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Abstract

Curcumin, the active constituent for turmeric, is known for its antioxidant, anti-inflammatory,
anticancer, and osteogenic activities. However, it shows extremely poor bioavailability, rapid
metabolism, and rapid systemic elimination. In this study, we have increased the bioavailability of
curcumin by encapsulating it in a liposome, followed by the incorporation onto 3D printed (3DP)
calcium phosphate (CaP) scaffolds with designed porosity. 3DP scaffolds with a designed shape
and interconnected porosity allow for the fabrication of patient-specific implants, providing new
tissue ingrowth by mechanical interlocking between the surrounding host tissue and the scaffold.
Upon successful encapsulation of curcumin into the liposomes, we have investigated the effect of
liposomal curcumin released from the 3DP scaffolds on both human fetal osteoblast cells (hFOB)
and human osteosarcoma (MG-63) cells. Interestingly, liposomal curcumin released from the 3DP
scaffold showed significant cytotoxicity toward in vitro osteosarcoma (bone cancer) cells, whereas
it promoted osteoblast (healthy bone cell) cell viability and proliferation. These results reveal a
novel approach toward the fabrication of tissue engineering scaffolds, which couples the advanced
additive manufacturing technology with the wisdom of alternative medicine. These bifunctional
scaffolds eradicate the osteosarcoma cells and also promote osteoblast proliferation, offering new
opportunities to treat bone defects after tumor resection.
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INTRODUCTION

Curcumin is a hydrophobic, polyphenolic compound derived from the rhizome of the
turmeric herb (Curcuma longa).! It is mostly consumed in southeast Asian countries as

a culinary spice and has been used in Indian Ayurvedic medicine for centuries. Modern
scientific research has shown curcumin’s efficacy toward cancer, arthritis, diabetes, multiple
sclerosis, the common cold, inflammation, and indigestion.2- It has also shown significant
in vitro and in vivo chemopreventive potential for various forms of cancers including
leukemia, melanoma, lymphoma, breast cancer, ovarian cancer, lung cancer, and bone
cancer.6-10

Unlike other forms of cancer, bone cancers and its subtypes are generally detected during
the first decades of life and are considered the most prevalent primary bone malignancy.1® It
is the second most prevalent cause of cancer death among young adults following leukemia.
Adolescent cancers like this are often treated with high doses of anticancer drugs compared
to those in adults, which increase the risk of short- and long-term side effects.1? The

current standard for the treatment of bone cancer involves preoperative and/or postoperative
chemotherapy along with surgery.13 However, postsurgical defect repair while suppressing
tumor regrowth is considered a major concern, motivating investigations for alternative
treatment methods.

Bone scaffolds have shown their potential to repair postsurgical critical-sized defects by
providing better physical support and a favorable biocompatible environment for in vivo
tissue formation.1415 Three-dimensional printed (3DP) tissue engineering scaffolds are
considered as an excellent choice for bone graft substitutes because of their control over
pore geometry, connectivity, and chemistry. The interconnected pores facilitate nutrient
transportation, continuous ingrowth of new bone, vascularization, and waste product
removal.16:17 Furthermore, 3D printing is the only manufacturing technique which can
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synthesize patient-specific anatomical replicas from a detailed patient scan. In this study, the
3DP scaffolds were synthesized from tricalcium phosphate (TCP) ceramics. TCP is a group
of calcium phosphate ceramics, which is well-known for its good bioactivity, homogeneous
osteoconductivity, and compositional similarity to the bone.18-21

The therapeutic efficacy of these scaffolds can be enhanced when anticancer drugs or
growth factors are incorporated within it. Current anticancer therapies involve monotargeted
approaches, which are not considered as effective as multitargeted preventions. Additionally,
synthetic anticancer drugs are often toxic toward normal cells along with cancer cells,
which cause serious side effects. Natural biomolecules derived from plant-based products
not only exhibit multitargeted modulation but also are inexpensive and safer alternatives

to synthetic drugs.19 Numerous in vitro and in vivo reports suggest the antitumor effects

of curcumin toward osteosarcoma cells and explain its underlying mechanism. Curcumin
induces apoptosis in bone cancer cells via multiple pathways, including the inhibition

of nuclear factor- x5 (NF-x8) and the expression of interleukin-6 (IL-6) and IL-11, the
inhibition of tumor-induced angiogenesis by downregulating vascular endothelial growth
factor and matrix metalloproteinases-9 (MMP-9), and the inhibition of extracellular signal-
regulated kinase expression.22:23 An in vivo study in rats shows that treatment with
curcumin and cisplatin, an antitumor drug, exhibits regulation over the tumor marker of the
cancerous cells compared to normal cells.24 Another study in mice showed that curcumin
therapy along with radiotherapy resulted in higher apoptosis of cancer cells and lowered
radioresistance.2

