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Abstract

Successful repair of critical-sized tumor-resection defects, especially in load-bearing bones, still
remains a major challenge in clinical orthopedics. Titanium (Ti) implants have been increasingly
used in the past few decades because of titanium’s suitable mechanical properties and
biocompatibility; however, it shows insufficient integration with the surrounding bone. In this
study, the plasma spray technique is utilized to form homogeneous hydroxyapatite (HA) coating
on the surface of the Ti implant to enhance osseointegration at the tissue-implant interface. These
coated implants are loaded with curcumin and vitamin K2 to introduce chemopreventive and
osteogenesis ability via controlled release of these biomolecules. The synergistic effect of these
two biomolecules showed enhanced in vitro osteoblast (hFOB) cell attachment and proliferation
for 11 days. Moreover, these biomolecules showed lower in vitro osteosarcoma (MG-63) cell
proliferation after 3, 7, and 11 days. An in vivo study was carried out to evaluate the bone bonded
zone in a rat distal femur model at an early wound healing stage of 5 days. Modified Masson
Goldner staining of the tissue-implant section showed improved contact between tissue and
implant in dual drug-loaded HA-coated Ti implants compared to control implants. This work
presents a successful fabrication of a mechanically competent functional Ti implant with the
advantages of enhanced in vitro osteoblast proliferation, osteosarcoma inhibition, and in vivo
osseointegration, indicating the potential for load-bearing bone-defect repair after tumor resection.
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1. INTRODUCTION

Osteosarcoma is the most common primary bone malignancy with the third highest
incidence rate in pediatric patients.! It is an aggressive form of tumor, which advances with
rapid growth and infiltration and, subsequently, metastasizes to other body parts,
predominantly to the lungs.2 Currently, the standard treatment regimen includes a
combination of pre- and postoperative chemotherapy and a surgical resection. Once a patient
is diagnosed with osteosarcoma, high dosages of standard chemotherapeutic drugs, such as
doxorubicin, adriamycin, or methotrexate, are administered and continued for 6-10 weeks
before surgery to decrease the size of tumor.3 Limb salvaging surgery is currently the
mainstay and considered the safest methodology of treatment for 85-90% of patients with
high-grade osteosarcoma, in which diseased tissue and tracts are eliminated with at least a 2
cm margin to prevent further recurrences.*° After the surgery, chemotherapy is again
resumed within 2—3 weeks once the wound is healed. Despite the advancements made with
the current therapeutic approaches for osteosarcoma treatment, the survival rate has not
altered over the past three and a half decades, even with the use of combination
chemotherapy. While high dosages of chemotherapeutic agents during pre- and
postoperative chemotherapy causes severe side effects and fatal toxicity because of their lack
of specificity toward tumor cells,® surgical resection of a tumor determines large bone
defects, challenging the quality of the patient’s life.” Hence, advanced bone graft substitutes
with dual functions of osteogenesis and specific chemopreventive ability are stringently
needed for osteosarcoma management, which might hold the key to an improved survival
rate.

Implants with a localized drug delivery system can eliminate the need for multiple surgical
interventions or extensive dosing schedule by enhancing the efficacy of the eluted drug.
However, current drug delivery systems are limited to the release of a single biomolecule
over a continuous period of time, which does not address the situations where a complex
delivery profile is required.8 For instance, there is an unmet need for an advanced drug
delivery regimen, which would provide effective chemoprevention to remove the residual
bone cancer cells, as well as simultaneously endow the scaffold with unique osteogenic
capability to regenerate new bone tissue. Additionally, single-drug chemotherapies are not
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effective to suppress all cancer cells because of the multidrug resistance of the tumors.?
Therefore, combination chemotherapy with multidrug delivery properties has been
developed to achieve ideal therapeutic effects and improved antitumor efficacy.10 Yet,
achieving effective chemoprevention without possessing toxicity to normal cells is a great
challenge in current tumor management.11 Hence, the present study focuses on designing
localized natural drug delivery system from coated implants that release multiple nontoxic
biomolecules to achieve postoperative chemoprevention as well as bone defect
reconstruction. This local drug delivery system adjunct to the traditional chemotherapy can
minimize the systemic side effects, diminish the risk of metastasis and therefore lead to
better clinical efficiency.

Curcumin, the active constituent of turmeric and a natural polyphenol compound, has
instigated considerable interest for its extensive physiological activities.12 It deserves a
special mention for its success rate in the field of cancer therapeutics because of its
remarkable anti-inflammatory and anticarcinogenic properties. Curcumin regulates multiple
cell-signaling pathways and demonstrates significant cytotoxic potential toward a variety of
tumor cells, as reported in various in vitro, in vivo, and preclinical studies.1314 Previous
studies from our group have also reported the chemopreventive and osteogenic potential of
curcumin for osteosarcoma prevention.1® On the other hand, vitamin K2, a fat-soluble
vitamin, is known for its role in diabetes, osteoporosis, osteoarthritis, and cancer prevention.
It acts as an anabolic agent and, therefore, improves bone quality by stimulating bone
formation and reducing bone resorption.18:17 Besides, researches are currently pursued to
identify the association of vitamin K2 and its potential effect on cancer.18:1° These natural
biomolecules-based drug deliveries are safe yet effective and mitigate systemic toxicity
caused by high dosages of conventional chemotherapeutic agents.

