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Abstract: One of the main applications of bone graft materials is filling the gap after the surgical
removal of bone cancer or tumors. Insufficient healing commonly leads to non-union fracture
which could lead to cancer resurgence or infection. Emerging 3D printing of on-demand bone graft
biomaterials can deliver personalized solutions with minimized risk of relapse and recurrence of
cancer after bone removal surgery. This research aims to explore 3D printed calcium phosphate cement
(CPC) based scaffolds as novel anti-cancer drug delivery systems to treat bone cancer. For the study,
various 3D printed CPC based scaffolds (diameter 5 mm) with interconnected pores were utilized.
Various optimized polymeric solutions containing a model anticancer drug 5-fluorouracil (5-FU) was
used to homogenously coat the CPC scaffolds. Both hydrophilic Soluplus (SOL) and polyethylene
glycol (PEG) and a combination of both were used to develop stable coating solutions. The surface
morphology of the coated scaffolds, observed via SEM, revealed deposition of the polymeric solution
represented by a semi-smooth surface as opposed to the blank scaffolds that showed a smoother
surface. An advanced surface analysis conducted via confocal microscopy showed a homogenous
distribution of the drug throughout the coated scaffolds. Solid-state analysis studied by applying
differential scanning calorimetry (DSC) and X-ray diffraction (XRD) revealed semi-crystalline nature
of the drug whereas mechanical analysis conducted via texture analysis showed no evidence in the
change of the mechanical properties of the scaffolds after polymeric solutions were applied. The FTIR
analysis revealed no major intermolecular interactions between 5-FU and the polymers used for
coatings except for F2 where a potential nominal interaction was evidenced corresponding to higher
Soluplus content in the formulation. In vitro dissolution studies showed that almost 100% of the
drug released within 2 h for all scaffolds. Moreover, in vitro cell culture using two different cell lines
(Hek293T-human kidney immortalized cell line and HeLa-human bone osteosarcoma epithelial cell
line) showed significant inhibition of cell growth as a function of decreased numbers of cells after
5 days. It can be claimed that the developed 5-FU coated 3D printed scaffolds can successfully be
used as bone graft materials to potentially treat bone cancer or bone neoplasm and for personalized
medical solutions in the form of scaffolds for regenerative medicine or tissue engineering applications.
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1. Introduction

Three-dimensional bioprinting (3D bioprinting) is a subclass of additive manufacturing (AM)
for printing bioactive 3D tissues and organs layer by layer using cell compatible or cell loaded
bio-materials [1-3]. The fabrication of 3D constructs can be fast achieved in any computer-designed
structure automatically in the 3D bioprinting process. Recently, there are many research achievements
in the 3D bioprinting sphere such as the research published by Parka and his colleagues where
they printed an organ-on-a-chip which can add complex stimuli in vitro tissue models to better
recapitulate living human tissues [4]. Another key milestone in the realm of 3D bioprinting comes
from Kang et al. who fabricated a muscle fiber-like bundle structures with poly(e-caprolactone)
(PCL) pillars applying a micro-extrusion bioprinting system [5]. Further expanding on the research
conducted by Kang et al., 3D aligned-muscle constructs with PCL-geometrical constraints were also
created by the same technique [6]. The synergistic application of a hybrid 3D cell printing system
combined with extrusion and ink-jet modules were also used for making a 3D skin model composed
of a fibroblast-populated 3D dermal layer using a transwell system as well as with keratinocytes
of the epidermal layer [7]. There are several different 3D bioprinting techniques which can be
categorized as ink-jet bioprinting systems (which is also known as droplet-based printing techniques),
laser-assisted bioprinting systems and extrusion-based bioprinting systems [8,9]. Amongst those
techniques, extrusion-based bioprinting system has been utilized for the printing of bone grafts because
of cost-effectiveness as well as fast plotting.