Regardless of its widespread therapeutic efficacy, curcumin exhibits poor bioavailability
because of its limited water solubility.26 Also, it shows rapid intestinal and hepatic
metabolism which results in an elimination of 60-70% through the bowel.2” Various drug
carriers have been designed to improve the bioavailability of curcumin, among which
liposomes are the most common, well-investigated, and promising mode of drug delivery
system.28.29 These are biocompatible, biodegradable, nontoxic spherical vesicles with an
effective drug delivering ability. Not only do they improve the cellular and tissue uptake
but also enhance the distribution of the therapeutic compounds to the target sites.30
These phospholipid nanovesicles can encapsulate both hydrophobic and hydrophilic drugs.
Hydrophobic or lipophilic drugs are entrapped within the bilayer membrane, whereas
hydrophilic drugs are inserted in the aqueous center.3!

This study presents the successful encapsulation of the hydrophobic biomolecule curcumin
within a liposome and the incorporation of the liposome within a 3DP TCP scaffold. The
scaffold provides mechanical support for cell attachment, and prolonged drug release from
the liposome helps achieve improved bioavailability, better therapeutic index, and lowered
toxicity. This study introduces us to an era of integration, where modern 3DP technology is
coupled with the safe and effective use of alternative medicine, which may provide a better
tool for bone tissue engineering. Results showed that curcumin-encapsulated liposomes in a
3DP hone tissue engineering scaffold inhibit in vitro osteosarcoma cells by 96% compared
to untreated samples. It also exhibited no cytotoxicity toward healthy osteoblast cells,
promoting adhesion, proliferation, and formation of filopodial prostheses on the scaffold
surface.
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2.1. Preparation and Characterization of Curcumin-Encapsulated Liposomes.
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Curcumin-encapsulated liposomes were prepared by thin-film hydration method. Briefly,
curcumin [=94% (curcuminoid content), =280% (curcumin), Sigma-Aldrich, USA]

was dissolved in dimethyl sulfoxide (DMSO). The lipids, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, Avanti Polar Lipids, Alabama, USA) and 1,2-dimyristoyl-sr-
glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DMPG, Avanti Polar Lipids, Alabama,
USA) were dissolved in fert-butanol in a ratio of 7:3. The total lipid-to-curcumin ratio was
optimized at 15:1. The two solutions were mixed and placed in lyophilization vials. The
vials were frozen by immersing in a liquid nitrogen bath and then lyophilized for 48 h at =52
°C to remove all DMSO and fert-butanol. A thin lipid film was formed, which was dissolved
in deionized (DI) water. The solution was filtered through a 0.22 pM filter for sterilization.

The unentrapped drug was separated by centrifuging the liposome suspension at 32 6459
for 50 min. The percentage encapsulation efficiency was investigated by ultrasonicating the
supernatant solution for 10 min in the presence of ethanol. The concentration of curcumin
was determined spectrophotometrically at a wavelength of 427 nm using a microplate reader.

Encapsulation efficiency of curcumin (%)
_ curcumin entrapped in liposome 00
" total curcumin added for liposome preparation

The liposome microstructure was characterized by transmission electron microscopy (TEM)
using the negative stain method. The samples were diluted before preparing for TEM. A
drop of the diluted solution is taken and placed on a copper grid coated with carbon film.

It was air-dried and then stained with uranyl acetate. After drying at room temperature
overnight, TEM was done.

2.2. 3DP Scaffold Preparation.

The solid-state synthesis was carried out to prepare pure R-TCP powder. Briefly, 1 M
calcium carbonate (CaCO3) and 2 M calcium phosphate dibasic (CaHPO,) were mixed and
ball-milled for 2 h to obtain a homogeneous mixture. Calcination was performed at 1050 °C
for 24 h. The calcined powder was sieved and then ball-milled with 2:3 w/v ethanol (200
proof, Decon Labs, PA) using a 5:1 ball-to-powder ratio. After 6 h, ethanol was evaporated
at 60 °C by keeping the slurry in a conventional furnace overnight. The synthesized powder
was sieved and then used to fabricate 3DP scaffolds using a binder jet printer (ProMetal,
ExOne LLC, Irwin, PA, USA). Cylindrical scaffolds with 3.2 mm diameter and 5 mm height
along with interconnected 3D pores were designed by computer-assisted design (CAD).
The designed pore size was 400 um, where the square-shaped pores penetrate orthogonally
through the cylinder in X, Y; and Zdirections. For in vitro cell culture, scaffolds were
specifically designed with 12.5 mm diameter and 2 mm height with a designed pore size

