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Abstract: The need for the repair of bone defects has been increasing due to various causes of loss
of skeletal tissue. High density polyethylenes (HDPE) have been used as bone substitutes due to
their excellent biocompatibility and mechanical strength. In the present study, we investigated
the preosteoblast cell proliferation and differentiation on the adding nano-hydroxyapatite (n-HAp)
particles into HDPE scaffold and treating HDPE/n-HAp scaffolds with nitrogen (N2) plasma. The
three-dimensional (3D) HDPE/n-HAp scaffolds were prepared by fused modeling deposition 3D
printer. The HDPE/n-HAp was blended with 10 wt% of n-HAp particle. The scaffold surface was
reactive ion etched with nitrogen plasma to improve the preosteoblast biological response in vitro.
After N2 plasma treatment, surfaces characterizations were investigated using Fourier transform
infrared spectroscopy, scanning electron microscopy, and atomic force microscopy. The proliferation
and differentiation of preosteoblast (MC3T3-E1) cells were evaluated by MTT assay and alkaline
phosphatase (ALP) activity. The incorporation of n-HAp particles and N2 plasma surface treatment
showed the improvement of biological responses of MC3T3-E1 cells in the HDPE scaffolds.

Keywords: high density polyethylene; 3D scaffold; 3D printing; plasma surface treatment; bone
substitute

1. Introduction

Recently, the demand for bone reconstruction has been increasing due to cancer
surgery, congenital deformity, fractures, oral and maxillofacial surgery, and various causes
of bone defect [1–3]. Autologous bone, which is most ideal as bone substitute materials,
has disadvantages including morbidity of harvest site, short supply, and risk of signifi-
cant resorption [4]. Hence, synthetic grafting materials have been extensively studied to
overcome the obstacles of autografts, allografts [5,6]. Many synthetic materials such as
bioactive glasses, glass ionomers, aluminum oxide, calcium sulfate, calcium phosphates,
α- and β-tricalcium phosphate (TCP), and synthetic hydroxyapatite are currently used as
bone grafting materials [7].

High density polyethylene (HDPE) has been widely used in medical implants because
it is a porous synthetic polymer that is biologically inert and non-absorbable in the body.
Due to these advantages, HDPE facial implants are widely used as bone substitutes in facial
surgery [8–10]. For example, the porous HDPE (Medpor®, Stryker, Kalamazoo, MI, USA)
provides the highly stable and somewhat flexible framework composed of interconnected
pores and Medpor stimulates tissue to infiltrate into its pores [8–10].

Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is one of the bioceramics with inorganic
components and structures close to bones and teeth, and therefore they have excellent bio-
compatibility with the bone tissue. Furthermore, HAp have osteoconductive properties and
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low resorption rate therefore they can be extensively used as a bone graft material [11–13].
However, HAp has the drawback of being brittle and fracture prone when a shock is loaded.
Generally, the main drawback of bioceramics is their low fracture toughness and brittleness.

To overcome the disadvantage, synthetic polymers and bioceramics-based scaffolds
were extensively studied [14–16]. Larrañaga and coworkers have reported that the addition
of bioactive glass particles to poly (L-lactide) (PLLA) and poly (ε-caprolactone) (PCL)
scaffolds sustains adipose-derived stem cells (ASCs) osteogenic differentiation, promote
calcification, and induces the formation of a hydroxyapatite layer on the polymer scaffolds
surface [15]. Haaparanta et al. demonstrated that porous surface and β-TCP particles on
the polylactide/β-tricalcium phosphate (PLA/β-TCP) composite scaffolds may encourage
the growth of bone cells [16].

In recent years, the 3D printing technique in the fabrication of polymer/bioceramic
3D scaffolds is attracting attention due to the advantages such as controllable pore size and
porosity, high interconnectivity of pores, and free structural design [17–19].

