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Abstract

Titanium and its alloy are clinically used as an implant material for load-bearing applications to 

treat bone defects. However, the lack of biological interaction between bone tissue and implant 

and the risk of infection are still critical challenges in clinical orthopedics. In the current work, we 

have developed a novel approach by first 1) modifying the implant surface using hydroxyapatite 

(HA) coating to enhance bioactivity and 2) integrating curcumin and epigallocatechin gallate 

(EGCG) in the coating that would induce chemopreventive and osteogenic potential and impart 

antibacterial properties to the implant. The study shows that curcumin and EGCG exhibit 

controlled and sustained release profiles in acidic and physiological environments. Curcumin 

and EGCG also show in vitro cytotoxicity toward osteosarcoma cells after 11 days, and the dual 

system shows a ~94 % reduction in bacterial growth, indicating their in vitro chemopreventive 

potential and antibacterial efficacy. The release of both curcumin and EGCG was found to be 

compatible with osteoblast cells and further promotes their growth. It shows a 3-fold enhancement 

in cellular viability in the dual drug-loaded implant compared to the untreated samples. These 

findings suggest that multifunctional HA-coated Ti6Al4V implants integrated with curcumin and 

EGCG could be a promising strategy for osteosarcoma inhibition and osteoblast cell growth while 

preventing infection.
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1. Introduction

The use of synthetic bone grafts to repair bone defects in load-bearing areas is of significant 

interest in clinical orthopedics. These bone defects occur due to musculoskeletal disorders 

such as traumatic injuries, osteoporosis, bone infection, and congenital malfunction. [1] 

Critical-size bone defects do not self-repair and thus require a graft material to repair. [2] As 

a result, the demand for orthopedic implants has been increasing rapidly. In the US itself, the 

market for orthopedic implants was $ 46.8 billion in 2018, which is estimated to be around 

$64 billion by 2026. [3] Globally, the market is estimated to reach $79.5 billion by 2030, 

which is a 2 fold increase compared to 2019. [4] Osteosarcoma is another bone disease 

prevalent in children and adolescent patients aged 10 to 30, with a second peak occurring in 

old age people. [5–7] Since the 1980s, the standard treatment of this malignancy has been 

with a combination of both limb salvaging surgeries and adjuvant chemotherapy. However, 

the lack of site-specificity of chemotherapeutic drugs causes toxicity to normal healthy 

cells. [8] In addition, the current approach does not completely eradicate the tumor cells 

and also causes large bone defect which is beyond the self-repairing ability of bone. [9] 

These various challenges fuel the need to fabricate a multifunctional bone substitute that can 

inhibit osteosarcoma recurrence and eventually heal the bone defect.

Natural medicinal compounds (NMCs) have been gaining significant attention as an 

alternative strategy to treat osteosarcoma due to their fewer side effects, easy availability, 

and lower cost. [10] Curcumin (Cur), obtained from the perennial herb Curcuma longa, 
is a widely researched natural medicine known to exhibit antioxidant, anti-inflammatory, 

and anticancer properties. [11–14] In one of the clinical studies, it was found that oral 

administration of Cur is easily tolerated up to 12 g/day, indicating that Cur is safe to use. 

[15] Several preclinical studies have shown that Cur shows anti-cancer properties against 

many cancer types. [16–18] Additionally, Cur is also found to promote osteogenesis, as 

demonstrated through an in vivo rat distal femur model where Cur treated implant showed 

better contact with the surrounding bone after 5 days of implantation. [9] Despite its 

excellent therapeutic activity, limitations such as low solubility and rapid metabolism have 

reduced its therapeutic efficacy in clinical applications. [19] Recent studies have shown that 

Cur shows synergistic effects when combined with other drugs. [20]

The combination of Cur with Epigallocatechin Gallate (EGCG), a bioactive constituent 

from green tea, has inhibited tumor growth in the PDX mouse model with colorectal 

carcinoma and found that the combined drugs showed a higher anti-angiogenic effect than 

the individual drug. [21,22] EGCG is known to exhibit anti-inflammatory, anti-oxidative, 

and anti-cancer properties. [22] It can induce apoptosis in multiple cancer types, including 

brain, colon, kidney, and lung, through different cell signaling pathways, as studied using 

both in vitro and in vivo models. [23,24] EGCG shows anti-cancer effects by modulating 

the activity of insulin-like growth factor 1 (IGF1) receptor, protein kinase B(Akt), nuclear 

factor-kappa B (NF- κB), and hypoxia-inducible factor 1α (HIF1α), etc. [25]. Recent 

studies have also demonstrated the positive effect of EGCG on in vivo angiogenesis and 

osteogenesis. [26,27] Titanium and its alloy, such as Ti6Al4V, have been used as an 

implant material in high load-bearing sites, in pure and coated form, owing to its excellent 

biocompatibility, mechanical property and corrosion resistance. [60,61] However, due to 
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its biological inertness, it does not undergo osseointegration. Instead, it results in fibrous 

tissue encapsulation and causes implant loosening, therefore hindering its long-term clinical 

success. [61] Here, the implant’s surface is modified with the calcium phosphate coating 

using plasma spray to improve its bioactivity. [30,31] Hydroxyapatite (HA), a calcium 

phosphate, is one of the extensively researched bioceramics in bone tissue engineering, 

owing to its compositional similarity (Ca/P ratio = 1.67) with human bone, resulting in 

biocompatibility and bioactivity. [35,36]