of 200 um. These scaffolds were intentionally designed to have unconnected and discrete
designed pores so that the cells do not wash away through the pores or adhere to the pore
walls making them difficult to image. Some important process parameters, such as layer
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thickness, drying power, and saturation, were optimized depending on part geometry and
powder morphology. The aqueous binder used for printing was proprietary and provided by
ProMetal, ExOne LLC, Irwin, PA, USA. Binder removal was carried out at 175 °C for 90
min. A depowderization process by air-blowing was performed to remove loosely adhered
powder, which was blocking the pores. The sintering of the scaffolds was carried out at
1250 °C in a conventional muffle furnace for 2 h. Figure 1 demonstrates the fabrication of
TCP scaffold and curcumin-encapsulated liposome via 3D printing and thin-film hydration
method, respectively.

2.3. InVitro Liposome-Encapsulated Curcumin Release.

For in vitro curcumin release study, dialysis tubings (MW cutoff 12 000-14 000 Da) were
purchased from Carolina biological, NC, USA. They were soaked in DI water overnight

to remove the preservatives. Subsequently, two dialysis sacs were prepared: one with free
curcumin as control and the other containing liposomal curcumin. Phosphate-buffered saline
(PBS) (pH 7.4) was prepared with 25% v/v methanol. The sacs were tightly closed with a
thread and immersed in the buffer solution using a glass rod. The flask was kept at 37 °C
and stirred at 150 rpm with a magnetic stirrer. The samples were collected after selected
time points, and absorbance was measured using a BioTek Synergy 2 SLFPTAD microplate
reader (BioTek, Winooski, VT, USA).

2.4. In Vitro Osteoblast and Osteosarcoma Cell Culture Study.

Prior to the in vitro cell culture study, all scaffolds were sterilized using an autoclave
(Tuttnauer, USA) at 121 °C for 60 min. Human osteosarcoma cell line (MG-63) and Eagle’s
minimum essential medium (EMEM) were purchased from ATCC, USA. The cell culture
medium or EMEM was replaced every 2-3 days during the entire study. Subsequently,

the sterilized scaffolds were loaded with liposomal curcumin and placed in 24-well plates.
Confluent cells were seeded on the scaffold surface at a density of 2.5 x 10% cells/sample.
The scaffolds 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.

Human fetal osteoblast cell (hFOB) line and osteoblast growth medium were purchased
from PromoCell GmbH, Germany. 3DP scaffolds incorporated with liposomal curcumin
were placed in 24-well plates and the cells were seeded onto the scaffolds at a density

of 2 x 104 cells/sample. Seeding efficiency was carried out after 12 h, and the scaffolds
were moved to a new well after an adhesion period of 12 h. MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide) assay was utilized to determine the cell seeding
efficiency after 12 h of incubation, using the following equation.

For a scaffold,

Cell seeding efficiency (% )
_ optical density of cell-seeded on the scaffold

~ optical density of total cells used for seeding

X 100
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The culture was kept at 37 °C under an atmosphere of 5% CO> in an incubator as suggested
by PromoCell for this specific cell line. The medium was refreshed every 2—3 days until the
11-day time point was reached.

2.5. MTT Cell Viability Assay and Cellular Morphology.

To evaluate the seeding efficiency and cell viability, MTT assay (Sigma, St. Louis,

MO) was carried out at 3, 7, and 11 days. The time points were chosen based on the
principal development stages of hFOB: attachment (1-3 days), proliferation period (6-7
days), and mineralization or differentiation (11 days). MTT assay is a widely accepted
colorimetric assay, which reflects the number of viable cells present in the system. The
yellow tetrazolium dye or MTT is reduced by metabolically active cells by the action of
mitochondrial oxidoreductase enzymes. The resultant product is a purple-colored formazan
crystal, which is solubilized and quantified spectrophotometrically. The MTT reagent was
dissolved in sterile filtered PBS at a concentration of 5 mg/mL to make the MTT solution.
Three scaffolds of each composition were used at each time point, and they were discarded
after performing the assay. At each time point, the scaffolds were taken out and 100 zi

of the MTT solution was added on top of each scaffold in the 24-well plates. After 2 h of
incubation, 600 L of MTT solubilizer (10% Triton X-100, 0.1 N HCI, and isopropanol)
was added for dissolving the formazan crystals. A 100 L of the solution was added to the
96-well plates and optical density was measured using a microplate reader at 570 nm. To
determine the cytotoxicity for the osteosarcoma cell line, the percentage cell viability was
calculated using the following equation