Calcium phosphate cement (CPC) has appeared as an emerging bone-filling material to promote
bone formation and growth which has been demonstrated in various orthopedic and dental applications
(e.g., maxillary bone augmentations) [10]. CPCs have several advantages over other bone-filling
materials such as setting at body temperature and being mostly injectable as well as malleable. CPCs are
generally composed of one or several Ca-P phases (e.g., tetracalcium phosphate, dicalcium phosphate
anhydrous) present in powder form. When CPC is mixed with an aqueous solution, it forms a solid
structure (set cement) with superior biocompatibility and bioactivity compared to other synthetic
bone-filling materials (e.g., polymers). There are various studies reported on the enhancement of the
biological performance such as biocompatibility, osteoconductivity, osteoinductivity, biodegradability,
and interactions with cells of CPCs [11]. A recent study authored by Kilian et al. 2020, investigated
the development of a pasty CPC alongside another alginate-based bioink for the fabrication of 3D
printed construct with high shape fidelity to reconstruct osteochondral tissue layers. The study
concluded that the presence of a mineralized zone in the fabricated constructs potentially interfered
with chondrogenesis and was found to support chondrogenic ECM production [12]. Similarly, Ahlfeld
et al., 2020, investigated a two-fold study in which a novel plasma-based bioink was combined with a
printable self-setting CPC to fabricate bone-like tissue constructs. The authors concluded that their
developed novel bioink was a promising platform for tissue engineering applications supplemented
with the combination of CPC for enhanced bioprinted bone-like constructs [13]. Trombetta et al. 2020,
reported 3D printing of bioresorbable CPC scaffolds for sustained antimicrobial drug release and
investigated its efficacy of femoral implant-associated osteomyelitis in vivo. The results indicated that
3D printed CPC scaffolds loaded with antimicrobial agents showed better bone growth in a single-stage
modification as opposed to traditional two-stage modifications [14]. However, most of the reported
studies have either focused on the use of CPC or materials optimization. But none or very few of
them have investigated the potential use of 3D printed CPC scaffolds for anti-cancer drug delivery and
tissue engineering for bone cancer treatment.

5-fluorouracil (5-FU) a widely used anti-cancer drug (pKa = 8.02, logp = —0.89) with a half-life
of 8 to 20 min [15] was chosen as a model drug in this experiment because of its popularity and low
cost. Due to poor solubility of 5-FU in deionized water (less than 1 mg/mL at 19 °C [16]), Soluplus®
(polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer (PCL-PVAc-PEG)) and
polyethylene glycol (PEG) were added to 5-FU solutions as solubility enhancers and their chemical
structures are shown in Figure 1. Soluplus® (Figure 1a) is an innovative commercial excipient for
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improving the bioavailability and solubility of the active ingredients [17]. It has been widely used in
the extrusion process because of its high flowability and excellent extrudability [18]. PEG (Figure 1b) is
a polyether compound which is commonly utilized in the pharmaceutical industry, and it was chosen
to be a good excipient for 5-FU formulations because of its hydrophilic nature.
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Figure 1. Chemical structure of the excipients (a) Soluplus® and (b) polyethylene glycol (PEG).

One of the main applications of bone grafts is filling the gap in bone after surgical removal of
bone cancer tumors. While it is common that patients with bone cancer face the risk of relapse and
recurrence after bone removal surgery. It commonly occurs due to the presence of non-union fractures
which is a result of the inefficiency of bone healing in certain scenarios. Especially due to the large gaps
left after tumor resection [19]. Tumor recurrence after placement of bone filling biomaterials remains
one of the major causes of biomaterials failure in dental and orthopedic applications [20]. A local
release of an anti-cancer agent from a bone implant that can provide a controlled release of the agent in
surrounding cancerous tissue could be an innovative area of research for preventing recurrence after
placement of dental/orthopedic biomaterials. In situ delivery of an anti-cancer agent could potentially
provide adequate therapeutic dosage while minimizing the side effects of the anti-cancer agent in the
nearby uninfected tissues. Currently, there is no available bone graft material for clinical use with
anti-cancer properties that can reduce the risk of bone cancer resurgence and/or prevent the spread
of cancer to other organs. A bone graft material that possesses tunable anti-cancer properties has
numerous advantages over the current graft materials used in the clinic [21].