Implant-related infection is another critical concern in orthopedics surgery, making bone 

repair challenging in patients. [37] A significant proportion of the infections are caused 

by multi-drug resistant bacteria, especially Staphylococcus aureus (S. aureus), accounting 

for nearly two out of three conditions reported. [38] High doses of synthetic antibiotics to 

treat these infections cause multi-drug resistance and thus reduce the antibacterial efficacy. 

Natural medicines such as Cur and EGCG have been known to show antibacterial efficacy 

against S. aureus via different mechanisms. [39,40] The integration of both EGCG and Cur 

and their local release would also induce antibacterial properties in the implant surface and 

could prevent local and systemic infection.

Although the effect of individual Cur and EGCG on osteosarcoma and antibacterial 

properties has been explored, the effect of co-delivery of Cur and EGCG system through 

HA-coated implant on in vitro osteosarcoma inhibition and antibacterial properties has not 

been studied. This work aims to study the combined effect of co-delivery of EGCG and 

Cur loaded HA-coated Ti6Al4V implant on in vitro osteoblast growth, chemopreventive 

potential, as well as anti-infection efficacy. We hypothesize that incorporating Cur and 

EGCG into the HA-coated implant will 1) support and enhance osteoblast cell proliferation 

and differentiation, 2) inhibit osteosarcoma cell growth, and 3) show antibacterial properties. 

The novelty of this work is the controlled and sustained co-delivery of Cur and EGCG from 

HA-coated implants and its effect on biological properties.

2. Materials and methods

2.1. HA-coated Ti6Al4V sample preparation and adhesive strength testing

The HA coating was deposited on a Ti6Al4V disc, cut with dimensions of 12.2 mm diameter 

and 2 mm thickness, using a water jet from Ti6Al4V plates (Titanium Joe, MA, USA). 

Before the coating was performed, these cut discs were sandblasted and cleaned in an 

ultra-sonicator with deionized water. The HA powder (Monsanto, MO, USA) was then 

sieved to obtain a particle size of <100 μm. Subsequently, the axial coating was performed 

using a 25 kW RF induction plasma spray system (Tekna Plasma Systems, Canada) with a 

working distance of 110 mm. [41] Argon gas was used as central and carrier gas with a 25 

and 13 standard liters per minute flow rate. The pressure inside the chamber was maintained 

at 5 psi during the coating operation. The adhesive strength testing was performed based 

on ASTM C633–13. [42] First, the substrate was mounted on posts using an Armstrong 

A-12 (Resin Technology Group, LLC, Easton, MA, USA). The testing was carried out in 

an Instron tensile apparatus (Industrial Series 600 DX Model, Instron, Norwood, MA, USA) 

with a speed of 13 mm/s until failure. The adhesive strength was calculated by force divided 

by the surface area of the coating.
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2.2. In vitro drug release study at acidic and physiological medium

Individual Cur (≥98.0% Millipore Sigma, St. Louis, USA) and EGCG (97.69 %, APExBIO, 

USA) solutions were prepared by dissolving them in ethanol at 5 mg/mL and 1 mg/mL, 

respectively. First, 100 μL of the solution containing 500 μg of Cur was loaded on the coated 

implant, followed by 100 μL of the solution containing 100 μg EGCG, dissolved in ethanol 

(100 %, KOPTEC, USA) using the drop-casting method. The release study was investigated 

at acetate buffer (pH 5.0) and phosphate buffer (pH 7.4). The phosphate buffer was prepared 

by mixing 13.9 g of potassium phosphate and 2.7 g of monopotassium phosphate in 1 L 

of deionized water. For acetate buffer, 8.2 g of sodium acetate and 6 g of acetic acid are 

mixed in 1 L of deionized water. The pH of the buffer media was measured using pH paper. 

The samples were immersed in the 4 mL buffer solution in a glass vial and placed in the 

shaker at 150 rpm and 37°C to roughly mimic the human body motion. Three replicates 

were used for each treatment. The buffer media was collected from the glass vial after 0.5, 

1, 2, 4, 6, 8, and 12 h, and then 1, 2, 3, 5, 7, 10, 14, and 21 days to measure the amount 

of drug released and replaced with 4 mL of fresh buffer media. The amount of drug release 

was analyzed by obtaining the optical density of collected buffer media using a UV–Vis 

spectroscopy microplate reader (Biotek Synergy 2 SLEFPTAD, Winooski, VT, USA). The 

absorbance values for Cur and EGCG were obtained at 427 nm and 278 nm, respectively. 