Cell viability (%)
_ mean value of the measured optical density of test sample

" mean value of the measured optical density of the control
x 100

For cellular morphology by field emission scanning electron microscopy (FESEM), the
samples were taken from the culture after 3, 7, and 11 days of study. To fix the samples
overnight, 2% paraformaldehyde/2% glutaraldehyde in 0.1 M cacodylate buffer was used
at 4 °C. Postfixation was carried out using 2% osmium tetroxide (OsQy4) for 2 h at room
temperature. Then, the samples were rinsed with fresh buffer solution three times. A series
of ethanol concentrations in distilled water (30, 50, 70, 95, and 100% ethanol) were prepared
to carry out the dehydration procedure. Starting with the lowest concentration of ethanol
solution, the process was continued until the samples are in 100% ethanol. In each step, the
samples were left in the ethanol solution for 10-15 min. After repeating the 100% ethanol
step, the samples were subjected to overnight hexamethyldisilane drying. Afterward, a gold
coating with a thickness of 10-15 nm was applied using a gold sputter coater. The cellular
morphology on the sample surface was characterized by FESEM (FEI 200F, FEI Inc., OR,
USA).

2.6. Alkaline Phosphatase Osteoblast Cell Differentiation Assay.

Osteoblastic differentiation was evaluated by alkaline phosphatase (ALP) assay (SensoLyte
PNPP ALP Assay Kit, AnaSpec, CA, USA). First, the samples were washed twice using a
1x assay buffer. Then, 20 gL of Triton X-100 was added to 10 mL of the 1x assay buffer
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and mixed well. This solution was added on top of the samples, and the adherent cells were
scraped off. The cell suspension was collected and put into a microcentrifuge tube. The
suspension was incubated at 4 °C for 10 min under constant agitation. Then, the suspension
was centrifuged at 25009 for 10 min at 4 °C. The resultant supernatant was collected for
ALP assay and added into a 96-well plate. A 50 w4 of the pNPP substrate solution was
added to it. The reagents were mixed by gently shaking the plate for 30 s. The reaction

was incubated for 45 min at room temperature. In the end, 50 gL of the stop solution was
added into each well. The plate was shaken on a plate shaker for 1 min before measuring
the absorbance at 405 nm. ALP/cell has been expressed by normalizing with the viable cell
number from the MTT assay (OD4g5/ODs70).

2.7. Statistical Analyses.

All data of the in vitro experiments are representative of three biological replicates (7

= 3). Each of these biological replicates 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 the GraphPad Prism 8 software (CA, USA) using
two-way analysis of variance and the Bonferroni posthoc analysis. P values < 0.05 were
considered as statistically significant.

3. RESULTS

3.1. Curcumin-Encapsulated Liposomes and 3DP Scaffold Preparation.

Table 1 shows various optimization parameters for developing curcumin-encapsulated
liposomes. Solvent media, drug/lipid (D/L) ratios, and hydration media were tailored to
optimize the stable bilayer structure with better encapsulation efficiency. The percentage

of encapsulation efficiencies was higher in the chloroform—methanol solvent system as
compared to the DMSO-zert-butanol solvent system. The highest encapsulation efficiency of
68% was achieved with the D/L ratio of 1:15 with water as the hydrating mediim.

The TEM images in Figure 2 showed the most homogeneous structure of liposome with

the D/L ratio of 1:15 using DI water as the solvent. The other compositions showed
nonhomogeneous, aggregated, and fused liposome particles, which may be attributed to

the deformation during preparation, and therefore were excluded from further studies. Figure
3a shows the TEM image of the optimized curcumin-encapsulated liposomes. The sizes of
the liposomes incorporated within the scaffold range from 40 to 50 nm, which confirm that
they are small unilamellar vesicles. The surface morphology of the 3DP TCP scaffold by
FESEM is shown in Figure 3c. After sintering, the designed pore size reduced to 176 + 4.9
4m, which is clearly visible on the scaffold surface.

3.2. In Vitro Liposome-Encapsulated Curcumin Release.

Figure 4 shows the in vitro curcumin release profile from liposomes for 60 days’

time period. The results show that after 60 days, 17% curcumin was released from
liposome-encapsulated curcumin, whereas free curcumin showed 30.9% release. Therefore,
liposome-encapsulated curcumin exhibited more controlled and sustained release for 60 days
compared to only curcumin.
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3.3. In Vitro Biological Evaluation.