Titanium (Ti) and its alloys have demonstrated promising potential in reconstituting bone in
load-bearing sites because of their excellent biocompatibility, high mechanical strength,
fracture toughness, and corrosion resistance.2%-22 However, the strong oxidized layer on the
surface of titanium alloys, which provides the corrosion resistance property to the
underlying substrate, also create biological inertness and hinders direct interaction of the
implant with bone tissue.23 Such problems with osseointegration at the bone/implant surface
are made only more complex for patients suffering from osteosarcoma.24 To address this
issue, much effort has been focused on coating Ti implant with bioactive materials as it not
only promotes bone tissue regeneration but also shortens the healing time significantly.2>-27
Among all bioceramics-based coatings, hydroxyapatite (HA) is predominantly employed as
an osteogenic coating material for orthopedic implants.28:22 It mimics the mineral phase of
human cortical bone by maintaining the Ca/P ratio at 1.67, which ultimately enhances the
bone-bonding ability of the Ti implant.3% Even though poor mechanical properties and
inherent brittleness of HA limits its practical application for load-bearing application, as a
bioactive coating on load-bearing Ti implant, HA provides excellent osseointegration at the
implant surface and, therefore, offers complementary properties to each other.3! In this
study, Ti6Al4V, which is a classical a—g dual phase titanium alloy, is utilized followed by
plasma spray coating of HA. So far, plasma spraying is the only commercialized FDA (Food
and Drug Administration) approved biomedical coating techniques and therefore considered
the gold standard for commercial production of coated metallic implants.32:33
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The objective of this study is to investigate the localized dual-drug delivery of curcumin and
vitamin K2 from plasma-sprayed HA-coated Ti6Al4V on in vitro chemoprevention,
osteogenesis, and in vivo osseointegration ability for postsurgical bone defect repair
applications, especially for orthopedic devices used in load-bearing conditions. We
hypothesize this simple yet efficient design of load-bearing HA-coated Ti implant offers an
efficient dual drug delivery of chemopreventive and osteogenic molecule for postsurgical
defect repair in osteosarcoma management.

2. MATERIALS AND METHODS

2.1. Preparation of Coating and Surface Topography Characterization.

Ti6Al4V plates (Grade 5), purchased from Titanium Joe (MA, USA), were cut by a water jet
cutter into discs with a diameter of 12.2 mm and thickness of about 2 mm. Subsequently,
these discs were sandblasted, cleaned ultrasonically in deionized (DI) water and treated with
acetone to ensure the remaining organic material was removed. HA powder (Monsanto, MO,
USA) was sieved to receive 150-212 um particle size prior to coating. Afterward, coatings
were applied using a 30 kW inductively coupled radio frequency (RF) plasma spray system
(Tekna Plasma Systems, Canada). The system is equipped with a supersonic plasma nozzle
and an axial powder feeding system. Twenty-five kW plate power and 110 mm working
distance were maintained for this work. Argon (Ar) gas was used as the central and carrier
gas with a flow rate of 25 and 13 standard liters per minute (slpm). A mixture of 60 slpm
argon and 6 slpm hydrogen were used for sheath gas. Chamber pressure was kept at 5
pound-force per square inch gauge (psig). The surface topography of the samples was
measured by means of a Zygo optical profilometer (Zygo Corporation, CT, USA). The
surface parameter used for the evaluation of surface roughness was the arithmetic average
roughness (/). For each replicate, 15 1 mm x 1 mm scan measurements were averaged as
the final value of roughness from five separate locations of each sample.

2.2. Drug Coating.

Dual drug solution was prepared by simultaneously dissolving curcumin (=98.0% Sigma-
Aldrich, USA) and vitamin K2 (Analytical grade, Sigma-Aldrich, USA) (curcumin/vitamin
K2 = 1:1) in ethanol. Curcumin was (0.5 g) dissolved in 10 mL of ethanol and stirred for 10
min, followed by the addition of 0.5 g of vitamin K2 and mixing for another 10 min. The
resultant dual drug solution (500 L) containing both curcumin and vitamin K2 was added
on the top surface of the HA-coated Ti implants so that the total drug amount reached 50 /g
in each disc (25 £g of curcumin and 25 wg of vitamin K2). Finally, the solvents were
evaporated at room temperature by keeping the samples in the dark overnight.

2.3. In Vitro Curcumin and Vitamin K2 Release.

Curcumin and vitamin K2 release study was investigated in both pH 7.4 phosphate buffer
and pH 5.0 acetate buffer. The 7.4 pH is used to imitate physiological pH, whereas 5.0 pH
resembles the postsurgery acidic microenvironment. The pH range is kept within £0.05
using a pH probe. Samples in triplicate were placed in 4 mL of buffer solution. Then they
are kept at a shaker at 37 °C under 150 rpm of constant shaking. The buffer solutions were
changed at each time point and replaced with freshly prepared 4 mL of buffer solution. The
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concentration of curcumin was determined using Biotek Synergy 2 SLFPTAD microplate
reader (Biotek, Winooski, VT, USA). The absorbance values were obtained at 425 and 248
nm wavelength for curcumin and vitamin K2, respectively, and drug concentration was
calculated using a standard curve. The release Kinetics were analyzed using Korsmeyer-
Peppas model .34

M{ Mg =K - 1"

where M;is the quantity of drug released at time # M is the maximum quantity released, K
is the release rate constant, and rnis the release exponent, which allows to identify the drug
release mechanism.

In(M;/M ) = In(K) + n - In(r)

A graph was plotted using In(M7/Mwo) versus In(#), where nis the slope of the graph. In this
study, n7value of <0.45 is applied, which defines Fickian diffusion for cylindrical shaped
matrices.

2.4. Dissolution and Surface Morphology after Release.

Field emission scanning electron microscope (FESEM) (FEI, Inc., Hillsboro, OR, USA) was
used to characterize surface morphologies of all implants to observe phase dissolution after
release. Before performing FESEM, the implants are left to dry at room temperature for 72
h. Then, they were gold coated using a sputter-coater (Technics Hummer V, CA, USA).