Subsequently, the drug concentration was measured with the help of a standard curve and 

later plotted as the percentage of cumulative release against time. The release kinetics were 

fit using the Weibull fit and Power law using MATLAB® software. The equations below 

represent Weibull (1) and Power Law (2).

Q(t) = 100 × 1 − exp − ta
b

(1)

Q t = K × tn

(2)

Where Q t  is the cumulative percentage release at time t, a and b represent the time constant 

and shape parameter, respectively. [43] The K and n represent the rate constant and release 

exponent, respectively. [44]

2.3. Surface morphology after release study

The surface morphology of the release study samples was analyzed after 21 days to observe 

any change in the coating due to different buffers. The samples were first left to dry at 

70°C for 24 h. For Scanning Electron Microscopy (SEM) imaging, the samples were first 

gold coated using a sputter-coater (Jeol, MA, USA) and were then observed under the 

microscope (FEI, Quanta 200, OR, USA). For the 3D mapping of the implant surface using 

a stereomicroscope, the samples were left to dry at 70 °C for 24 h. The dried samples were 

Kushram et al. Page 4

Biomater Adv. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



then observed under the microscope. The 3D mapping of the coated implants was performed 

under the Keyence microscope (VHX-700, Keyence, USA).

2.4. In vitro cell culture

2.4.1. Osteosarcoma and osteoblast cell culture—All samples before drug loading 

were sterilized using steam autoclaving at 121°C for 1 h. The MG-63 human osteosarcoma 

cells (ATCC, USA) were grown in the Eagle’s Minimum Essential Media (EMEM, ATCC, 

USA), with 10 % inactivated fetal bovine serum (ATCC, USA) along with 1 % Penicillin/

Streptomycin (Invitrogen, Germany) in a T-75 flask till they reached ~80–90 % cell 

confluency. Approximately 25,000 cells were loaded on each sample in a 24-well plate 

with 1 mL of growth media followed by incubation at 5 % CO2 and 37°C for culture. The 

growth media was changed every 2–3 days.

A similar procedure was followed for osteoblast cell culture. The human fetal osteoblast 

cells (hFOB, 1.19, ATCC, USA) were grown in Dulbecco’s Modified Eagle’s Media 

(DMEM, Sigma Aldrich, USA), supplemented with 10 % fetal bovine serum and 1 % 

Penicillin/Streptomycin in a T-75 cell culture flask till they reached 80–90 % confluency. 

Approximately 25,000 cells were loaded on each sample in 24 well plates and grown in the 

incubator at 5 % CO2 and 37°C.

2.4.2. MTT assay—Cellular viability of osteosarcoma and osteoblast cells was measured 

using MTT (3-(4,5-dimethylthiazol-2-yl)-2–5-diphenyl tetrazolium bromide) (Sigma, St. 

Louis, MO, USA) assay. The MTT solution was prepared in PBS at a 5 mg/mL 

concentration. 100 μL MTT solution and 900 μl of the media were added to samples and 

incubated for 2 h. 600 μL of the MTT solubilizer was added to samples to dissolve the 

formazan crystals. MTT solubilizer was prepared using 10 % Triton X-100, 0.1 N HCl, 

and isopropanol. Subsequently, 100 μL of the solution of each sample was taken to 96-well 

plates. The optical density of the well plate, having three replicates of each composition, was 

measured using a microplate reader at 570 nm. Data was presented in the form of mean ± 

standard deviation. The cell viability percentage of the cells after treatment was calculated 

using the following equation.

Cell viability (%) = Average value of tℎe optical density of tℎe treatment
Average value of tℎe optical density of tℎe control × 100

2.4.3. ALP assay and immunohistochemistry—After 11 days, samples were 

washed with 1× ALP assay buffer twice. 20 μL of Triton X-100 is added to 10 mL of 

1× assay buffer. 800 μL of this solution is added to the cells. With the help of a scraper, 

adherent cells are removed, and suspension is collected. The suspensions are then incubated 

at 4 °C for 10 min and centrifuged at 2500 G for 10 min. 100 μL of this collected 

supernatant is transferred to 96 well plates. 50 μL of pNPP solution is added to each well, 

and the well plate is shaken for 1 min in UV–Vis. This is followed by 60 min of incubation 

period of 25 °C. After this, 50 μL of stop solution is added to each well plate, and optical 

density at 405 nm is taken. [34]
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For ALP staining, the protocol was followed, as reported in our previous work. [45] 

The samples were first taken from the media, and fixation was done in a 3.7 % 

paraformaldehyde/PBS at room temperature for 10 min. After washing with PBS, samples 

were permeabilized with 0.1 % Triton X-100 for 4 min at room temperature. After this, 

samples were washed with TBST thrice and incubated in TBST-BSA blocking solution for 

1 h at room temperature. Next, the primary antibody against ALP at a dilution of 1:100 was 

added, incubated for 2 h, and then at 4 °C overnight. The samples were then washed with 

TBST thrice and incubated with a secondary antibody at a dilution of 1:100 in TBST at 

room temperature for 1 h. After three times washing with TBST, the samples were mounted 

with DAPI (Invitrogen, US) on the coverslip and kept overnight at 4 °C. The samples were 

then analyzed using a confocal laser microscope (TCS SP5, Leica, Germany).