Seeding efficiency was calculated to evaluate the effect of liposome incorporation on
osteoblast cell attachment, as shown in Table 2. Liposome-loaded scaffold showed better
seeding efficiency because of the higher surface area compared to the control 3DP TCP
scaffold.

Figure 5A shows osteoblast cell viability in uniaxially pressed two-dimensional (2D) TCP
disks, 3DP porous TCP scaffold, 3DP porous TCP scaffold with empty liposome, and

3DP porous TCP scaffold with curcumin-encapsulated liposome at days 3, 7, and 11 by
MTT assay. The 3DP porous scaffold did not show a significant difference in MTT cell
viability compared to the uniaxially pressed 2D TCP disk. However, the results demonstrate
a significantly higher number of viable cells in the presence of curcumin-encapsulated
liposome compared to control at 3, 7, and 11 days. A clear distinction in cell viability can be
seen between control and the curcumin-encapsulated liposome-loaded scaffold in days 7 and
11. The statistical difference is shown to be significant in day 3 (p= 0.0032), day 7, and day
11 (p< 0.0001). Statistical comparisons between time points show a significant difference,
suggesting the effect of curcumin on osteoblast proliferation.

Figure 5B shows osteoblast differentiation at day 11 by ALP assay. ALP expression is
evaluated as an osteoblast differentiation marker. The 3DP scaffold showed relatively higher
ALP density, compared to the uniaxially pressed 2D TCP disks. The result showed higher
osteoblast differentiation in the presence of curcumin-encapsulated liposome-loaded 3DP
scaffold compared to control. The statistical difference was significant (v < 0.0001) between
control and the liposome-loaded scaffold.

Osteoblast cell attachment and growth on control and the liposome-loaded scaffold were
analyzed by FESEM, as shown in Figure 5C. Both the control and 3DP TCP samples coated
with liposomal curcumin showed healthy osteoblast cell attachment within the substrate

at days 3, 7, and 11. Flattened osteoblast cells with complex filopodial prostheses can be
seen in liposome-encapsulated curcumin samples at days 7 and 11, which help in cellular
extension and better cell attachment to nearby anchor points.

Osteosarcoma (MG-63) cell viability MTT assay was performed on 3DP porous TCP
scaffold, 3DP porous TCP scaffold with empty liposome, and 3DP porous TCP scaffold
with curcumin-encapsulated liposome at days 3, 7, and 11, as shown in Figure 6A. The
result depicts a clear distinction between control (3DP scaffold and 3DP scaffold with only
delivery vesicle) and liposome-loaded samples regardless of the time points. The statistical
difference of cell viability between the two compositions was significant (p < 0.0001) at
days 3, 7, and 11. The curcumin-encapsulated liposome-loaded 3DP scaffolds show two-
and sevenfold lower cell viability at day 3 and day 7, respectively, compared to control.

At day 11, the 368 MG-63 cell viability was almost 96% lower in the presence of curcumin-
encapsulated liposome compared to control, as shown in Table 3. The result showed 70%
lower cell viability as early as 3 days after cell seeding, which implies that liposomal
curcumin-loaded scaffolds have cytotoxic potential against osteosarcoma cell culture.
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The proliferation and adhesion of the osteosarcoma cell line were evaluated by
morphological characterization by FESEM in Figure 6B. In terms of cell attachment, MG-63
seeded on the control samples shows significantly higher growth, firm attachment, and

better spreading. An elongated fibroblast-type morphology with filopodial extension can be
seen on the surface of all control samples at days 3 and 7 compared to the scaffolds with
curcumin-encapsulated liposomes. At day 11, a layer-like osteosarcoma cell structure can

be seen in control, whereas almost none or very poor cell attachment can be seen on the
curcumin-encapsulated liposome-loaded 3DP scaffolds.

4. DISCUSSION

Despite the rarity, bone cancer treatment remains a challenge because of its unknown
etiology, high metastasis potential, and unsatisfactory survival rate for metastatic and relapse
cases.13 Successful treatment of osteosarcoma requires postsurgical bone defect repair as
well as the complete eradication of bone tumor cells in the surrounding tissues.32:33 In this
study, for the first time, a bifunctional bone tissue engineering scaffold has been developed
by loading liposome-encapsulated curcumin on bioceramic TCP scaffolds prepared via 3D
printing.