2.5. InVitro Osteoblast and Osteosarcoma Cell Culture Study.

2.5.1. Osteoblast Cell Culture.—Prior to cell culture, all samples were sterilized by
autoclaving at 121 °C for 60 min. Human osteoblast cell line hFOB (PromoCell GmbH,
Germany) were used for this culture. Samples were kept in 24 well plates, and cells were
seeded onto the samples at a density of 2 x 106 cells/mL. Osteoblast growth medium
(PromoCell GmbH, Germany) was used to maintain the culture for the entire study. Cultures
were kept in an incubator at 37 °C under an atmosphere of 5% CO, as recommended by
PromoCell for this particular cell line. Growth medium was changed every 2 days during the
entire cell culture study.

2.5.2. Osteosarcoma Cell Culture.—Prior to the in vitro cell culture study;, all
implants were sterilized using an autoclave (Tuttnauer, USA) at 121 °C for 60 min. Human
osteosarcoma cell line (MG-63) and Eagles Minimum Essential Medium (EMEM) were
purchased from ATCC, USA. Cell culture media or EMEM was replaced every 2-3 days
during the entire study. Subsequently, sterilized implants were loaded with the drugs and
placed in 24-well plates. Confluent cells were seeded on the implant surface at a density of
2.5 x 10* cells/sample. The implants were moved to a new well after an adhesion period of
12 h. The culture was kept in an incubator at 37 °C under an atmosphere of 5% CO» as
recommended by ATCC for this particular cell line.
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2.5.3. Cell Morphology.—To characterize cellular morphology by FESEM, samples
were separated from culture after 3, 7, and 11 days of study. The samples were fixed with
2% paraformaldehyde/2% glutaraldehyde in 0.1 M cacodylate buffer overnight at 4 °C. 2%
osmium tetroxide (OsQy) is used for postfixation for 2 h at room temperature. Then, the
samples were dehydrated in a series of ethanol (30%, 50%, 70%, 95%, and 100% three
times), followed by hexamethyldisilane (HMDS) drying. Samples are kept in a vacuum
desiccator for overnight drying. Gold coating with a thickness of 10-15 nm was applied
using a gold sputter coater. The morphology of samples is then studied using FESEM (FEI
200F, FEI Inc., OR, USA).

2.5.4. MTT Cell Viability Assay.—hFOB and MG-63 cell viability was evaluated using
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (Sigma, St. Louis,
MO) assay. To prepare the MTT solution, 5 mg of MTT is dissolved in 1 mL of sterile-
filtered PBS. 100 4L of MTT solution was then added to each sample in 24-well plates
followed by the addition of 900 L of cell medium. The samples were incubated for 2 h.
One milliliter of MTT solubilizer is prepared using 10% Triton X-100, 0.1 N HCI, and
isopropanol. After incubation, 600 4L of MTT solubilizer was added to dissolve the
formazan crystals. Thereafter, 100 s of that solution was transferred into a 96-well plate
and read by UV-vis spectroscopy microplate reader (BioTek) at 570 nm. To ensure
reproducibility, all samples were used in triplicate. Data are presented as mean + standard
deviation. Student’s #test was used to perform statistical analyses and 2 values <0.05 and
<0.0001 are considered significant and extremely significant.

2.6. InVivo Study.

2.6.1. Surgery and Implantation Procedure.—Sprague—Dawley rats (Charles Rivers
Laboratories International, Inc., Wilmington, MA, USA) with 280-320 g of body weight
were used in this study. A protocol approved by the Institutional Animal Care and Use
Committee (IACUC), Washington State University, was obeyed while performing the
surgeries. The rats were kept in a temperature and humidity-controlled rooms with alternate
cycles of 12 h dark and 12 h light. After the animals get acclimated, surgery was performed
to generate a femoral defect. Anesthesia was carried out by using IsoFlo (isoflurane, USP,
Abbott Laboratories, North Chicago, IL, USA), along with oxygen (Oxygen USP, A-L
Compressed Gases Inc., Spokane, WA, USA). Pedal reflex and respiration rate of the rats
were monitored to maintain proper surgical anesthesia. The 3/5 mm defect was created in
the distal femur bone by making a through and through hole using a drill bit of 2/3 mm
diameter. Physiological saline was used to cleanse the cavity and remove the remaining bone
fragments present in the defect site. Thereafter, drug-loaded HA-coated Ti implant were
press fitted at the defect site. Pure HA-coated Ti implants were used as control. To close the
wound an absorbable synthetic surgical suture, undyed braided-coated monocryl polyglactin
910 (Ethicon Inc., Somerville, NJ, USA), was used. A betadine solution, as a disinfectant,
was applied at the wound site to prevent postsurgical infection. Meloxicam injection was
applied to reduce the pain after the surgery. Rats were euthanized by CO5 overdose after 6
weeks postsurgery. The bone-implant specimens were cut from the rat body using a rotating
saw and then fixed with 10% neutral buffered formalin solution for 72 h.
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2.6.2. Histomorphology and Histomorphometric Analysis by Modified
Masson Goldner’s Trichrome (Undecalcified Tissue Sections).—A series of
dehydration process is carried out for the bone tissue specimens using ethanol (70%, 95%,
and 100%), ethanol/acetone (1:1), and 100% acetone. Each step is carried out for 8-12 h.
Now, the specimen is kept in acetone: Spurr’s resin (2:1 and then 1:1) for infiltration. Next,
the sample tube/vial is filled with acetone: Spurr’s resin (1:1) and kept overnight with the lid
open so the acetone evaporates. Then, 100% spurs resin is used to keep the tissue specimens.
Lastly, the bone-implant specimen is kept in a mold filled with 100% Spurr’s resin at 60 °C
overnight. After the samples are embedded in Spurr’s resin, a thin section of 200 gm is cut
with the help of slow-speed diamond saw cutter and attached on a glass slide using super
glue. After the slide was dried, the tissue sections were stained by Masson Goldner’s
trichrome stain and observed under an optical microscope (Olympus BH-2, Olympus
America Inc., USA).

