-related decline of bone health, 
leading to a further reduction in life expectancy. There is 
an unmet need in metallic implants for materials that can 
provide faster bone remodeling performance and infection 
prevention capabilities beyond what titanium currently 
offers. Current strategies include cemented implants with 
Ti6Al4V as the bulk material for strength with a surface 
coating of bioactive calcium phosphate or hydroxyapatite. 
Despite the superior in vivo performance toward early-
stage osseointegration, one of the major shortcomings 
of cemented implants is delamination of the calcium 
phosphate coating due to poor metal-ceramic bonding. 
Instead, porous titanium metallic coating is a popular 
choice as it can abate the risk of coating failures[7]. In order 
to induce osteogenic properties in these porous titanium 
coatings, MgO addition in CpTi can potentially solve the 
coating failure issue.

4.1. Osteogenesis due to MgO addition
Mg plays an essential role in promoting bone calcification 
and remodeling. Mg deficiency in the bone has 
been linked with degenerative bone diseases such as 
osteoporosis[59,60]. Mg regulates intracellular calcium ion 
concentration, pH, transporters, enzymes, and protein 
synthesis[25,61]. Biodegradable Mg implants for low-
load bearing bone–graft applications have been studied 
extensively[62,63]. Moreover, incorporating MgO in calcium 
phosphate has enhanced cellular proliferation in vitro 
and osteogenic performance in vivo[8,59]. In this study, 
incorporating MgO in CpTi enhanced osteogenesis at the 
bone–implant interface. With just 1 wt.% MgO addition 
in CpTi, mineralized bone formation at the BIC increased 
four-fold compared to that in CpTi (Figure 3c). Bone 
remodeling at the implant surface follows osteoblast 
recruitment followed by osteoid lining and eventual 
maturation of bone. CpTi histology images show an 
osteoid lining at the bone–implant interface. For CpTi-
MgO, histology images show mineralized bone directly 
apposed to the implant’s outer surface, indicating an 
enhanced bone remodeling process compared to CpTi. 
With superior osseointegration performance, we believe 
CpTi-MgO can potentially replace ceramic coatings in 
cemented implants and prevent coating failures.

4.2. Antibacterial performance due to Cu addition
Copper was used as a sterilizing agent for chest wounds, 
as recorded in Egyptian medical texts dating back 
5000 years ago[64]. After it has been used for medical 
purposes in the generations that follow, the antibacterial 
potential of copper was discovered in the 19th 
century[65]. In 2011, copper was the first antimicrobial 
metallic material approved by the U.S. Environmental 
Protection Agency (EPA)[65]. Amid the COVID-19 
pandemic, in 2021, U.S. EPA approved the use of 
copper-based disinfectants owing to the performance 
of copper and copper alloys against SARS-CoV-2, i.e., 
the virus responsible for COVID-19[66]. Realizing the 
potential of Cu as an antibacterial agent, extensive 
research has been conducted on incorporating Cu 
into Ti. Cu is a necessary trace element in the human 
body in a wide variety of tissues, but higher amounts 
of Cu can cause cytotoxicity leading to liver cirrhosis 
and neurologic abnormalities[67]. A debate persists on 
the optimum amount of Cu in Ti[68-71]. In this study, 
with 3 wt.% addition of Cu in CpTi, the H&E-stained 
bone sections show no signs of cytotoxicity. However, 
the mineralized bone formation in CpTi-MgO-Cu was 
observed to be lower than that in CpTi-MgO. Although 
3 wt.% Cu did not cause cytotoxicity, there was a delayed 
early-stage osseointegration performance. CpTi-MgO-
Cu still showed 3.5× mineralized bone formation at 
the interface than CpTi, showing superior osteogenic 
performance.

Early-stage osseointegration greatly affects the patient’s 
recovery time. With CpTi-MgO-Cu used as a metallic 
coating on bulk Ti6Al4V alloy at load-bearing sites, 
coating failures in cemented implants can be avoided. At 
the same time, enhanced early-stage osseointegration can 
be achieved owing to the osteogenic properties of MgO, 
and inhibition of bacterial infections at the surgery site can 
prevent revision surgeries.

5. Conclusion
Early-stage osseointegration at the implant surface is 
critical in the post-surgery healing of elderly patients 
with degraded bone health. Bio-inertness and non-
antibacterial nature of Ti result in aseptic loosening, which 
necessitates surgical intervention. Without adequate 
material intervention to enhance tissue integration and 
prevent polymicrobial infections, revision procedures 
would further degrade the patient’s health and constitute 
a potential risk of morbidity. Ti6Al4V bulk implants 
coated with bioactive ceramics, such as osteogenic MgO 
and antibacterial Cu, tend to cause coating failures due 
to their weak metal-ceramic bonding. In this study, we 
propose the addition of 1 wt.% MgO and 3 wt.% Cu to 
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CpTi matrix, which is used as a coating on Ti6Al4V, 
to strengthen the Ti-on-Ti interface so as to prevent 
delamination failure. The in vivo studies demonstrated 
superior osteogenic performance of CpTi-MgO and CpTi-
MgO-Cu compositions. Histomorphometric evaluations 
reveal 4× enhanced mineralized bone formation in CpTi-
MgO (49.5 ± 11.5%) and 3.5× in CpTi-MgO-Cu (38.2 ± 
7.2%) in comparison to CpTi (12.1 ± 9.2%) at the bone–
implant interface. Additionally, 3 wt.% Cu addition did 
not result in cytotoxicity. Antibacterial studies using the 
commonly occurring S. aureus strain revealed that the Cu 
in CpTi-MgO-Cu composition had a bactericidal effect of 
81% at the end of 72 h timepoint. Therefore, CpTi-MgO-
Cu composition can be utilized as a multifaceted metal-
ceramic coating on the bulk Ti6Al4V, which can serve as 
an ideal material for orthopedic implant applications to 
reduce implant failures and obviate the need for revision 
surgeries due to delayed early-stage osseointegration and 
infection-related issues.
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