Natural biomolecules, like curcumin, are widely researched because of their promising
chemopreventive properties without the severe side effects that occur through the utilization
of cytotoxic agents.3* Curcumin has exhibited therapeutic activities against various forms
of cancers by inhibiting initiation, progression, invasion, and metastasis of cancer cells.
The hydroxyl groups present in the chemical structure of curcumin are essential for its
antioxidant activity, whereas the methoxy groups are known to have antiproliferative and
anti-inflammatory activities.3® Liposomal curcumin has been used in the treatment of
various forms of cancers in vitro and in vivo, including prostate, breast, liver, lung, cervical,
and bone cancers.36-40 Studies showed that liposomes enhance the biological activity,
stability, and anticancer efficacy of curcumin; therefore, curcumin-encapsulated liposome
can be considered as an excellent strategy for treating cancers.2> The mechanism of action
of liposomal curcumin involves gradual release of free curcumin from the liposome in the
tumor site followed by the uptake of the drug by the malignant cells. In the present study,
curcumin-encapsulated liposomes are optimized by tailoring various process parameters
such as the D/L ratio, hydrating medium, and the solvent system.

The D/L ratio is a crucial process parameter which determines the capacity of the liposome
to encapsulate a drug and thus plays an important role in liposomal optimization.*! It is
affected by the choice of drug and lipids, their composition, as well as the processing
method. It regulates the release properties of the drug from the liposome as well as
improves the therapeutic efficacy of the encapsulated drug. In this work, we investigated
two different D/L ratios, 1:10 and 1:15 curcumin/lipid ratio, of which 1:15 showed a more
homogeneous size distribution of the liposome. The result is in accordance with another
study, which reported that with increasing D/L ratio, more deformity can be observed in
the liposomal morphology. It is recommended to maintain D/L ratio within 0.2, above
which membrane disruption and structural deformation can occur.2 The choice of the lipid
bilayer is associated with the stability and permeability of the liposome membrane. In this
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work, we have chosen DMPC and DMPG, which are saturated phospholipids and therefore
form a rigid, more stable bilayer structure as compared to unsaturated lipids from a natural
source, which increases the permeability of the liposome.2® The lipid bilayer structures are
formed when they are hydrated in aqueous solutions. In this study, two different aqueous
solutions, PBS and DI water, were used to prepare the liposomes. It has been reported that
liposomes exhibit higher zeta potential in DI water compared to phosphate buffer, which
implies better colloidal stability in DI water because strong electrostatic repulsion prevents
agglomeration of particles. The presence of salt in PBS lowers the zeta potential close

to zero and therefore significantly affects liposome stability.43 The highest encapsulation
efficiency is also achieved in the sample having a 1:15 D/L ratio with water as the hydrating
medium. The TEM images did not show distinguishable differences comparing the two
different solvent systems, thus concluding that they do not have any effect on the liposome
structure. The optimized liposomes prepared in this study were unilamellar vesicles with a
size of 40-50 nm.

Three-dimensional printing has been extensively used to make synthetic bone graft
substitutes because of the precise control over micro- and macro-architecture with
interconnected pore geometry, which is crucial for bone ingrowth, nutrient transport, and
waste removal. In vivo studies have reported scaffolds made with bioresorbable ceramics
like TCP gradually degrade as new bone tissue is formed at the interface and inside

the pores.** In this work, we fabricated scaffolds using synthesized TCP powders, which
required rigorous process optimization. The binder saturation set at 70%, layer thickness of
30 um, and drying time of 5 s exhibited no layer displacement and crack-free build parts. It
is interesting to note that a minimum effective pore size of 100-150 xm is required for bone
ingrowth.#> Keeping this in mind, we have designed a 3DP scaffold with the synthesized
TCP ceramics and designed pore size of 200 pm. The sintered pore size was in the range

of 176 + 4.9 zm. Uniformly distributed residual micropores of 10-20 xm can also be seen
on the scaffold struts. Our objective is to enhance the functionality of this 3DP scaffold by
incorporating curcumin-encapsulated liposome, which will permit the local delivery of the
drug in an adequate dose over a desired time period.