The histomorphometric analysis is carried out using ImageJ software (NIH) to measure
percentage fraction of newly formed bone area (area covered by newly formed bone/area of
the entire tissue section, %) and percentage of total bone formation. 1/1 mm tissue sections
were used to measure the newly formed bone area (/7= 6). The region around the implant
assessed was 250 pm in radius using 3 different images. All analysis was normalized over
the radius of the implant. Statistical significance was determined at a 95% confidence level
(0 < 0.05) marked with * between compositions and time points.

2.7. Statistical Analyses.

All in vitro experiments data are representative of three biological replicates (n7= 3). Each of
this biological replicate had three technical replicates as well. The data were normally
distributed by the Shapiro—Wilk test and were represented as mean + SD. Statistical analyses
were performed in GraphPad Prism 8 software (CA, USA) using two-way ANOVA and
Bonferroni posthoc analysis. P values =0.05 were considered as statistically significant.

3. RESULTS

3.1. Fabrication of Implant, Drug Loading, and Surface Topography Characterization.

Surface topography of the implant, or more importantly, average surface roughness is an
important parameter for tissue-material responses, which significantly improves cellular
attachment and proliferation. Figure 1 demonstrates schematic diagram of step by step
fabrication of drug-loaded HA-coated Ti implant and surface topography of each step by
optical profilometer. The result indicates that the surface roughness has increased drastically
upon plasma deposition of HA as compared to Ti. HA-coated substrates with a rough surface
morphology is reported to promote better hFOB attachment than smooth Ti surface. The
curcumin- and vitamin K2-loaded HA-coated Ti has comparable /2, value to that of pure
HA-coated Ti implants. The surface roughness and spatial parameters are shown in Table 1.
For instance, the average surface roughness (/~,) value was 2.35, 10.43, and 8.61 ym for the
Ti, HA-coated Ti, and drug-loaded HA-coated Ti surfaces, respectively.
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In Vitro Drug Release Study at Physiological and Acidic Microenvironment.

Since pathological condition, such as cancer, exhibits different pH conditions than normal
physiological pH, the drug release in our study has been conducted in tumor-specific release
media. HA coating is greatly affected by the pH of the surrounding media. In general, an
acidic pH results in higher solubility of HA, which subsequently instigates accelerated drug
release in acidic condition. However, in our study, both the drugs, curcumin and vitamin K2,
showed an overall higher release in DMEM (pH 7.4), compared to acidic buffer media (pH
5.0). Serum-containing media, such as DMEM supplemented with fetal bovine serum (FBS),
is a more suitable choice for performing release studies since it mimics the critical
composition of physiological fluids that are used for in vitro studies or in vivo assays. The
serum proteins present in FBS affects the drug release by achieving the sink condition. As
shown in Figure 2, after 22 days, 100% release of curcumin is achieved in the presence of
vitamin K2 in the system, while only curcumin shows 88% of release at pH 7.4. Similarly,
vitamin K2 showed enhanced drug release of 68% in the presence of curcumin in the
system, while only vitamin K2 loaded samples showed 11% of drug release.

Morphological characterization of sample surface after 22 days of drug release shows a
gradual degradation of the coated surface in the presence of DMEM, as shown in Figure 3.
Cracks and porous morphology are observed in all samples indicating extensive degradation
characteristics.

Similarly, Figure 4 shows that after 22 days of release, curcumin has shown much higher
release in the presence of vitamin K2 (about 93%) compared to 30% release of drug from
samples loaded with only curcumin at pH 5.0. After 22 days, vitamin K2 also showed 61%
of release in the presence of curcumin, where 15% release can be seen from the samples that
had only vitamin K2.

Much lower coating degradation and nonporous surface morphology is observed in the
presence of acetate buffer, which is shown in Figure 5. Therefore, drug release from coated
implant at acidic pH follows diffusion mechanism rather than degradation kinetics, followed
by dissolution of HA. Therefore, it can be concluded that HA-coated Ti implant provides a
suitable drug delivery platform, which exhibits an independent release pattern for curcumin
and vitamin K2 under physiological, as well as acidic microenvironment exhibited by tumor
cells.

The in vitro release kinetics were analyzed by Korsmeyer—Peppas equation to understand the
release mechanism for curcumin, vitamin K2, and dual drug-loaded HA-coated Ti implants.
Table 2 summarizes the Korsmeyer—Peppas model parameters, where 77 denotes the diffusion
exponent and A2 is the coefficient of determination, obtained from the linear regression
analysis. In this study, 7 value of the Korsmeyer—Peppas plot was less than 0.45 for <60% of
cumulative drug release kinetics. This result further validates the release mechanism for
drug-loaded HA-coated Ti implants was primarily controlled by Fickian diffusion process.

In Vitro Cytotoxicity Study against Human Osteosarcoma Cells (MG-63).