Salmoria and coworkers have reported that HAp content of HDPE/HAp functional
graded scaffold fabricated by selective laser sintering (SLS) could control microstructure
and mechanical properties of scaffold [20]. Suwanprateeb et al. have reported that mi-
crostructure and tensile properties of heat-treated three-dimensional printing (3DP) HDPE
bone implant were significantly influenced by the polyethylene content and heat treat-
ment steps [21]. Kim et al. demonstrated that porous HDPE/poly (ethylene-co-acrylic
acid) (PEAA) scaffold surface modified with collagen has enhanced the adhesion and
proliferation of osteoblast cells [22]. As mentioned above, research on in vitro study of
3D HDPE/n-HAp composite scaffold fabricated by fused deposition modeling (FDM) 3D
printing has not been reported yet.

Plasma surface modification of biomaterials could provide the new surface charac-
teristics of polymeric implants to improve biocompatibility without changing the bulk
properties [23]. Furthermore, this process also leads to changes in surface topologies and
surface chemistry of the modified polymers [24].

Davoodi and coworkers demonstrated that contact angle was significantly decreased
and surface roughness was increased after nitrogen plasma was treated on the PLA film. In
addition, attachment and proliferation of L929 fibroblast cell were enhanced compared to
the untreated group [25].

Therefore, in the present work, we performed a nitrogen (N2) plasma surface treat-
ment to improve biocompatibility on the HDPE/n-HAp 3D scaffolds. In addition, we
investigated the effect of n-HAp particle adding and nitrogen plasma etching on the 3D
HDPE scaffold using preosteoblast (MC3T3-E1) cells.

Preliminary in vitro results will provide the potential of 3D HDPE/n-HAp composite
scaffolds in bone reconstruction for clinical applications.

2. Materials and Methods
2.1. Materials

HDPE and n-Hap (nano powder, <200 nm) were supplied by Sigma-Aldrich (St. Louis,
MO, USA). HDPE and n-HAp were used as 3D scaffold materials. 3D HDPE/n-HAp
scaffolds were fabricated by 3D printer (3D Bio Printer, M4T-100, M4T Co. Ltd., Daegu,
Korea). HDPE polymer mixture was made by mixing the n-HAp concentration of 10 wt%.
The HDPE composite was stirred in a heating mantle at 150 ◦C for 30 min, and then
the mixture solution was maintained at room temperature to become a solid state. The
composite pieces were filled into the syringe of a 3D printer. HDPE/n-HAp composite
was extruded at 170 ◦C through a nozzle compressed dry air of 580 kPa pressure, and the
feed rate was set to 200 mm/min. The nozzle diameter was set to 500 µm and the scaffold
struts were deposited layer by layer at angles of either 0◦ or 90◦. 3D scaffold samples with
a diameter of 8 mm and 2 mm thickness were used in this study. The pore size of the 3D
scaffold was approximately 300 µm.
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2.2. Nitrogen Plasma Treatment of the 3D HDPE/n-HAp Scaffold

The 3D HDPE/n-HAp scaffold was treated with reactive ion etching (RIE) nitrogen
plasma etching due to an increase in the surface roughness and wettability. The N2 plasma
treatment was carried out by a low-pressure radio frequency (RF, 13.56 MHz) capacitively
coupled plasma system (Miniplasma Station, Daejeon, Korea). The N2 plasma treatment
conditions were performed as follows. The plasma power was set to 100 W, the N2 gas
flow rates were 20 sccm, and the chamber pressure was set to 1 × 10−1 Torr. To achieve the
uniform N2 plasma treatment to the inside of the 3D HDPE/n-HAp scaffold, the upper
layer of scaffold was N2 plasma-treated for 5 min the, and then it was turned over and
treated for 5 min.

2.3. Surface Characterizations

The changes of surface morphology on the untreated and N2 plasma-treated 3D
scaffolds were observed by field-emission scanning electron microscopy (FE-SEM, S-4800,
Hitachi, Tokyo, Japan). Before FE-SEM observation, all samples were deposited by gold
sputtering. The FE-SEM observation was performed at an accelerating voltage of 10 kV
and micrograph magnifications were to 50×, 1000×, or 5000×.