2.4.4. Antibacterial study against S. aureus—The antibacterial study was 

performed against S. aureus as per the modified ISO 22196:2011 standard. [46] First, the 

freeze-dried S.aureus bacteria (Carolina Biological Supply Company, Burlington, NC, USA) 

were rehydrated with 1 mL of rehydrated media. The rehydrated bacteria suspension was 

transferred to the tube and mixed with the rest of the rehydrating media. Bacteria were 

incubated for 48 h at 37°C before inoculation. Serial dilution was performed to obtain the 

bacteria suspension of 1:100. Optical density of the suspension was measured at 625 nm. 

This was compared with the McFarland standard. The samples were first sterilized using 

steam autoclaving at 121°C for 1 h. After this, the samples were transferred to a 24-well 

plate. The 106 colony-forming units (CFUs) of bacteria were loaded on the sample for agar 

plate (Nutrient Agar Plate, Hardy Diagnostic, CA, USA) with 1 mL of Tryptic soy broth 

media and 102 CFUs for SEM. The samples were incubated at 37°C and 90 % humidity 

and were then analyzed after 36 and 72-h time points using agar plates, live/dead imaging, 

and SEM. The CFU count was performed from the images of the agar plate and confocal 

live/dead images with the help of ImageJ (ImageJ software, USA) [8]. The antibacterial 

efficacy was obtained using the following equation.

Antibacterial efficacy = Ncontrol − Nmaterial
Ncontrol

× 100

(3)

2.4.5. Cell morphology of biological samples—After subsequent time points, 

the samples were taken out, and 1 mL of 2 % paraformaldehyde/glutaraldehyde in 0.1 

M phosphate buffer was added to the samples for cell fixing. The samples were kept 

overnight at 4°C. Afterward, post-fixation with osmium tetroxide was done for 2 h at room 

temperature. Next, serial dehydration using ethanol at 30, 50, 70, 90, and 100 % was carried 

out, followed by HMDS drying. Gold sputter was deposited on the samples before imaging 

to make them conductive. Finally, surface morphology was evaluated using SEM (FEI, 

Quanta 200, OR, USA).

2.4.6. Live/dead imaging—Samples after specific time points were taken out and 

transferred to a different well plate. Equal amounts of propidium iodide (Invitrogen, MA, 
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USA) and calcein AM (Biolegend, CA, USA) prepared in PBS were added to all samples 

and incubated for 1 h. Post incubation, imaging via confocal microscopy was performed 

using a confocal microscope (TCS SP5, Leica, Germany). For the detection of calcein, a 

laser in the range of 485–535 nm was used, while for the detection of propidium iodide, a 

laser in the range of 530–620 nm was used. Green fluorescence indicates live cells, whereas 

red indicates dead cells.

2.4.7. Mitochondrial membrane potential assay—After day 7, the samples were 

transferred to a different 24-well plate and washed with PBS to remove any remaining 

media. Afterward, they were stained with 2 mM concentrations of JC-1 dye (Invitrogen, 

MA, USA), followed by incubation for 20 min. Post incubation, the samples were washed 

with PBS thrice. Fluorescence microscopy was performed using a confocal laser microscope 

with J-aggregate detected in the 585/590 nm range, showing red fluorescence and JC-1 

monomer detected in the range of 510/527 nm, showing green fluorescence.

2.4.8. Statistical analysis—Data from all the experiments are represented as mean 

± standard deviation. All statistical analyses were performed using student’s t-test using 

GraphPad Prism 8 software. All measurements are representative of three replicates, and 

p-values ≤ 0.05 are considered significant.

3. Results

3.1. Surface morphology and mechanical characterization of HA-coated Ti6Al4V

The HA coating of the Ti6Al4V implant was performed using RF induction-based plasma 

spray, having a coating thickness of ~290 μm. Fig. 1A shows the steps involved in 

fabricating the HA-coated implant and the drug loading step. These drug-loaded implants 

were then used for the subsequent in vitro studies. The micrograph of the HA-coated implant 

is shown in Fig. 1B. Fig. 1C, D shows the surface morphology of the HA-coated implant 

with low and high magnification, taken using a stereomicroscope. It shows microroughness 

across the surface, obtained due to high-temperature plasma coating. Fig. 1E shows the 

schematic of the pullout test performed to evaluate the adhesive strength of the coating. 