The current study evaluated the in vitro chemopreventive properties of liposome-
encapsulated curcumin released from a 3DP porous TCP scaffold. The study showed
significantly lower MG-63 cell viability in the presence of curcumin-encapsulated liposome.
After 3 days of culture, distinctive reduction in cell viability is observed in curcumin-
encapsulated liposome-loaded scaffolds by MTT assay. The FESEM images are consistent
with the MTT data, showing no sign of cellular attachment in presence of liposome
encapsulated curcumin. On the other hand, the entire surface of the control samples is
covered with flattened, healthy MG-63 cells. This result is in accordance with the reports
which documented all possible mechanistic pathways through which curcumin induces cell
death in tumor cells.? It has an inhibitory effect on NF-x, a transcription factor expressed
by tumor cells and thus associated in the pathogenesis of several malignancies, as shown in
Figure 7. NF-xg8 s present in the cytoplasm of the cell, and is normally bound to inhibitory
kappa beta (1x5), which keeps it in inactive state. When cells are exposed to free radicals or
environmental toxins, | k8 gets phosphorylated and subsequently degraded. Activated NF-«3
then travels to the nucleus, where it binds to the DNA and interacts with certain genes,
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which may induce osteosarcoma proliferation or osteoblast inhibition. Curcumin blocks this
pathway by inhibiting phosphorylation and degradation of | x4. Inhibition of the NF-xS
pathway results in apoptosis in the cancer cell line. It also mediates tumor cell death by
regulating the cell cycle and inhibiting Wnt/B-catenin signaling, COX2, 5 LOX, growth
factors and their receptors, and androgen receptors.?

Next, the in vitro bone-forming ability and biocompatibility of this scaffold have been
assessed by investigating its effect on osteoblast (hFOB) cell proliferation. Our previous
study showed excellent in vitro osteoblast cell formation and in vivo bone regeneration
ability of curcumin in a rat distal femur model.#8 To ensure that liposomal encapsulation
does not possess any toxic effects to the healthy osteoblast cells, MTT cell viability

assay and morphological characterization by FESEM were carried out. The present study
showed that curcumin-encapsulated liposome exhibited no toxicity toward the osteoblast or
bone-forming cells. The osteoblast cells showed good adhesion, proliferation, and formation
of filopodial prostheses on curcumin-encapsulated liposome-coated 3DP TCP scaffolds, as
shown by the FESEM images. MTT results also showed higher cell viability of the scaffolds
compared to control, suggesting good biocompatibility of the scaffold toward the healthy
bone tissue. ALP assay exhibited higher osteoblast-differentiating ability in the presence of
liposome--encapsulated curcumin. We have established that liposomal curcumin is available
to healthy bone cells in the same extent as the free curcumin, with the added advantage

of greater bioavailability. Reviewing all results, the present study establishes an excellent
and promising drug delivery device combining curcumin-encapsulated liposome, a natural,
nontoxic drug carrier with chemopreventive properties, and 3DP TCP scaffolds with a
designed architecture for bone regeneration.

5. SUMMARY

Curcumin has been one of the most highly debated yet extensively researched natural
medicines worldwide because of its wide range of therapeutic efficacy. In this work, we
have designed a bifunctional scaffold by encapsulating curcumin within a liposome and then
incorporating it in a 3DP porous TCP scaffold to establish its application as a potential

bone graft substitute after bone tumor resection. The liposomes were optimized by tailoring
various parameters such as the D/L ratio, hydrating medium, and the solvent system to
synthesize a stable bilayer structure with an encapsulating efficiency of 68%. Furthermore,
in vitro curcumin release from the liposome was carried over 60 days, showing 30% release
of the drug. More significantly, the presence of liposomal curcumin results in a 96%
decrease in in vitro osteosarcoma cell proliferation and viability after 11 days of incubation,
compared to control. Results from in vitro osteoblast cell culture demonstrate that liposomal
curcumin promotes cell attachment, proliferation, viability, and differentiation. This work
establishes the successful fabrication of a novel bifunctional bone tissue engineering
scaffold, which not only inhibits bone cancer cells but also promotes formation of healthy
bone cells within the porous scaffold, offering a promising drug delivery strategy for the
treatment of bone defects after tumor resection.
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Lyophilization Hydration
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Curcumin encapsulated liposome

Schematic illustration of fabricating a bifunctional scaffold. (Left) 3D printing to synthesize
a TCP scaffold with a designed porosity; (right) formation of the liposome to enhance
the bioavailability of the natural medicinal compound, curcumin, with chemopreventive

properties.
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Figure 2.
Different optimization parameters to synthesize curcumin-encapsulated liposomes showing

sample A3 with the most homogeneous distribution of curcumin-encapsulated liposome
with 68% encapsulation efficiency. Samples A1-A4 indicate liposome formation with the
chloroform—methanol solvent system and B1-B4 demonstrate liposomes prepared with the
tert-butanol-dichloromethane solvent system. Al, A2, B1, and B2 have curcumin/lipid ratio
as 1:10, whereas A3, A4, B3, and B4 have curcumin/lipid ratio as 1:15. Al, A3, B1, and B3
liposomes have DI water as the hydrating medium, whereas A2, A4, B2, and B4 liposomes
have phosphate buffer as the hydrating medium.
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Figure 3.
Curcumin-encapsulated liposomes and 3DP scaffold preparation. (a) TEM images of