After the N2 plasma treatment, surface topologies of HDPE/n-HAp scaffolds were
observed by atomic force microscopy (AFM, XE-100, Park systems, Suwon, Korea) and the
images were acquired using XEI software, Version 1.7.6. AFM measurement was carried
out at a scanning rate of 0.1 Hz in non-contact mode. Scan areas of 5 µm × 5 µm and
10 µm × 10 µm were randomly selected from the scaffold surface. An arithmetic mean of
the root mean square (RMS) roughness (Rq) was calculated directly from the AFM images.

The wettability changes of the N2 plasma-treated HDPE/n-HAp scaffold surface were
evaluated by static water contact angle (WCA) using a water goniometer (GS, Surface Tech
Co., Ltd., Gwangju, Gyeonggi-do, Korea). The contact angle was measured by analyzing
the degree of water spreading with charge-coupled device (CCD) digital images after
dropping a distilled water droplet (7 µL) on the sample surface. The WCA measurement
was repeated five times so as to ensure reliability.

The change of surface chemistry before and after N2 plasma treatment were analyzed
using Fourier-transform infrared spectroscopy (FT-IR, Spectrum Two FT-IR Spectrometer,
Parkin Elmer, Buckinghamshire, UK) in ATR mode, (UATR Two, 4 scan, 4 cm−1 resolution).
HDPE and HDPE/n-HAp films were used as sample in the FT-IR analysis.

In order to investigate the phase composition and crystallinity of the HAp in the
HDPE/n-HAp scaffolds, X-ray diffractometry (XRD, X’Pert PRO MultiPurpose, Philips,
Amsterdam, the Netherlands) was used. XRD analysis was performed at 40 kV and 20 mA
using Cu-Kα rays. The 2θ scan range was 30–35◦ and the step size was 0.2◦.

All 3D scaffolds were analyzed by X-ray photoelectron spectroscopy (HP-XPS,
K-ALPHA+, Thermo Fisher Scientific, Waltham, MA, USA) using a monochromatic Al-Kα
X-ray source to obtain their elemental composition and chemical states changed by N2
plasma treatment. Each elemental composition of the 3D scaffolds’ surface was reported in
atomic percent (at.%) values.

2.4. Cell Culture

MC3T3-E1 (newborn-mouse-derived calvaria, CRL-2593) cells were purchased by
American Type Culture Collection (ATCC) and cultured in α-Minimum Essential Medium
(α-MEM, Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin (Gibco, Grand Island,
NY, USA). Cells are cultured in an incubator at 37 ◦C in a saturated humid atmosphere
consisting of 95% air and 5% CO2. In vitro evaluation, three passages of MC3T3-E1 cells
were used. Before in vitro experiment, the 3D scaffolds were sterilized by ultraviolet C
light for 1 h.
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2.5. Evaluations of Cell Bioactivity

In order to evaluate the proliferation of the MC3T3-E1 cells, 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, St. Louis, MO, USA) assay was used.
The 2 × 105 cells/mL were seeded to 3D scaffolds and cultured for 1, 4, and 6 days. The
MTT assay is well explained in a previous study [26].

The cell viability was investigated using a live and dead cell staining kit (Biovision,
Milpitas, CA, USA). After two days of cell culture on the different sample surfaces, the
MC3T3-E1 cells were seeded at a density of 3 × 105 cells/mL on the scaffolds in 48-well
plates. After 2 days, the cell culture medium was removed from the 3D scaffolds in 48-well
plates and the 3D scaffolds were gently washed with Phosphate-buffered saline (PBS)
3 times. Then, 0.25 mL of the staining solution (1 mM cell-permeable green fluorescent
dye and 2.5 mg/mL of propidium iodide) per well and then the 48-well plate was placed
in an incubator for 20 min. Live and dead cells images were observed by fluorescence
microscope (NI-SS, Nikon, Tokyo, Japan).