Loads were applied on both sides and pulled out at a constant rate until the coating came 

out of the implant. The adhesive strength obtained from the pull-out test came out to be 

~17 MPa for untreated HA-coated implant, while Cur and EGCG loaded HA-coated implant 

showed a strength of ~16 MPa. which aligns with the ASTM-C633–13 standard, according 

to which the adhesive strength of the coating on the implant should be ≥15 MPa for clinical 

approval. [47] Fig. 1F, G shows the coating section after the adhesive strength testing with a 

coating that stays adhered to the implant in Fig. 1F and the section that came out in Fig. 1G.

3.2. Controlled and sustained release of drugs in acidic and physiological environments

The release profiles for each drug after 21 days at pH 5.0 and 7.4 are shown in Fig. 2. At pH 

5.0, Cur showed a release of 14.5 %, while at pH 7.4, it became 10 %. The increase in the 

Cur release % at pH 5.0 than at pH 7.4 could be attributed to the acidic degradation of HA 

coating, which enhances the release.
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The release of Cur in the presence of EGCG (Cur dual) was ~11 % after 21 days, while 

individual Cur showed 14.5 %. Similarly, at pH 7.4, Cur showed a ~ 10 % release while in 

the presence of EGCG, it exhibited a ~ 7 % release. The lower release of Cur in the presence 

of EGCG at pH 5.0 and 7.4 could be because of the hindrance provided by EGCG since 

EGCG, being in the top layer, partially blocks the interaction of Cur with the surrounding, 

therefore restricting its release.

At pH 5.0, EGCG showed an initial faster release of ~21 %, followed by sustained release 

to ~32 % after 21 days. At pH 7.4, EGCG showed a release of 58 % after 21 days. The 

pKa value of EGCG is 7.68, which is higher than the physiological pH. [48] The higher pKa 

indicates that there is deprotonation of the acidic phenolic group in the EGCG, leading to 

higher solubility and, thus, a higher release % in the physiological pH 7.4 compared to pH 

5.0.

In the presence of Cur (EGCG dual), EGCG exhibited an increase in the release, which 

was ~55 % at pH 5.0, while individual EGCG showed ~32 %. A similar pattern was also 

observed at pH 7.4, where EGCG showed ~58 %, which became ~99 % in the presence of 

Cur. The release profiles of both EGCG and Cur were fit using power law and weibull fit. 

[43] Further, SEM images and 3D mapping of before and after release studies shown in Fig. 

3 A, B show that higher coating.

3.3. Cur and EGCG show in vitro chemopreventive potential toward bone cancer cells

In vitro cell culture was performed on osteosarcoma cells to evaluate the chemopreventive 

potential of both EGCG and Cur toward bone cancer cells. Here, an untreated HA-coated 

implant with no drug was considered as the control. MTT Assay in Fig. 4A shows that 

cellular viability was reduced for all the compositions at all time points compared to the 

control. On day 3, a minor difference in cellular viability was observed between the control 

and different treatments. However, the difference became significant on day 11. On day 11, 

Cur and EGCG showed ~91 % and ~84 % growth inhibition, which was increased to ~93 

% for the dual drug system. Live/dead imaging reveals live osteosarcoma cells in control, 

as seen through green fluorescence. In contrast, dead osteosarcoma cells were seen in the 

treated samples, as observed through red fluorescence, shown in Fig. 4B.

Fig. 4C shows the JC-1 assay performed on the osteosarcoma cells to assess the change in 

mitochondrial membrane potential after treatment with Cur and EGCG. In control, higher 

red fluorescence intensity was seen due to the accumulation of JC-1 dye by the healthy 

mitochondria in the cells, indicating that the cells are alive and healthy. However, less 

accumulation of JC-1 dye was observed in the treated sample, indicating that the cells are 

apoptotic, as seen through an increase in green fluorescence. The ratio of red and green 

fluorescence intensity was quantified using ImageJ and plotted against all compositions, 

as shown in Fig. 4D, which shows a higher number of unhealthy cells in treatment. Fig. 

4E shows the healthy fibroblast morphology of osteosarcoma cells in control and a highly 

ruptured and broken morphology of osteosarcoma cells for all treatments at day 3 and 11, 

supporting in vitro chemopreventive potential of Cur and EGCG.
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3.4. Cur and EGCG promote osteoblast proliferation and differentiation

To evaluate the effect of Cur and EGCG on osteoblast proliferation and differentiation, 
in vitro osteoblast study was performed for 3, 7, and 11 days. Fig. 5A shows that cell 

viability increases in both control and treated samples, verifying their non-toxic behavior 

toward healthy osteoblast cells. Compared to the control, an increase in cell viability was 

observed for Cur, EGCG, and the combined EGCG and Cur system. At day 11, Cur and 

EGCG showed a 1.8-fold and 2-fold increase in osteoblast growth compared to the control. 

The combined dual drug system results in a 3-fold increase in cellular viability compared 

to the untreated sample. It was found that the combined system showed a 1.7-fold and 1.5-

fold increase in cellular viability as compared to Cur and EGCG, respectively, suggesting 

its synergistic effect in promoting osteoblast proliferation (p < 0.01). Live/dead imaging 

shown in Fig. 5B reveals only live cells on all samples, as seen through green fluorescence 

intensity, supporting the cytocompatibility of the treated sample toward osteoblast cells.