To evaluate the in vitro chemopreventive effect of dual drug (curcumin + vitamin K2)
release from HA-coated Ti implant, osteosarcoma cell culture was carried out at days 3, 7,
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and 11. HA-coated Ti implant without any treatment was used as the control. MG-63
osteosarcoma cell attachment, proliferation, and viability were tested in the presence of
control, curcumin-, vitamin K2-, and curcumin + vitamin K2-loaded HA-coated Ti implant.
As shown in Figure 6a, all the treatment implants demonstrated lower osteosarcoma cell
viability compared to the control, at days 3, 7, and 11. Although cell inhibition capacity of
vitamin K2 was weaker than curcumin, the synergistic effect of curcumin and vitamin K2
still showed effective in vitro osteosarcoma suppression at days 7 and 11. The individual
release of curcumin (0.23 1g/mm?2) exhibited 92% and 85% lower osteosarcoma cell
proliferation compared to the control at days 7 and 11, respectively. However, the dual
release of curcumin (0.11 zg/mm2) and vitamin K2 (0.11 zg/mm?2) showed 95% and 92%
lesser osteosarcoma cell viability at days 7 and 11, respectively. This superior
chemopreventive effect can be attributed to the higher release of curcumin and vitamin K2,
while present in a combination form, as shown in Figure 2. The FESEM images in Figure 6b
show layer-like osteosarcoma cells in control samples, whereas curcumin and vitamin K2
both showed significant inhibition in attachment and proliferation of MG-63 cells, which is
consistent with the MTT results. The in vitro percentage cytotoxicity results at days 3, 7, and
11 demonstrated effective inhibitory efficacy against human osteosarcoma cells in the
presence of curcumin and vitamin K2 released from HA-coated Ti implants, as presented in
Table 3.

3.4. InVitro Osteoblast (hFOB) Cell-Material Interaction.

To verify the nontoxic effect of curcumin and vitamin K2 on healthy bone cells, osteoblast
(hFOB) cell culture was carried out for 11 days. As shown in MTT assay in Figure 7a,
individual release of curcumin did not show any statistically significant increment in cellular
viability at days 3 and 7, compared to the control (o> 0.05). Nevertheless, vitamin K2-
loaded HA-coated Ti implant was found to be more effective in enhancing osteoblast cellular
viability than curcumin-loaded sample. In fact, it increased osteoblast cell viability to almost
3.5-fold on day 3 and 2.5-fold at day 7 in comparison to the control HA-coated Ti implant.
At day 11, the effect was more pronounced with vitamin K2 (0.23 g/mm2), showing a
marked 9 folds increase in osteoblast cell viability suggesting its significant in vitro
osteogenic potential. Dual release of curcumin and vitamin K2 did not show any cytotoxicity
against osteoblast cell proliferation, in fact slightly increased the viability to 1.3-, 1.7-, and
1.6-fold at days 3, 7, and 11, respectively. Excellent biocompatibility of the HA-coated
implants can be further confirmed by the FESEM images, as shown in Figure 7b. HA-coated
Ti implants because of their inherent cytocompatibility promoted osteoblast cell adhesion
and proliferation within 3 days of incubation. Although curcumin did not show notable
cellular growth and layer-like proliferation, presence of few osteoblast attachment on the
implant surface does confirm its noncytotoxicity toward healthy hFOB cell line. On the other
hand, vitamin K2-loaded implant displayed discrete cellular morphology with filopodial
processes anchored firmly on top of the scaffold surface, which indicates its superior
osteogenic potential, compared to the control. Moreover, dual delivery of curcumin and
vitamin K2 also demonstrated densely arranged osteoblast cells with monolayer formation
and good attachment suggesting their excellent cytocompatibility and osteogenic capability.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sarkar and Bose Page 10

3.5. InVivo Surgeries and Osseointegration.

To further investigate the osteogenic potential of curcumin- and vitamin K2-incorporated
HA-coated Ti implants, a 3/5 mm bicortical epicondyle defect was created in the distal
femur of Sprague—-Dawley rats, followed by surgical implantation and sacrifice after 5 days,
shown in Figure 8a and b. The tissue sections were prepared and stained with Masson
Goldner to characterize the bone bonded zone. The anteroposterior radiograph in Figure 8c
is taken immediately after the femoral epicondyle implantation, which confirms no obvious
abnormalities in any rats. Figure 8d shows histological characterization by Masson Goldner
staining at the tissue—implant interface. Curcumin and vitamin K2 both showed evidence of
significantly greater bone formation around the implant, compared to the control. These
results have shown a distinctly visible effect of curcumin and vitamin K2 on
osseointegration at the bone-bonded surface during early time point of wound healing,
which was never reported in previous literature, as per authors best knowledge.

In vivo osseointegration ability of curcumin, vitamin K2, and curcumin + vitamin K2 were
assessed by histomorphological characterization of tissue—implant sections utilizing Masson
Goldner staining, as shown in Figure 9a. The results show a significantly larger gap of 380 £
38 um between the implant and newly forming bone tissue for control groups (HA-coated Ti
implant) with no treatment. The tissue—implant contact was significantly better in curcumin
and vitamin K2 incorporated HA-coated Ti implant groups. Furthermore, dual delivery of
curcumin and vitamin K2 showed prominent improvement in osseointegration with the
lowest gap of 50 + 4 um between the tissue and implant. Additionally, the presence of newly
formed osteoid tissue in orange/reddish-orange color and mineralized bone formation in
greenish color is more prevalent in curcumin + vitamin K2-incorporated HA-coated Ti
groups, compared to the control. Histomorphometrical analysis by imageJ in Figure 9b
shows almost three-fold higher osteoid and total bone formation by curcumin- and vitamin
K2-loaded HA-coated Ti compared to control.