The cell differentiation was investigated by alkaline phosphatase (ALP) activity, which
is a bone biomarker for bone remodeling processes. Cells were seeded at a density of
1 × 105 cells/mL on 3D scaffolds contained in 48-well plates. After the cells were cultured
for 7 and 14 days in osteogenic differentiation media, ALP was measured by quantifying the
release of p-nitrophenol (p-NP) from p-nitrophenyl phosphate (p-NPP). The ALP activity
assay was well described previous study [26].

In order to investigate the initial adhesion of MC3T3-E1 cells, the cell morphology was
observed after culturing of 30 min on the 3D scaffolds. The MC3T3-E1 cells were prefixed
with a solution containing 2.5% glutaraldehyde (Sigma-Aldrich) and 2.5% paraformalde-
hyde (Electron Microscopy Science, Hatfield, PA, USA) for 3 h. The cell fixing method is
well described in a previous work [26]. Before SEM observation, fixed cells were coated
with a thin gold layer using an automated sputter for 50 s.

3. Results
3.1. Surface Characterization

Figure 1 shows the FE-SEM micrographs and Energy Dispersive Spectrometer (EDS)
spectra on the surfaces of 3D HDPE and 3D HDPE/n-HAp scaffolds before and after nitro-
gen plasma treatment. In Figure 1a,d,g, the 3D grid structure having a pore size of 300 µm
and 0◦/90◦ strut layout pattern is well deposited by 3D HDPE and 3D HDPE/n-HAp using
3D printing. The 3D HDPE and 3D HDPE/n-HAp scaffold showed a relatively flat surface,
on the other hand, the 3D HDPE/n-HAp scaffold surface with nitrogen plasma treatment
became rougher (Figure 1b,e,h). The EDS spectra demonstrated peaks of calcium and
phosphorous in HDPE/n-HAp and N2 plasma etched HDPE/n-HAp scaffold compared to
HDPE scaffold (Figure 1c,f,i). This result indicated that n-HAp was well incorporated into
the HDPE/n-HAp scaffold.

Figure 2 shows the representative AFM 3D-topographical images and their Rq in
scan size 15 µm × 15 µm on the 3D HDPE, 3D HDPE/n-HAp, and N2 plasma-treated 3D
HDPE/n-HAp scaffold. The 3D HDPE and 3D HDPE/n-HAp demonstrated relatively
smooth surfaces (Rq = 36.2 nm, 38.1 nm), respectively, as shown in Figure 2a,b. However,
after nitrogen plasma etching for 3 min on the 3D HDPE/n-HAp scaffold, scaffold surface
was changed to rough surfaces (Rq = 68.1 nm) with repetitive peak-valley structures, as
shown in Figure 2c. These results indicate that the surface of the 3D HDPE/n-HAp scaffold
was significantly roughened by N2 plasma etching. It is thought that n-HAp particle
appeared when the HDPE polymer on the surface was etched by nitrogen plasma.

The contact angles of the 3D HDPE, 3D HDPE/n-HAp, and N2 plasma-treated 3D
HDPE/n-HAp scaffold were shown in Figure 2d. The contact angles of 3D HDPE and
HDPE/n-HAp scaffold were 90.96◦ ± 6.06◦ and 88.36◦ ± 3.87◦, respectively, showing
hydrophobic surface. On the other hand, the 3D HDPE/n-HAp scaffold surface after N2
plasma treatment changed to a hydrophilic surface and contact angle was 11.18◦ ± 2.32◦.
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FTIR was used to determine the chemical structures of the 3D scaffolds, before and after
N2 plasma treatment. The FTIR spectra of HDPE, HDPE/n-HAp, and N2 plasma treated
HDPE/n-HAp are shown in Figure 3. The C-H group of typical bands of HDPE appeared
at 2923 and 2853 cm−1 were ascribed to asymmetric and symmetric stretching vibrations,
respectively [27,28]. In addition, the spectral band at 1468 cm−1 was attributed to CH2
bending [29]. The very strong peak of hydroxyapatite appeared at 1025 cm−1 corresponding
to the PO4