Fig. 5C shows ALP assay results where Cur and EGCG showed higher absorbance, 

indicating enhanced differentiation activity compared to the control. This was also validated 

using ALP staining where higher green fluorescence, indicating ALP marker was observed 

in Cur and EGCG treated samples, as shown in Fig. 5D. Surface morphology demonstrated 

in Fig. 5E shows osteoblast cell morphology after different time points. On day 3, 

filopodia extensions were seen in all samples. At 11 days, matured cell morphology 

and attachment were observed all over the surface, supporting the cytocompatibility and 

osteoblast proliferation ability of Cur and EGCG-treated implants.

3.5. Antibacterial activity of Cur and EGCG against S. aureus

The current work assesses the antibacterial efficacy of both EGCG and Cur against S. 
aureus. Fig. 6A shows images of agar plates with a colony of bacteria growing on them. For 

the Cur and EGCG-treated samples, less colony formation was observed than the control, 

indicating less viable bacterial colonies left after treatment with drugs, after 36 and 72 h. As 

shown in Fig. 6B, after 72 h, Cur exhibits ~58 % antibacterial efficacy, while EGCG shows 

~65 % efficacy. However, the dual drug system shows an increase to ~94 % efficacy. This is 

also validated using live/dead imaging, where high green fluorescence was seen in control, 

indicating live bacteria.

In contrast, increased red fluorescence was observed in the treated samples, indicating dead 

bacteria. The plot from the live/dead imaging also shows a decrease in the bacterial cell 

viability in the treated samples, as shown in Fig. 6D, which aligns with the results of 

the agar plates. Fig. 6E shows the morphology of only HA and drug-loaded samples. In 

untreated samples, dense bacterial colonies were observed, while in the case of Cur and 

EGCG-loaded samples, fewer colonies were observed, supporting their ability to inhibit the 

growth of bacteria.

4. Discussion

Several bone-related diseases, such as tumor ablation, osteoporosis, and osteomyelitis at 

times, result in critical size bone defects that do not self-repair. Osteosarcoma tumor 
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resection surgery also does not completely eradicate the cancer cells, creating a bone defect 

and increasing the chances of bone metastasis. The current work tries to address these 

challenges by developing a novel multifunctional implant loaded with natural medicinal 

compounds. The results indicate that controlled and sustained release of both Cur and 

EGCG from HA-coated titanium inhibits the growth of osteosarcoma cells, promotes bone 

formation in vitro, and shows antibacterial properties against S. aureus.

The controlled delivery of chemotherapeutic drugs to the desired site without causing 

cytotoxicity to normal cells is a common challenge in cancer treatment. Localized delivery 

of these drugs not only helps in reducing side effects to healthy tissues but also improves 

their overall therapeutic efficacy. [49] In addition to having osteoconductive behavior, 

calcium phosphates can also adsorb a drug physically and chemically and deliver it to 

the target in a controlled manner. [50] This makes them a suitable drug carrier to deliver 

therapeutics to treat different diseases.

Post-tumor resection surgery, the pH of the microenvironment around the defect site 

becomes acidic. The release study carried out at pH 5.0 shows that both drugs exhibit 

initial burst release followed by sustained release. Due to the high solubility of EGCG in 

buffer solutions, it releases faster and more, reaching 32 % in 24 h, while Cur, which has less 

solubility in water, releases slower. The initial burst release of these drugs through the coated 

implant would assist in avoiding immediate post-operative surgery inflammation, infection 

and inhibit tumor growth. This would be followed by sustained release of Cur when pH gets 

back to 7.4 after two weeks, which would eradicate any remaining tumor cells, promote 

wound healing, and promote osteogenesis for the desired period. [51] The dissolution 

properties of the HA coating in the media also depend on the pH of the surrounding 

environment. The implants kept at low pH show higher coating dissolution and leaching, as 

shown in Fig. 3, while at pH 7.4, the coating over the implant stays intact. At pH 5.0, higher 

coating degradation led to a higher release % of Cur when compared to release % at pH 7.4, 

while in the case of EGCG, the pKa-pH factor dominated, and overall higher release was 

seen at pH 7.4 than at pH 5.0. The cumulative release profiles were also fit using power law 

and the weibull model to predict future release behavior.