This research aims to develop a novel anti-cancer drug-coated calcium phosphate cement (CPC)
scaffold to potentially decrease the relapse and resurgence of bone cancer after surgery. To the best of
our knowledge, there is no anti-cancer drug-coated CPC scaffold currently available for commercial use.
There has been some previous work about drug-coated 3D printed scaffolds in other matrices, such as
silk fibroin, alginate, Pluronic, polymeric matrices [22-24]. Owing to the superior advantages of CPCs
such as rapidly setting at body temperature, we believe 3D printed CPC scaffold can be advantageous
and more suitable material for the anti-cancer drug delivery systems. This can also lead to numerous
potential applications of these emerging materials in drug delivery and tissue engineering applications.
For this purpose, 3D bioprinted CPC scaffolds were coated with different 5-FU formulations to be
utilized as an anti-cancer drug delivery system. The coating ingredients were tested by differential
scanning calorimetry (DSC). Surface analysis and texture analysis were conducted for these coated
scaffolds to investigate the mechanical properties of the scaffolds before and after coating. The efficiency
of the scaffold was tested by investigating its ability to kill the cancer cells in vitro.



Pharmaceutics 2020, 12, 1077 4 0f 15

2. Materials and Methods

2.1. Materials

CPC scaffolds with interconnected pores (diameter 5mm, thickness 2 mm) were printed by a
semi-solid extrusion 3D printer (Innotere, Radebeul, Germany) using calcium phosphate semi-solid
paste (a-tricalcium phosphate and calcium-deficient hydroxyapatite). All 3D printed scaffolds were
subjected to coating using a polymeric solution of a model anti-cancer drug 5-Fluorouracil (5-FU, Acros
Organics™, 99%, Fair Lawn, NJ, USA). Soluplus® (BASF Ltd., London, UK) and polyethylene glycol
(PEG 6000, Acros Organics™, Ludwigshafen, Germany) were used. We used 0.9% NaCl solution as the
dissolution medium in the dissolution test. Cancer and transformed cell lines, HeLa and HEK293T,
stably expressing GFP constructs were generated at the GDSC, University of Sussex, Brighton, UK. Cell
lines were maintained in DMEM supplemented with 10% FCS, penicillin/streptomycin and L-Glutamine
at 37 °C and 5% CO;. PBS (pH = 7.4, Fisher Scientific, Loughborough, UK) was used for washing.

2.2. Methods

2.2.1. The Preparation of 5-FU Coating Formulations

Formulations containing 5-FU were prepared by adding 5-FU powder into DI water under stirring
at 80 °C until it was fully dissolved. The ingredients of formulations F1 to F3 are illustrated in Table 1.
Soluplus® and PEG 6000 were added to 5-FU aqueous solution for the formulations 2 and 3 at the
same temperature and dissolved fully under stirring condition.

Table 1. Coating formulation compositions of 5-fluorouracil (5-FU).

Formulation Code 5-FU (g) DI Water (ml) Soluplus (g)  PEG 6000 (g)

F1 0.5 20 0 0
F2 0.5 20 0.50 0
F3 0.5 20 0.25 0.25

2.2.2. 3D Printing of the Scaffolds

All tested scaffolds were obtained from Innotere (Radebeul, Germany) and 3D printed using a
commercial semi-solid extrusion-based 3D printer with the layer height ~100 microns. 3D expansion
was facilitated by alternating orthogonal layers. All scaffolds were cylindrical shaped with diameter
5mm, height 2 mm, and the strand distance was kept at 0.59 mm. Directly after completing the printing
process, the cement setting was performed by storing the scaffolds in water solution for a prolonged
period at 50 °C. Infill density of the printed scaffolds was kept at 50%.