3− functional group [30–32]. The peaks of hydroxyapatite were observed in
spectra of 3D HDPE/n-HAp, and N2 plasma-treated 3D HDPE/n-HAp scaffold. This result
means that the n-HAp particle was well incorporated into HDPE polymer. In particular,
the appearance of a strong hydroxyapatite peak in the 3D HDPE/n-HAp spectrum is
considered to be the etching effect of N2 plasma.
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Figure 1. Surface morphologies and Energy Dispersive X-ray Spectroscopy (EDS) spectra on the
three dimensional (3D) high-density polyethylene (HDPE) (a,b,c), 3D HDPE/nano-hydroxyapatite
(n-HAp) (d,e,f), and Nitrogen (N2) plasma-treated 3D HDPE/n-HAp (g,h,i) scaffold.

Figure 4 shows the XRD patterns of the 3D HDPE, 3D HDPE/n-HAp, and N2 plasma-
treated 3D HDPE/n-HAp scaffold. Typical HAp peaks were not observed in 3D HDPE
scaffold (Figure 4a). However, typical peaks of n-HAp at the 3D HDPE/n-HAp and
N2 plasma-treated 3D HDPE/n-HAp scaffold clearly appeared as shown in Figure 4b.
Furthermore, it showed a similar XRD pattern in the N2 plasma-treated 3D HDPE/
n-HAp scaffold. The presences of HAp peaks indicate that HAp nanoparticles were well
incorporated into the 3D HDPE scaffold.

Element compositions of 3D scaffold surfaces acquired from the wide scan XPS spectra
are presented in Figure 5. In the 3D HDPE/n-HAp scaffold, peaks of Ca and P were
not observed due to the HAp nanoparticles being covered with an HDPE polymer layer.
However, after N2 plasma treatment, oxygen peak was increased and peaks of Ca, P, and N
were appeared because of the HDPE layer removed by N2 plasma etching. It was confirmed
again through O1s and N1s analysis of narrow scan XPS spectra.



Materials 2022, 15, 827 6 of 13
Materials 2022, 15, 827 6 of 14 
 

 

   
(a) (b) (c) 

 
(d) 

Figure 2. Representative atomic force microscopy (AFM) 3D-topographical images on the (a) 3D 

HDPE, (b) 3D HDPE/n-HAp, and (c) N2 plasma-treated 3D HDPE/n-HAp scaffold. Scan area of all 

images is 15×15 μm. (d) Contact angles of 3D HDPE, 3D HDPE/n-HAp, and N2 plasma-treated 3D 

HDPE/n-HAp scaffold surface. 

The contact angles of the 3D HDPE, 3D HDPE/n-HAp, and N2 plasma-treated 3D 

HDPE/n-HAp scaffold were shown in Figure 2d. The contact angles of 3D HDPE and 

HDPE/n-HAp scaffold were 90.96° ± 6.06° and 88.36° ± 3.87°, respectively, showing hy-

drophobic surface. On the other hand, the 3D HDPE/n-HAp scaffold surface after N2 

plasma treatment changed to a hydrophilic surface and contact angle was 11.18° ± 2.32°. 

FTIR was used to determine the chemical structures of the 3D scaffolds, before and 

after N2 plasma treatment. The FTIR spectra of HDPE, HDPE/n-HAp, and N2 plasma 

treated HDPE/n-HAp are shown in Figure 3. The C-H group of typical bands of HDPE 

appeared at 2923 and 2853 cm−1 were ascribed to asymmetric and symmetric stretching 

vibrations, respectively [27,28]. In addition, the spectral band at 1468 cm−1 was attributed 

to CH2 bending [29]. The very strong peak of hydroxyapatite appeared at 1025 cm−1 cor-

responding to the PO43− functional group [30–32]. The peaks of hydroxyapatite were ob-

served in spectra of 3D HDPE/n-HAp, and N2 plasma-treated 3D HDPE/n-HAp scaffold. 

This result means that the n-HAp particle was well incorporated into HDPE polymer. In 

particular, the appearance of a strong hydroxyapatite peak in the 3D HDPE/n-HAp spec-

trum is considered to be the etching effect of N2 plasma. 