After evaluating the release behavior of Cur and EGCG, an in vitro osteosarcoma study was 

carried out next to assess the anti-cancer efficacy of the drugs. From the study, it was found 

that both Cur and EGCG exhibit anti-cancer properties against osteosarcoma cells. <70 % 

osteosarcoma cellular viability was observed for all the treated samples after 7 and 11 days, 

which indicates their cytotoxic potential as per ISO-10993–1 standard. [52] Both EGCG and 

Cur are known to modulate multiple cell signaling pathways, including the downregulation 

of the NF- κB pathway. [53] As shown in Fig. 7, in the normal state, the inactive NF- 

κB rest in the cell in conjugation with IκB. However, phosphorylation of this conjugate by 

external or internal stimuli causes it to dissociate from IκB and become active. This NF- κB 

in the activated state then translocates to the nuclei, binds to the cell DNA, and causes tumor 

cell proliferation. Cur and EGCG are known to inhibit phosphorylation, which causes NF- 

κB to stay in the inactive state and inhibit tumor proliferation.
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Next, the effect of EGCG and Cur on the cell viability of osteoblast, a bone-forming cell, 

was studied. The results indicate that both EGCG and Cur show cytocompatibility toward 

osteoblast cells. All samples showed excellent cellular attachment on the surface. MTT and 

ALP results indicate that Cur and EGCG promote the proliferation and maturation of healthy 

osteoblast cells. One of our previous studies has also reported the positive effect of Cur 

on in vivo osseointegration ability using in vivo rat distal femur model [9] It has been 

reported that Cur enhances the osteocalcin and Runx2 expression, which leads to osteoblast 

cell proliferation and differentiation. The positive effect of EGCG on osteoblast proliferation 

also aligns with a recent study that reported similar results. [27] EGCG promotes osteoblast 

maturation by upregulating the Runx2 and BGLAP genes, osteoblast-specific target genes. 

[27] Runx 2 is expressed in the early stage of osteoblast differentiation, while BGLAP is 

expressed in the later stage of differentiation, which causes bone mineralization. [54] Both 

genes are regulated by EGCG via the wnt/B-catenin signaling pathway. [55] The sustained 

release of Cur and EGCG would accelerate osteoblast proliferation and maturation at the 

defect site, helping in faster bone healing.

Even after the successful implantation of an HA-coated metallic implant at the site, many 

post-implantation concerns arise, leading to implant removal or revision surgery. One of 

the major concerns is bacterial infection. Our results show that both Cur and EGCG 

inhibit the growth of S. aureus. After 72 h, with maximum antibacterial efficacy observed 

in the combined EGCG and Cur system. Many studies have reported that Cur ruptures 

the permeability and membrane integrity of bacterial cell membranes by creating reactive 

oxygen species, leading to bacterial cell death. [56] Curcumin is also found to bind to 

Filamenting temperature-sensitive mutant Z (FtsZ) proteins, a protein that helps in cell 

division. This binding step inhibits the assembly of FtsZ with protofilaments, which in turn 

inhibits the cell division of bacteria. [57] EGCG is another well-researched antibacterial 

agent known to damage the bactericidal film, which enhances the penetration of EGCG into 

the interior of the bacteria and causes bacteria to rupture. [58] It has also been reported that 

EGCG can bind to the membrane of the bacteria and can interfere with the lipid bilayer, 

proteins, or peptide via hydrogen bonding. [59]

After evaluating all the studies performed on this system, it could be summarized that an 

HA-coated Ti64 implant incorporated with Cur and EGCG could be used as a potential 

multi-functional bone graft to enhance in vitro chemoprevention and osteogenic potential. It 

could assist in treating bone tumors, promote osteoblast proliferation and differentiation, and 

prevent bone infection by acting as a localized and sustained drug delivery system.

5. Conclusion

This study shows that the controlled release of Cur and EGCG from HA-coated titanium 

exhibits in vitro chemopreventive potential, cytocompatibility toward osteoblast cells, and 

anti-bacterial efficacy against S. aureus. An In vitro release study conducted at acidic 

and physiological mediums reveals a controlled and sustained release profile of Cur and 

EGCG from HA-coated implants. Both Cur and EGCG exhibit cytotoxicity toward human 

osteosarcoma cells, indicating in vitro chemopreventive ability. In vitro osteoblast studies 

demonstrate that both NMCs show cytocompatibility with bone-forming cells and further 
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enhance their proliferation and differentiation, suggesting in vitro osteogenic potential. The 

results also indicate the antibacterial efficacy of Cur and EGCG against S. aureus, a primary 

cause of infection in orthopedic implants. Although further in vivo work can provide an 

in-depth understanding of both anti-tumor properties and osteogenesis, this work serves as 

a building block to develop multifunctional load-bearing implants for orthopedic and dental 

applications.
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Fig. 1. 
Schematic of the HA-coated implant preparation and mechanical characterization. (A) Step-

by-step schematic of fabrication of Ti6Al4V implant coated with HA using plasma spray 

followed by drug loading using drop casting. (B) Image of the HA-coated implant after 

coating showing surface roughness. Images from stereomicroscope, (C) 2D image, and (D) 