4. DISCUSSION

With the increasing incidences of bone metastasis, localized drug delivery approaches for
cancer therapeutics have demonstrated a steep rise over the past few years. Although HA
coatings on orthopedic implants have received much attention as load-bearing bone
replacements, repair of tumor-associated segmental bone-defects remains a major challenge
to orthopedic surgeons. This is due to the poor bone—-implant osseointegration and difficulty
in new bone formation in the tumor environment. Additionally, incomplete surgical resection
results in tumor recurrence and approximately half of the patients with bone cancer
eventually exhibit bone metastasis. Hence, there is a considerable interest in developing
local drug delivery systems from coated implants, which could facilitate the controlled
release of anticancer and osteogenic biomolecules at the tumor site for enhanced
chemoprevention and faster bone regeneation.3°

Bioactive HA coatings have been used as a drug carrier for controlled therapeutic delivery of
chemopreventive agents in osteosarcoma treatment. To achieve successful drug delivery in
cancer microenvironment and overall implant success, the drug release needs to be tested at
pH 7.4, which simulates the in vitro testing condition and normal physiological
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microenvironment, as well as at pH 5.0, which imitates the postsurgical acidic condition and
extracellular microenvironment of tumor cells. In this study, the in vitro release kinetics of
curcumin and vitamin K2 indicated that both drugs showed controlled and sustained drug
delivery from HA-coated Ti implant at pH 7.4 and pH 5.0 for 22 days. It is worth noting that
both curcumin and vitamin K2 demonstrated a primary burst release with 17% of total drug
in the first 24 h. This initial burst release of drug at pH 5.0 can provide immediate
eradication of residual tumor cells followed by a sustained release at physiological pH 7.4
will promote gradual healing and bone regeneration.36 To better simulate the in vivo
environment, Dulbecco’s Modified Eagle medium (DMEM) solution have been used in this
study to represent pH 7.4 for in vitro drug release kinetics evaluation. DMEM supplemented
with FBS contains components from blood serum, organic constituents, such as vitamins,
amino acids, and proteins, which helps to better simulate the in vivo environment or
physiological conditions of a living body, compared to the SBF (simulated body fluid) or
PBS (phosphate buffer solution) containing only inorganic components. Now, these proteins
and amino acids are readily absorbed on the implant surface and results in reduced
crystallinity and subsequent degradation.3” Higher surface degradation significantly
enhances the drug release from HA coating, which might be an explanation for observing an
overall higher release of all drugs in pH 7.4, compared to the pH 5.0 or acetate buffer
solution. In addition, a comparatively higher release was observed from both the drugs at pH
5.0 and pH 7.4 when they were combined together. It can be noted that the release of vitamin
K2 was almost 6- and 4-fold higher in pH 7.4 and pH 5.0, respectively, when the
combination of both drugs was incorporated. Curcumin and vitamin K2 are both aromatic
fat-soluble molecules with similar chemical structure; therefore, their higher release in
combined form may be attributed to the hydrophobic interaction between drug molecules,
where the drug molecules aggregate together resulting in a faster diffusion from the implant
surface. This enhanced release kinetics might allow curcumin and vitamin K2 to be an ideal
choice for synergistic drug combination in cancer prevention.3’ Furthermore, the cumulative
release kinetics for both curcumin and vitamin K2 are best fitted with the Korsmeyer—
Peppas model, to further analyze the drug release kinetics. The diffusion exponent or n value
from the Korsmeyer-Peppas plot for are less than 0.45 for both curcumin and vitamin K2
loaded Ti implants, which corresponds to Fickian diffusion mechanism.38 Although this
model has been previously used to define drug release profiles from polymeric matrix,
nowadays various studies have reported its application in porous ceramics drug delivery
system. Dissolution of HA coating is an important parameter that not only regulates the
durability and stability of the coating but also controls the drug release kinetics. Previous
studies have reported that the acidic condition of release media results in undesirable
accelerated resorption of HA coating. Here, HA coating still maintains its physical form and
integrity even after 22 days of drug release at pH 5.0, which confirms the feasibility of
utilizing this drug delivery system in the tumor microenvironment.39

After monitoring a controlled release pattern of curcumin and vitamin K2 for 22 days, the in
vitro antitumor efficacy of the drug-loaded implants was assessed. On account of the high
chemopreventive potential of curcumin, the curcumin- and vitamin K2-loaded HA-coated
implant exhibited excellent performance for in vitro osteosarcoma proliferation inhibition.
Vitamin K2 is an emerging chemotherapeutic agent with cytotoxic potential toward a wide
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variety of cancer cell lines including leukemia, pancreatic cancer, hepatocellular carcinoma,
colorectal cancer, breast cancer, and ovarian cancer.4941 Although several in vitro, in vivo,
and clinical trials have reported a promising chemotherapeutic potential of vitamin K2,
investigations of the underlying mechanism of anticancer function are still in its infancy. On
the other hand, curcumin has been extensively researched and well-documented for its
anticancer potential. It modulates multiple cell-signaling pathways including NF-« (nuclear
factor- k3 to restrict cell proliferation and tumor progression.#2 Both curcumin and vitamin
K2 are regarded as potential inhibitor of NF-«, a transcription factor that plays major role
in cancer cell progression and tumor growth. In resting cell, NF-«x is present in cytoplasm
conjugated with I k8 which keeps it in inactivated state. Phosphorylation of IKS results in
subsequent degradation, which marks the activation of NF-«x8 upon releasing from the
conjugate. Next, activated NF-xg translocates to the nucleus, binds to DNA, and stimulates
cellular proliferation. Curcumin and vitamin K2 inhibit phosphorylation and subsequent
activation of NF-x3, which leads to suppression of tumor cells and tumor regression.3