0

20

40

60

80

100

120

HDPE HDPE/HAp HDPE/HAp-N2

plasma

C
o
n

ta
ct

 a
n

g
le

 (
°)

Figure 2. Representative atomic force microscopy (AFM) 3D-topographical images on the (a) 3D
HDPE, (b) 3D HDPE/n-HAp, and (c) N2 plasma-treated 3D HDPE/n-HAp scaffold. Scan area of all
images is 15 × 15 µm. (d) Contact angles of 3D HDPE, 3D HDPE/n-HAp, and N2 plasma-treated 3D
HDPE/n-HAp scaffold surface.
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3.2. Evaluations of MC3T3-E1 Cell Bioactivity

The effects of nitrogen plasma treatment and HAp addition on the 3D HDPE/HAp
scaffold were evaluated by examining the bioactivity of MC3T3-E1 cells. Physiochemical
properties of scaffold surface play an important role in osteoblast cell adhesion, prolifera-
tion, differentiation, and bone mineralization.

As presented in Figure 6, the MC3T3-E1 cells cultured for 30 min on the HDPE scaffold
were observed round shape and also showed a non-spreading phenotype. However, the
cells cultured on the N2 plasma-treated HDPE/HAp scaffolds showed the appearance of
filopodia spreading and lamellipodia extension and a larger circular shape compared with
those on the 3D HDPE scaffolds. For the HDPE/HAp scaffolds, few filopodia spreading
and lamellipodia extension were observed in the attached cell morphologies. This result
can be explained by the improvement of wettability on the 3D HDPE/n-HAp scaffold by
nitrogen plasma treatment enhanced the initial attachment ability compared to 3D HDPE
and 3D HDPE/n-HAp scaffolds.

The MC3T3-E1 cell proliferation on different 3D scaffolds was investigated using an
MTT assay after being cultured for 1, 4, and 6 days, as shown in Figure 7a. After one
day, all samples show no difference in cell proliferation. However, N2 plasma-treated
HDPE/n-HAp scaffold showed higher MC3T3-E1 proliferation than HDPE and HDPE/n-
HAp scaffold at 4 and 6 days. In all the experimental groups, results of the MTT assay
demonstrated statistically significant differences compared to the control group (n = 3,
* p < 0.05, ** p < 0.01 compared to values shown by 3D HDPE scaffold).
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Figure 7. (a) Cell proliferation growing cultured on the 3D HDPE, 3D HDPE/n-HAp, and N2 plasma-
treated 3D HDPE/n-HAp scaffold for 1, 4, and 6 days, as determined by 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (n = 3, * p < 0.05, ** p < 0.01 compared to values
shown by 3D HDPE scaffold; Live and dead cell staining images of MC3T3-E1 cells cultured on
(b) 3D HDPE, (c) 3D HDPE/n-HAp, and (d) N2 plasma-treated 3D HDPE/n-HAp scaffold cultured
for 2 days. Live cells are green and dead cells are red.
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Figure 7b–d shows the live and dead cell staining images of MC3T3-E1 cells cultured
for 2 days on 3D scaffolds. The N2 plasma-treated HDPE/n-HAp scaffold was observed to
have more cells than the 3D HDPE and pristine 3D HDPE/n-HAp scaffolds.

The MC3T3-E1 cell differentiation was investigated using an alkaline phosphatase
(ALP) activity (Figure 8). In fact, the ALP is considered a biomarker of osteogenic dif-
ferentiation and new bone formation. On 7 days, HDPE/n-HAp and N2 plasma-treated
HDPE/n-HAp scaffold showed higher ALP activity than that of HDPE scaffold. In case of
14 days showed a similar trend. Among the samples, the N2 plasma-treated HDPE/n-HAp
scaffold had the most differentiation ability compared to other samples.
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3D HDPE, 3D HDPE/n-HAp, and N2 plasma-treated 3D HDPE/n-HAp scaffold for 7 and 14 days.
(n = 3, * p < 0.05, ** p < 0.01 compared to values shown by 3D HDPE scaffold).