3D plot. (E) Schematic of tensile strength testing of HA coated implant shows load applied 

on both sides, testing adhesion strength between the implant and HA coating. Images of (F) 

the bottom post with adhered coating and (G) the top post with the rest of the HA coating 

adhered to the epoxy resin.
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Fig. 2. 
In vitro release profile of curcumin and EGCG from HA-coated titanium. (A) Release plot 

of individual curcumin and EGCG, and in the presence of each other at pH 5.0, all exhibiting 

biphasic controlled and sustained release profile. (B) Release plots of both drugs in the 

initial 24 h at pH 5.0. (C) Release plot of individual curcumin and EGCG, and in the 

presence of each other at pH 7.4, showing biphasic release profile. (D) Release plot of both 

drugs in the first 24 h at pH 7.4. (E) A schematic representing a sequence of phases of drug 

release from the implant, with initial burst release of EGCG, followed by sustained release 

of curcumin.
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Fig. 3. 
Surface morphology of drug-loaded implants after in vitro release study for 21 days. (A) 

FESEM images show higher coating dissolution and particle leaching at pH 5.0. compared 

to pH 7.4. (B) 3D mapping of implants taken using the stereomicroscope shows higher 

roughness of HA coating at pH 7.4 and before the release study; however, due to coating 

dissolution, low roughness or flat morphology of the implants was observed for all implants 

at pH 5.0.
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Fig. 4. 
Results from in vitro osteosarcoma study performed with curcumin and EGCG dual 

drug system for 11 days. (A) MTT assay shows a reduction in the cell viability of 

osteosarcoma cells on treatment with curcumin and EGCG. (n = 3, * denotes p ≤ 0.05, 

and ***denotes p ≤ 0.001). (B) Live/dead imaging demonstrates live osteosarcoma cells 

in control (green fluorescence), while dead cells were observed in the treated implant (red 

fluorescence). (C) Mitochondrial membrane potential assay shows apoptosis in EGCG and 

curcumin-treated implants as shown through an increase in green fluorescence, indicating 
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low membrane potential of unhealthy mitochondria. Arrows marked in the images indicate 

the osteosarcoma cells. (D) Fluorescence intensity obtained through JC-1 assay quantified 

using ImageJ exhibits a decrease in the red/green fluorescence intensity ratio of the treated 

implant compared to the untreated sample. (n = 3, **denotes p ≤ 0.01). (E) The surface 

morphology of osteosarcoma cells shows the ruptured morphology of osteosarcoma cells for 

all compositions, while the control exhibits healthy cellular attachment.
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Fig. 5. 
Results from in vitro osteoblast cell viability study against curcumin and EGCG dual drug 

delivery system for 11 days. (A) MTT assay illustrating the effect of control and different 

treatments on the osteoblast cellular viability. Both curcumin and EGCG enhance cellular 

viability compared to control, as shown through MTT assay (n = 3, * denotes p ≤ 0.05, 

**denotes p ≤ 0.01, and *** denotes p ≤ 0.001). (B) Live/dead imaging performed using 

confocal laser microscopy reveals live cells in all samples (green fluorescence), supporting 

their cytocompatibility. The arrow marked in the images represents the osteoblast cells. 

(C) ALP assay shows that both drugs enhance the ALP differentiation activity compared 

to the control. (D) Higher ALP expression in drug-loaded implants was observed through 

higher green fluorescence. The blue dots indicate cell nuclei. (E) The surface morphology 

via FESEM exhibits healthy morphology and cellular attachment on both control and treated 

samples.
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Fig. 6. 
Results from the antibacterial study on dual drug system. (A) Agar plate images indicate 

a reduction in bacterial colony growth in the treated sample compared to the control, 

which showed dense colony formation. (B) The plot of bacterial colony counts after 36 and 

72 h that the dual drug system enhances the antibacterial efficacy by 94 %. In contrast, 

curcumin showed an efficacy of ~ 58 %. EGCG showed ~ 65 % efficacy (n = 3, **denotes 

p ≤ 0.01, and ***denotes p ≤ 0.001) (C) Live/dead imaging shows higher green dots 

in control, indicating live bacteria. In comparison, higher red dots were observed in the 

treatment samples, indicating dead bacteria. (D) Quantification of the live/dead images 

shows a significantly reduced count of live bacteria in all the treated samples after 36 and 
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72 h (n = 3, ***denotes p ≤ 0.001), supporting agar plate results. (E) Surface morphology 

through FESEM shows dense colonies in the untreated sample. In contrast, the treated 

sample showed fewer bacterial colonies.
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Fig. 7. 
Proposed mechanism of action of curcumin and EGCG for tumor inhibition and bone 

osteoblast proliferation. (a) Activated IKKβ phosphorylates IκB, causes its subsequent 

degradation by enzyme proteasome, NF-κB heterodimer, translocates to the nucleus, and 

binds to the respective target genes in the DNA, promoting tumor growth and preventing 

osteoblast proliferation. (b) Both EGCG and curcumin suppress the phosphorylation of the 

IκB, avoiding the translocation to the nucleus to bind to their DNA elements, suppressing 

tumor growth, and promoting osteoblast proliferation.
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