Treating tumor cells while sparing healthy cells is a critical challenge in current targeted
drug delivery systems. Therefore, these implants were tested against human osteoblast cell
line to ensure their noncytotoxicity toward normal bone cells. Results showed curcumin- and
vitamin K2-treated HA-coated implants do not exhibit any toxicity toward osteoblast cell
line and promote firm cellular attachment and proliferation. One of the key advantages of
employing naturally occurring phytochemicals, such as curcumin, is their noncytotoxicity
toward normal cells, which indicates fewer side effects and increased targeting efficacy of
tumor cells. Curcumin has proven to exhibit no adverse effects on the human body even with
high dosages of 2-12 g/day.*4 More intriguingly, curcumin has demonstrated a significant
role in promoting osteoblastic differentiation of rMSCs and alleviating RANKL-induced
osteoclast resorption, which accounts for its excellent performance in improving bone
health.4> Additionally, some studies also reported selective toxicity of curcumin toward
osteosarcoma compared to normal osteoblast cells, a concept which is implemented in the
present work to overcome the limitations of osteosarcoma management.*®6 Compared to
other therapeutic approaches, such as integrating bone scaffolds with a potent anticancer
drug, curcumin- and vitamin K2-loaded HA-coated Ti implants represent a safer and
promising alternative for treating osteosarcoma-related bone defect by providing a higher
local drug concentration and mitigating adverse side effects or cytotoxicity to normal cells.
Vitamin K2, an essential vitamin for bone remodeling, offers great prospects in the
prevention and treatment of osteoporosis and overall maintenance of bone health.” Vitamin
K2 is a cofactor of y-carboxylase enzyme, which transforms inactivated glutamic acid
residues (Glu) to activated y-glutamic acid residues (Gla). Three Gla residues are present in
osteocalcin (OC), which is a bone protein synthesized and secreted by osteoblast. This -
carboxylated osteocalcin (cOC) comprises of calcium binding site that attracts calcium ion
followed by incorporating them into bone forming HA crystals.8 In addition to promoting
osteoblast proliferation, maturation, and differentiation, vitamin K2 also inhibits osteoclast
formation by decreasing RANKL expression and results in apoptosis of osteoclast.*® These
promising reports, accompanied by the very limited toxicity of vitamin K2 can be attributed
to the excellent in vitro osteogenic performance exhibited in this study.
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Considering the great osteogenic potential of the implants in vitro, further investigation was
carried out to evaluate the in vivo osseointegration ability of curcumin + vitamin K2-loaded
HA-coated Ti implants. To this end, femoral epicondyle defect models were created in male
Sprague—-Dawley rats, followed by localized implantation of HA-coated Ti implants into
bone defects. The results indicate a better contact between the implant and surrounding bone
tissue after 5 days of implantation, confirming high osseointegration ability of curcumin +
vitamin K2-loaded HA-coated Ti implants. Although there have been plenty of reports
focusing on the formation of osseous tissues on the synthetic bone graft substitutes, in vivo
therapeutic outcome of such early phase of implantation is largely unknown. This desirable
therapeutic outcome was attributed to the synergistic effects of curcumin and vitamin K2,
which indicates a significant material guided bone regeneration process that involves
adhesion and proliferation of osteoblast leading to subsequent initiation of osteoconduction
and osteoinduction. In regard to this, past few years have witnessed the rapid development of
curcumin as a natural biomolecule with excellent osteogenic potential accompanied by the
exceptional ability to improve implant osseointegration.® A recent study showed improved
bone volume and bone-implant contact in the presence of curcumin in a critical calvarial
defect of diabetic rat.>1 More research focusing on the effect of curcumin in bone tissue
engineering has revealed that surface loaded curcumin successfully reduced fibrous
encapsulation in titanium implants without affecting osseointegration.52 Curcumin also
helped to reduce titanium particle-induced inflammation and thereby demonstrated its
efficacy for the treatment of osteolysis and aseptic loosening.23 Similarly, few studies have
reported the beneficial effect of vitamin K2 on in vivo bone formation and subsequent
improvement in bone healing around the implants.>* In one study, combination therapy of
vitamin K2 and parathyroid hormone promotes bone healing in HA-coated Ti implant by
improving osseointegration, binding strength and new bone formation around the implant.>®
These results from our study confirm that curcumin and vitamin K2 sequentially serve as
both chemopreventive agent and osteogenic component, which may overcome the critical
challenges faced by current osteosarcoma management. In addition, they provide a
therapeutic platform by integrating natural chemopreventive and osteogenic biomolecules
into HA-coated Ti implant to prepare a multifunctional load-bearing implant for
osteosarcoma-related bone defect repair.

5. SUMMARY

This study demonstrates the feasibility of designing load-bearing plasma-sprayed HA-coated
Ti6Al4V implant with the advantages of localized delivery of biologically active molecules
for enhanced chemopreventive and osteogenic properties. The HA coating enables sustained
release of curcumin and vitamin K2 in both physiological pH and acidic microenvironment,
as shown by in vitro release kinetics. The implants showed severe cytotoxicity against
osteosarcoma cells suggesting their significant in vitro chemopreventive potential. While,
the control group showed layer-like osteosarcoma cell attachment on the implant surface, the
dual release of curcumin and vitamin K2 showed little to no cell attachment with 95% and
92% lower osteosarcoma cell viability compared to control, at days 7 and 11, respectively.
The response of bone cells was also assessed by osteoblast cell culture, which indicates that
the drug-loaded implants possess no toxicity toward hFOB, and in fact, vitamin K2
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promoted osteoblast viability and proliferation to almost 9-fold at day 11. The result also
highlights the enhanced in vivo osseointegration ability of curcumin- and vitamin K2-
incorporated HA-coated Ti6Al4V implant after 5 days of femoral epicondyle defect surgery
in rat distal femur model. Although future research is necessary to evaluate long-term
osseointegration effect in large animal models, this work represents a simple yet effective
development of load-bearing bone implant for applications in the repair of bone defects.
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Figurel.
Step by step fabrication procedure for drug-loaded HA-coated implants. (a) Microstructure

of the Ti alloy substrate by FESEM. (b) Simple schematic illustration of plasma spraying
process for depositing HA powder and (c) dual-drug loading on HA coated Ti6Al4V
implant. Profilometry data demonstrating the surface topography of (d) Ti6Al4V, (e) HA-
coated Ti6Al4V, and (f) drug-loaded HA-coated Ti6Al4V. (g) FESEM images showing
surface morphology of as-prepared plasma sprayed HA coating on Ti6Al4V implant.
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Figure2.
Drug release profiles of curcumin, vitamin K2, and curcumin + vitamin K2 from plasma-

sprayed HA-coated Ti implant for 22 days: (a) In vitro release of curcumin and vitamin K2
individually and in the presence of each other under pH 7.4 (DMEM). Cumulative release
kinetics of curcumin (b) and vitamin K2 (c), respectively, fitted with Korsmeyer—Peppas
model (p< 0.05).
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Control Curcumin