4. Discussion

In recent years, patient-specific bone graft materials to replace defected bone have
been extensively fabricated through 3D printing.

The HDPE synthetic polymer is widely used as an implant material for surgical op-
eration due to its hard and non-biodegradable property, which enables it to maintain its
position after implantation on the defected region in the oral and maxillofacial trauma. For
example, Medpor® composed porous PE has been used in a variety of medical fields such as
restoration of cranial defects, facial aesthetic reconstruction, orbital fracture reconstruction,
etc. Despite these advantages, few studies on the HDPE 3D scaffold or HDPE/bioceramic
composite scaffold deposited by FDM printing have been reported due to the glass transi-
tion temperature of HDPE being very high, it is very difficult to control the 3D printing
process by melt extrusion. Moreover, the HDPE surface has a hydrophobic nature and it
interferes with cell adhesion, resulting in poor integration with bone tissues.

In the present study, we fabricated an HDPE scaffold using FDM 3D printing, and
then performed incorporation of n-HAp and N2 plasma treatment to enhance the bone
regeneration. As shown in Figure 1, we successfully fabricated a 3D HDPE scaffold having
a 300 µm and 0/90◦ strut layout pattern and confirmed the well incorporated n-HAp
particle in HDPE polymer through EDS analysis. To overcome the drawback of polymer
scaffold itself, research has been extensively conducted on composite scaffolds in which
bioceramics are mixed with polymer scaffolds. Among the bioceramic, hydroxyapatite is an
essential element for bone tissue regeneration and is well known as a material that promotes
osteoblast cell adhesion, osteoconduction, and osteoinduction [33–35]. Furthermore, plasma
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surface modifications have been studied as a means to change the physicochemical surface
characteristics including topography, surface charge, and hydrophilicity on the biomaterial
surface. Furthermore, it is a useful technique for surface functionalization and surface
treatment that introduces functional groups to the surface of materials [36]. For example,
nitrogen and oxygen gas plasmas generate polar groups, such as amide, imide, imine,
nitrile, hydroxyl, carbonyl, carboxylate, and carboxylic acid groups on the surface of the
polymer [37].

After the N2 plasma reactive ion etching (RIE), as shown in Figure 2, the contact
angle of HDPE/n-HAp scaffolds was significantly decreased and the surface roughness
of HDPE/n-HAp scaffolds was increased. This may be thought to be due to the HDPE
polymer layer covering HAp nanoparticles incorporated into HDPE/n-HAp scaffolds being
removed by N2 plasma RIE. Plasma-assisted surface functionalization and plasma etching
techniques can provide suitable hydrophilicity and topology changes to the polymeric
surface [38,39]. It has been reported that the bone-like apatite layer can provide a suitable
surface for osteoblastic growth, proliferation, and differentiation, and this layer enhanced
new bone formation [40,41].

Initial cell adhesion after culturing for 30 min on different scaffolds was evaluated by
cell morphology using an SEM observation. As observed in Figure 6, N2 plasma-treated
3D HDPE/n-HAp scaffold showed well-developed filopodia compared to other 3D scaf-
folds. This result may be related to the lower contact angle of the N2 plasma-treated
3D HDPE/n-HAp scaffold. Many investigators have been investigated the influence of var-
ious calcium phosphates on the adhesion, proliferation, and differentiation of bone-related
cells [42–45]. Chou and coworkers reported that HAp enhanced osteoblast differentiation,
but more cells adhered to the tissue culture polystyrene surface than to the HAp surface [42].
However, Ogata et al. reported that after culturing for 12 h on each of the types of HAp they
tested, there were only ~50 cells/mm2 bound to the HAp surface [45]. These contradictory
results indicate that while HAp has no cytotoxicity, it does not provide a cell affinity surface.
Based on the results of previous studies, it is thought that nitrogen plasma treatment had a
significant effect on initial preosteoblast adhesion in this experiment.