2.2.3. Drug Coating for 3D Bio-Scaffolds

3D bio-scaffolds were coated with 5-FU solution by Caleva mini coater/drier 2 (Caleva Process
Solutions Ltd., Dorset, UK). Each scaffold was coated with 10 mL drug solutions for 40 min using the
formulation composition listed in Table 1. The coating temperature was set as 40 °C, the pumping
speed and the agitator frequency were 3.1 rpm and 15.5 Hz respectively.

2.2.4. Scanning Electron Microscopy (SEM)

The surface and cross-section of the coated and uncoated blank bio-scaffolds were evaluated by
using SEM (JEOL Ltd. JSM-820, Tokyo, Japan), which produced a 15-kV acceleration voltage. The entire
surface and each region (apical, middle, and coronal) of each canal were examined at magnifications
ranging from X20 to X1000. The micrographs depicting a magnification of X200 were chosen for the
morphological characterization.
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2.2.5. Confocal Microscopy Analysis for 3D Bio-Scaffolds

Confocal microscopy Leica SP8 (Leica Microsystems Ltd., Milton Keynes, UK) was also applied
for surface analysis. The wavelength was chosen as 458 nm. Microscope frame is Leica DMi6000
and 20x%/0.75 objective was chosen. Live experiment support which heated live chamber (37 °C)
and 5% CO; (humidified) was on throughout the analysis. LAS X (Leica Microsystems (UK) Ltd.,
Milton Keynes, UK) was used as the acquisition software.

2.2.6. Differential Scanning Calorimetry (DSC)

DSC was used to investigate the thermal behavior of coating materials containing 5-FU.
The DSC traces of formulations F1 to F3 (the solutions were dried before performing DSC) plus
individual materials were conducted using DSC 4000 with aluminum DSC pans (PerkinElmer,
Waltham, MA, USA). In order to convert the solutions to powder form to do DSC experiment, coating
solutions of formulations F1 to F3 were heated to 80 °C and the temperature was kept for around
20 min (this time was enough to get dry powder). Then, the dried sample was ground into powder
using mortar and pestle. A certain amount of formulation powders (5 mg) was placed into the DSC
pan and sealed with a lid. Each sample was analyzed from 30 to 400 °C at a scanning rate of 10 °C/min
under nitrogen gas. Indium was used to calibrate the DSC for both melting and enthalpy.

2.2.7. X-Ray Powder Diffraction (XRD)

Siemens D500 X-ray Powder Diffraction (XRD) system (KS Analytical Systems, Aubrey, TX, USA)
was used to assess the solid-state of the coated scaffolds. XRD test was done at 5-50 theta, the increment
was set as 0.1. The data was analyzed by OEM software and reformed by Excel.

2.2.8. FTIR Studies

In order to explore any changes in the molecular level of 5-FU in formulations F to F3, FT-IR
equipped with a Universal ATR (Perkin Elmer’s Spectrum One, Waltham, MA, USA) was used.
Preceding to analysis, methanol was used to clean the instrument to remove any residual chemicals
left on the apparatus, after which a few milligrams of each of the formulations (solutions were dried
completely to get powder forms) was used with a pressure of around 70 bar. Each of the samples was

scanned three times over a range of 4000 cm~! to 500 cm ™.

2.2.9. Texture Analysis

The strength (ultimate compressive strength) of the coated and uncoated scaffolds was tested by
texture analyzer (Stable Micro Systems, Surry, UK) with a 25 mm diameter cylinder probe. The test
speed was set at 0.03 mm/Sec and the test method was set as “Return to Start” with compression mode.
The data was analyzed by Exponent software.