Figure 3.
Morphology of sample surface control, curcumin, vitamin K2, curcumin + vitamin K2 after

drug release for 22 days under pH 7.4 (DMEM). (Images of samples after 22 days of drug
release show surface and coating degradation.) Data were expressed as mean + SD [77= 3].
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Figure 4.
Drug release profiles of curcumin, vitamin K2, and curcumin + vitamin K2 from plasma-

sprayed HA-coated Ti implant for 22 days: (a) in vitro release of curcumin and vitamin K2
individually and in the presence of each other under pH 5.0 and cumulative release kinetics
of curcumin (b) and vitamin K2 (c), respectively, fitted with the Korsmeyer—Peppas model

(p<0.05).
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Control

Figureb.
Morphology of sample surface control, curcumin, vitamin K2, and curcumin + vitamin K2

after drug release for 22 days under pH 5.0 (acetate buffer). (Images of samples after 22
days of drug release show surface and coating degradation.) Data were expressed as mean +
SD [n=3].
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. BControl #Curcumin =mVitamin K2 = Curcumin+Vitamin K2

N * *%k k%
Day 3 Day 11
Control Curcumin Vitamin K2 Curcumin+Vitamin K2

50 pym

Figure 6.
In vitro cytotoxicity assay against osteosarcoma (MG-63) cells using curcumin-, vitamin

K2-, and curcumin + vitamin K2-loaded HA-coated Ti implants at days 3, 7, and 11. (a)
MTT assay showing the effects of curcumin, vitamin K2, and curcumin + vitamin K2 on
osteosarcoma cell viability (* denotes p< 0.001, ** denotes p < 0.05). (b) Morphological
characterization by FESEM showing the osteosarcoma cell attachment and proliferation on
curcumin-, vitamin K2-, and curcumin + vitamin K2-loaded HA-coated Ti implant surface.
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Figure7.
In vitro cell viability assay for osteoblast (hFOB) cells with curcumin-, vitamin K2-, and

curcumin + vitamin K2-loaded HA-coated Ti implants at days 3, 7, and 11. (a) MTT assay
showing the effects of curcumin, vitamin K2, and curcumin + vitamin K2 on osteoblast cell
viability (* denotes p< 0.001, ** denotes p < 0.05). (b) Morphological characterization by
FESEM showing the osteoblast cell attachment and proliferation on curcumin-, vitamin K2-,
and curcumin + vitamin K2-loaded HA-coated Ti implant surface.
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Figure 8.
In vivo surgical procedure and bone bonded zone shown by Masson Goldner staining: (a)

3/5 mm defect location at the lower epicondyle of the rat distal femur model, (b)
implantation procedure, (c) postsurgical radiograph showing the placement of implant, and
(d) Masson Goldner staining showing the implant and surrounding bone after sacrificing the
rats at 5 days (7= 4).
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(a) In vivo Masson Goldner staining by curcumin-, vitamin K2-, and curcumin + vitamin
K2-loaded HA-coated Ti implant showing the gap between the implant and the surrounding
bone tissue after 5 days of implantation at rat distal femur model. The new bone formation
or osteoid tissue is stained with red/orange; mineralized bone tissue is stained with green/
blue, and the implant can be seen in black. (b) Histomorphometric analysis by ImageJ
software showing percentage osteoid or new bone tissue formation and percentage total bone
formation within 250 4m radius of implant after 5 days. Drug-loaded implant exhibited
statistically significant difference in osteoid formation and total bone formation after 5 days
indicating better osseointegration ability compared to the control (*p < 0.001, **p < 0.05).
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Table 1.

Surface Topography Measurements of Ti6Al4V, HA-Coated Ti Implant, and Curcumin + Vitamin K2-Loaded
HA-Coated Ti Implant (7= 3)

mean roughnessR, (um) maximum height R, (um)  RMSroughness (um)

Ti6Al4V 2.353 33.29 2.998
HA-coated Ti implant 10.43 145.6 13.83
curcumin + vitamin K2-loaded HA-coated Ti implant 8.61 143.2 10.98

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sarkar and Bose

Table 2.

Release Kinetics Parameters Fitted from Korsmeyer—Peppas Model

composition n R2
curcumin-loaded Ti implant (DMEM, pH 7.4) 0.1692 0.9091
vitamin K2-loaded Ti implant (DMEM, pH 7.4) 0.4458  0.9685
curcumin-loaded Ti implant (pH 5.0) 0.4452  0.9087
vitamin K2-loaded Ti implant (pH 5.0) 0.2762 0.9588
curcumin release from dual drug-loaded implant (DMEM, pH 7.4) 0.1886  0.9196
vitamin K2 release from dual drug-loaded implant (DMEM, pH 7.4)  0.3585 0.9924
curcumin release from dual drug-loaded implant (pH 5.0) 0.4477  0.9490
vitamin K2 release from dual drug-loaded implant (pH 5.0) 0.4532  0.9159
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Table 3.
Cytotoxicity Potential against Osteosarcoma Cells by Curcumin-, Vitamin K2-, and Curcumin + Vitamin K2-
Loaded HA-Coated Ti Implant at Days 3, 7, and 11

curcumin  vitamin K2 curcumin + vitamin K2

day 3 29.19 36.78 50.05
day 7 8.27 6.07 5.35
day 11 15.79 53.10 8.37

a A . .
<70% implies the drug has cytotoxic potential.
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