curcumin-encapsulated liposomes show a homogeneous distribution of liposomes with sizes
in the range 40-50 nm. (b) CAD file of the 3DP disk with a designed pore size of 200 xm.
(c) SEM images of the 3DP scaffold showing sintered pore size of 176 + 4.9 ym.
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Figure 4.
(Left) Chemical structure of the 3DP scaffold and liposome-encapsulated curcumin is

demonstrated. The liposome contains DMPC and DMPG, which form the phospholipid
bilayer, and curcumin is trapped within the hydrophobic region of the liposome. In the
presence of a buffer medium or an extracellular medium, liposome release takes place,
followed by the intracellular release of curcumin from the liposome. (Right) In vitro
liposome-encapsulated curcumin release: controlled release of curcumin is shown from
liposomes, exhibiting 17% release after 60 days, whereas free curcumin showed a 30.9%
release.
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ALP osteoblast differentiation assay (B)
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Figure5.

Effects of curcumin-encapsulated liposome-coated 3DP scaffolds on osteoblast cells [2D
TCP: uniaxially pressed 2D TCP disks; 3D TCP: 3DP porous TCP scaffold; 3D TCP L:
3DP porous TCP scaffold with empty liposome; 3D TCP LC: 3DP porous TCP scaffold
with curcumin-encapsulated liposome]: (A) MTT osteablast cell viability assay (n7= 3) after
3, 7, and 11 days of culture showing curcumin encapsulated liposome-coated samples with
higher cell viability compared to the control samples. Statistical analysis shows a significant
difference between control and test samples [** denotes p value < 0.05, * denotes p value

< 0.0001]. (B) ALP osteoblast cell differentiation assay (7= 3) after day 11 of culture

showing curcumin-encapsulated liposome-coated samples showed much higher osteoblast
cell differentiation compared to the control samples (untreated 3DP scaffolds) [* denotes p
value < 0.0001, a significant difference between control and the test sample]. (c) Curcumin-
encapsulated liposome exhibited no toxicity toward the osteoblast or bone-forming cells.
FESEM images of osteoblast cell culture with curcumin-encapsulated liposome-coated 3DP
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scaffold showing good adhesion, proliferation, and formation of filopodia on the sample
surface.
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Osteosarcoma cell viability assay (MTT, n=3)
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Figure 6.
Effects of curcumin-encapsulated liposome-coated 3DP scaffolds on osteosarcoma cell line

[3D TCP: 3DP porous TCP scaffold; 3D TCP L: 3DP porous TCP scaffold with empty
liposome; 3D TCP LC: 3DP porous TCP scaffold with curcumin-encapsulated liposome]:
(A) MTT osteosarcoma cell viability assay (n7= 3) after 3, 7, and 11 days of culture
showing curcumin-encapsulated liposome-coated samples with much higher cell viability
compared to the control scaffolds (untreated 3DP scaffolds and 3DP scaffolds with empty
liposome) [* denotes p value < 0.0001]. (B) SEM images of osteosarcoma cell culture with
curcumin-encapsulated liposome-coated 3DP scaffold showing an absence of osteosarcoma
cells compared to the control samples (untreated 3DP scaffolds and 3DP scaffolds with
empty liposome).
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Osteoblast inhibition
Osteosarcoma proliferation
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Figure7.
Curcumin inhibits phosphorylation and degradation of the nuclear factor- xg inhibitor (1 x8),

which leads to the formation of an inactive conjugate NF- x5l x8. The mechanism of
action shows that the suppression of NF-x8 pathway may positively influence osteoblast
differentiation and prevent osteosarcoma proliferation.
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Table 2.

Seeding Efficiency of the 3DP Porous Scaffold and 3DP Scaffold with Liposome after 12 h of Seeding Using
MTT Assay (7= 3)

samples seeding efficiency (%)
3DP scaffold 53.31+1.96
3DP scaffold with liposome 61.19+1.43
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Table 3.

Percentage Cell Viability of 3DP Scaffold with Liposome after 3, 7, and 11 Days of Seeding Using MTT
Assay [% Viability < 70% Implies the Agent has Cytotoxic Potential]

MG-63 cell culturetimepoint % viable cells (cytotoxicity)

day 3 45.41%
day 7 14.18%
day 11 3.56%
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