2.2.10. Cancer Cell Culture with 3D Bio-Scaffolds

Scaffolds were transferred to a 12 well plate and UV sterilized. Cells were plated onto the scaffolds
at a density of 0.4 X 10° in 10% DMEM and placed into a humidified incubator at 37 °C (5% CO5).
24, 96,120 h after plating, the scaffolds were transferred to a new well and washed three times with PBS.
Original wells were trysinized and cell count obtained. 0.4 x 10° cells were seeded onto transferred
scaffolds. Images were taken prior to trypsinization at 4x magnification using a Floid Cell Imaging
Station (ThermoFisher Scientific, Waltham, MA, USA).

2.2.11. Dissolution Studies and Drug Quantification

Dissolution in vitro test was carried out using USP dissolution apparatus II, paddle method
(708-DS, Agilent Technologies, Santa Clara, CA, USA) to investigate the drug release pattern from
various scaffolds (F1, F2 and F3). The dissolution medium was phosphate buffer (PBS pH 7.2, 900 mL)
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maintained at 37 °C with a rotation speed of 100 rpm. The coated scaffolds were placed in the
dissolution medium and at different time intervals the medium was pumped into UV (Cary 60 UV-Vis,
Agilent Technologies, Santa Clara, CA, USA) and read the absorbance of 5-FU at a wavelength of
256 nm. The experiment was carried out in triplicate (n = 3) and the release profiles were plotted as a
percentage of cumulative drug release versus time.

In order to quantify the amount of drug deposited on each scaffold during the coating process,
each scaffold was placed in 50 mL phosphate buffer and sonicated for 20 min. The preliminary results
showed that 20 min was enough to dissolve all the drug deposited on scaffolds. The final solution was
diluted to be readable in the UV/Vis spectrophotometer at a wavelength of 256 nm.

3. Results and Discussion

3.1. 3D Printed Scaffolds and Its Surface Morphology

It has been reported that 3D printing can be an ideal approach to fabricate various micro/macroscale
intricate structures owing to its outstanding repeatability and reproducibility which is assisted by
a computer-aided method. This emerging technology has started a new era of designing and
manufacturing of tissue engineering cell-laden substitutes and biological constructs [25,26]. In this
study, CPC scaffolds with interconnected pores (diameter 5 mm, thickness 2 mm) printed using
calcium phosphate semi-solid paste (x-tricalcium phosphate and calcium-deficient hydroxyapatite)
exhibited rough surface morphology which could be attributed to the microcrystalline morphology of
the CPC. An optimized 3D printing process involved utilization of a commercially available semi-solid
extrusion-based 3D printer with a maximum print resolution (layer height) of 100 microns. All obtained
scaffolds exhibited excellent shape fidelity with interconnected homogenous pores, acceptable process
parameters such as syringability, ease of extrusion and bioink malleability.

The blank/uncoated CPC scaffold and the other three scaffolds which were coated with formulations
F1, F2, and F3 respectively were illustrated in Figure 2. Compared to those coated ones and the
blank/uncoated one, these scaffolds show no obvious difference from their physical appearance.
The surface morphology of the coated scaffolds (diameter 0.5 cm) via SEM are shown in Figure 3.
The top view images (four images above) illustrates that the scaffolds coated with F1 and F2 formulations
have a relatively smooth surface. This could be due to the deposition of a homogenous layer of
polymeric solution all over the scaffolds. The images of the cross-section were obtained by cutting the
CPC scaffold across. Compared to the uncoated CPC scaffold, the presence of a thin polymeric coating
layer on each coated scaffold exhibited some adsorbed particles like morphology on the surface which
is not visible on the uncoated scaffold.

Blank = 8
i 1 F2 .

Figure 2. Uncoated/blank and F1-F3 coated scaffolds.
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Figure 3. SEM images of coated and uncoated calcium phosphate cement (CPC) scaffolds.

3.2. Confocal Microscopy for 3D Bio-Scaffolds

An advanced surface analysis conducted via confocal microscopy revealed a homogenous
distribution of the drug throughout the surface of the scaffolds, represented by the dark green pattern
(only the drug is fluorescent in the formulations) (Figure 4). Comparing the three scaffolds coated
with different 5-FU formulations showed that F3 coated scaffold (Figure 4c) gives the brightest signal.
While the scaffolds coated with F1 and F2 solutions (Figure 4a,b) gives more homogenous results.
This is due to the fact that PEG contained in F3 has the highest elongational viscosity which leads to
the high viscoelasticity [27,28]. The higher solution viscosity results in the larger thickness deviations.
Therefore, a larger amount of the polymer from F3 deposits on the surface of the scaffolds after the
coating process. Due to higher viscosity of PEG solution, it led to the higher coating thickness in F3 but
with slightly less homogeneity compared to that of scaffolds coated with i.e., F2 solution. Histograms
(Figure 4 mid and lower panel) show distribution of fluorescence over the selected area for F1, F2,
and F3 (results interpreted by commercial Image]). However, the higher standard deviation values are
due to the fact that the software also counts backgrounds signal. Nonetheless, this provides sufficient
insights to the intensity profile of the homogenous fluorescent 5-FU coating on the surface of all
CPC scaffolds.

3.3. DSC Analysis for Coating Ingredients

DSC traces for coating ingredients, API and formulations are shown in Figure 5. 5-FU DSC traces
show a sharp peak at around 286 °C which corresponds to its melting peak. The second broad peak
around 350 °C could be attributed to the thermal degradation of 5-FU. Similarly, PEG 6000 exhibits a
sharp endotherm at 68 °C corresponding to its melting point. As it can be seen from DSC traces of all
formulations in Figure 5b, it is clear that the melting peak of 5-FU around 280 degrees is present in all
the formulations (F1-F3). Comparing the thermal events of the bulk 5-FU and formulation F1 indicates
that the peak around slightly higher than 100 °C is due to the evaporation of deionized water left in the
coating formulation. The other two formulations (F2 and F3) show a similar thermal event because they
were made by a similar evaporation technique from those coating solutions. Formulation F2 containing
5-FU and Soluplus show a combined peak corresponding to the degradation of 5-FU and Soluplus
around 350 °C. In addition, data from formulation F3 show a sharp peak around 65 °C, which may be
due to the melting of PEG 6000. Therefore, there is no interaction between the components and 5-FU.
This indicates that the selected polymers could be suitable polymers to be used along with 5-FU in the
scaffold formulation.
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Figure 4. Confocal microscopic images of drug solution coated scaffolds with (a) F1, (b) F2, and (c) F3
(top panel), histograms showing intensity profiles as a function of fluorescence distribution (mid and
lower panel).

3.4. XRD Analysis of the Coated Scaffolds

All CPC scaffolds are synthetic, porous, biocompatible as well as bioresorbable bone substitute
materials consisting of «-tricalcium phosphate and microcrystalline hydroxyapatite phases as confirmed
via XRD analysis. The XRD data in Figure 6 illustrates that there was no crystal formation on the surface
of the CPC scaffolds during the coating process with those three 5-FU drug solutions. The coated
scaffolds remain amorphous throughout. The XRD data in Figure 6 illustrates that both blank scaffold
and scaffolds coated with solutions F1 to F3 show semi-crystalline structure (or partially amorphous)
which is an indication of no major changes in the crystallinity of the scaffold before and after the
coating process.
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Figure 5. Differential scanning calorimetry (DSC) data of (a) bulk drug, Soluplus, and PEG 6000,
(b) scaffold formulations (F1-F3).
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Figure 6. XRD data of blank scaffold (uncoated) and coated scaffolds: F1 (coated with 5-FU), F2 (coated
with 5-FU and Soluplus, F3 (coated with 5-FU, Soluplus and PEG 6000).
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3.5. FTIR Analysis

An FTIR analysis was conducted to analyze any potential interactions between the various
components used for coating the CPC scaffolds. It is expected that any potential interaction between
the drug and polymer will be reflected by the appearance of any additional bands, alterations in
wavenumber position or potential broadening of functional groups when compared with the bulk
materials. From the FTIR analysis (Figure 7), it can be seen that there are no major interactions between
5-FU and the polymer solutions used for coating. The absorption band of the bulk compounds are
retained in the formulations and helps confirm the absence of chemical interactions between the
components. However, a weak intermolecular interaction can be seen between 5-FU and Soluplus® in
formulation F2 which is represented by the reduction in the intensity of the 5-FU carbonyl band at
1650 cm™ region. This reduction in the intensity of the band only occurs at higher concentrations of
Soluplus® i.e., when the ratio between 5-FU and Soluplus is 1:1 in formulation F2 but cannot be seen
when the concentration of Soluplus® is lowered in formulation F3.

350
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Figure 7. FTIR spectra of bulk materials and formulations F1, F2, and F3.

This could possibly be due to the presence of both amine and the carboxyl group in the coating
formulations. It has been reported that during the FTIR process within carbonyl (COO-) groups two
CO bands resonate. As a result, the characteristic CO absorption band can sometimes be replaced by
an auto-symmetrical vibration of the COO- group from the polymer [29]. Nonetheless, this suggests
that the reduction in the intensity of the 5-FU band at 1650 cm™! in F2 is due to the presence of the
excessive amount of Soluplus in the formulation (F2) which may form a weak interaction with the
drug but when the amount is lower such as in F3, this interaction disappears.

3.6. Texture Analysis

Texture analysis was conducted to see the effect of coating on the strength of the scaffolds.
According to the data from Figure 8 shows the stress/strain profile of the CPC scaffolds. Mechanical
properties such as ultimate tensile strength—the maximum stress that a material can survive under
increasing strain before breaking, can be determined from the results presented in Figure 8. The ultimate
tensile strength of blank scaffold is 274.43 kPa with a maximum strain of 84%. Interestingly none
of the coating formulations have changed the stress—strain profiles of the 3D printed CPC scaffolds
significantly. However, a slight increase in the strain value was observed for F2 (85.5%) which could be
due to the presence of excessive viscous Soluplus polymer in the coating formulation. In F3 with the
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decrease of Soluplus content the strain value decreases while the tensile strength is unaffected. In all
cases, there is no significant change observed in the mechanical properties of the scaffolds after coating.

300 -
250
200 A

150 A

Stress (KPa)

— F3
100 — F2
— F1

Blank Scaffold

0 20 a0 60 80 100

Strain (%)
Figure 8. Stress—strain curve of blank scaffold (uncoated) and coated scaffolds: F1 (coated with 5-FU),
F2 (coated with 5-FU and Soluplus, F3 (coated with 5-FU, Soluplus and PEG 6000).

3.7. In Vitro Dissolution Studies

Dissolution profiles of scaffolds coated with various formulations are shown in Figure 9. The results
showed that all three coated scaffolds are able to release the entire drug within 2 h. The drug release
rate is faster in F1 compared to that of F2 and F3. This was expected as formulation F1 has no polymer,
whereas formulations F2 and F3 contained polymers which can potentially act as a barrier to affect the
drug release. This slight delay in drug release from F2 and F3 could be attributed to the chemistry of
the amphiphilic polymer, Soluplus® which tends to retard the release of the sparingly water-soluble
drug i.e., 5-FU upon swelling in the dissolution media [30].
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Figure 9. In vitro dissolution profiles of 5-FU from the coated scaffolds with different formulations.

As the polymers used in the coating of the scaffolds are hydrophilic polymers, therefore, these
polymers cannot slow down the drug release for a longer time. It is obvious if a longer drug release is
needed, it is suggested to use water-insoluble polymers such as ethyl cellulose. Nonetheless, efficient
drug release profiles from the coated scaffolds indicates that the deposition of the drug from the coating
solutions on each scaffold was achieved successfully.

When the amount of drug deposited on each scaffold was determined, the results showed that
the scaffold coated with F1 formulation contained more drug (40.69 + 1.93 mg) compared to scaffolds
coated with formulations F2 (38.49 + 1.06 mg) and formulations F3 (32.00 + 2.02 mg), although the
initial concentration of drug was kept constant in all coating solutions. This could be due to the change
of solid content percentage in the formulations i.e., F1 contains 2.5% w/w solid whereas both F2 and
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F3 coating double the amount. Moreover, the viscosity of the coating formulations may play a key
role as to the deposition layer thickness, amount of the coating solution and thus the actual amount of
drug on the scaffolds. Nevertheless, in all cases, a sufficient amount of 5-FU (>30 mg/scaffold) was
successfully deposited.

Drug release kinetics analysis was performed and 4 main kinetics of drug release namely zero-order
release, first-order release, Higuchi and Peppas models were considered [31]. The results showed that
all formulations followed first order release kinetics with 2 values of 0.980, 0.989, and 0.988 for F1, F2,
and F3, respectively.

3.8. Cell Culture with 3D Bio-Scaffolds

In vitro cell culture studies in two different cell lines (Hek293T and HelLa) were conducted and
the results showed a significant reduction of the growth in the number of the cells (Figures 10 and 11).
According to the images of the three 5-FU coated scaffolds in Figure 10, there are no visible cells that can
be found around the surface of the scaffold. While the blank scaffold (uncoated) was surrounded by
living cells. Figure 11 illustrates that the uncoated scaffold did not show any inhibition in the growth
of either cell line reflected by an increase in the number of cells by 4-6 fold (after 5 days). In contrast,
all formulations showed a significant cell growth inhibition. F2 and F3 coated scaffolds seen to have
similar inhibition abilities in terms of reduction in the growth of cells as this is represented by the
figures. Although the scaffold coated with F1 shows a relatively weaker effect, the cell counts still went
down to near 0 after 4 or 5 days. Nonetheless, it can be claimed that the developed 5-FU coated 3D
printed scaffolds can successfully be used as bone graft materials to treat bone cancer and to deliver
immediate potential effects for personalized medical solutions.

F1 coated scaffold

F2 coated scaffold Uncoated scaffold

F3 coated scaffold

Hek293T

Hel.a

Figure 10. Microscopic images of cell cultured coated and uncoated CPC scaffolds.
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Figure 11. In vitro cell culture assessment of CPC blank scaffold and uncoated scaffold: F1 (coated with
5-FU), F2 (coated with 5-FU and Soluplus), F3 (coated with 5-FU, Soluplus and PEG 6000), with GFP

labelled Hek293T (left) and HeLa (right) cells.
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4. Conclusions

CPC scaffolds coated with different 5-FU formulations were created and evaluated in this research.
The surface analysis conducted by SEM, confocal microscopy, and XRD illustrate the homogeneous
drug-coated outcomes and the amorphous surface of the coated scaffolds. DSC analysis of the coating
ingredients shows that there are no chemical reactions occurring between the coating ingredients
during bone graft before or after the coating process. Similarly, FI-IR analysis indicated no significant
interaction between drug and polymers, though a nominal interaction was observed in F2 due to the
higher concentration of Soluplus presents in the formulations which disappeared in F3. Dissolution
studies showed that all the coated scaffold released all the drug within 2 h, and the drug release pattern
followed first-order release kinetics. In addition, the anti-cancer cell studies confirmed the effective
cell killing ability of these 5-FU coated CPC scaffolds. In other words, 5-FU coated 3D printed CPC
scaffolds can be successfully used as a novel bone graft material and as a personalized drug delivery
system in the treatment of bone cancer.
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