In this experiment, proliferation of MC3T3-E1 preosteoblasts were significantly en-
hanced in the N2 plasma-treated 3D HDPE/n-HAp scaffold compared to other scaffold sam-
ples. Cell proliferation of 3D HDPE scaffold and 3D HDPE/n-HAp scaffold did not have
significant differences, whereas N2 plasma-treated 3D HDPE/n-HAp scaffolds showed
significant differences (Figure 7). However, cell differentiation of 3D HDPE/n-HAp scaf-
fold was significantly enhanced compared to the 3D HDPE scaffold as shown in Figure 8.
Although HAp nanoparticles did not play an important role in cell proliferation, it is
thought to have brought about a synergistic effect with nitrogen plasma treatment in cell
differentiation.

After N2 plasma treatment on the 3D HDPE/n-HAp scaffolds, a new N1s peak ap-
peared at 399.5 eV and O1s peak (531.4 eV) increased as presented in Figure 5. In general,
N2 plasma generate various nitrogen radicals, such as N2, N2 (excited), and N [41]. In
addition, a polymer surface treated by N2 plasma generates nitrogen-containing functional
groups such as C—N, C=N, N—O, N=C—O, and N—C=O [46–48]. Zhang et al. demon-
strated that N2 plasma immersion ion implantation (PIII)-treated PE polymer surface has
the ability to enhance differentiation of osteoblasts such as ALP activity and Osteocalcin
(OC) expressions [49]. Mohammad and co-workers demonstrated that 3D printed PLA
scaffold treated RF nitrogen plasma significantly enhanced cell proliferation compared to
that of the control sample [50].

Until now, there has been no research on the adhesion, proliferation, and differentiation
of preosteoblast on the 3D HDPE/n-HAp scaffold fabricated by FDM 3D printing.

The results of this study are considered to be valuable as a preliminary study for the
clinical application of 3D printed HDPE scaffold.
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5. Conclusions

In the present study, we performed incorporation of n-HAp into 3D HDPE scaffold
and then treated N2 plasma on 3D HDPE/n-HAp scaffold. Despite the difficulties of the
FDM 3D printing process of 3D HDPE scaffold, 3D HDPE/n-HAp composite scaffold with
well interconnected pores was successfully fabricated. After N2 plasma treatment, the
wettability and roughness of the 3D HDPE/n-HAp scaffold surface were enhanced because
of the etching effect of N2 plasma on the scaffold surface. The HAp addition and N2 plasma
surface treatment on the 3D HDPE scaffold enhanced the MC3T3-E1 cells’ bioactivities
such as initial attachment, proliferation, and differentiation. In particular, it is thought that
nitrogen plasma treatment played an important role in showing the highest bioactivity
compared to the other scaffolds. From these results, nitrogen plasma treatment may be used
as a useful technique for surface modification of HDPE-based bone regeneration scaffolds.

Author Contributions: Conceptualization, H.P. (Hyunchul Park) and M.K.; methodology, H.P.
(Hyunchul Park), H.P. (Hongju Park) and H.O.; software, J.R.; validation, S.J., H.P. (Hyunchul
Park) and J.R.; formal analysis, S.J., H.P. (Hyunchul Park) and J.R.; investigation, S.J.; resources,
M.K.; data curation, H.P. (Hyunchul Park); writing—original draft preparation, H.P. (Hyunchul Park);
writing—review and editing, H.O. and M.K.; visualization, H.P. (Hongju Park); supervision, M.K.;
project administration, M.K.; funding acquisition, M.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by a grant (BCRI21019) from Chonnam National University
Hospital Biomedical Research Institute, Republic of Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Johnson, P.C.; Mikos, A.G.; Fisher, J.P.; Jansen, J.A. Strategic directions in tissue engineering. Tissue Eng. 2007, 13, 2827–2837.

[CrossRef] [PubMed]
2. Nie, H.; Lee, C.H.; Tan, J.; Lu, C.; Mendelson, A.; Chen, M.; Embree, M.C.; Kong, K.; Shah, B.; Wang, S.; et al. Mus culoskeletal

tissue engineering by endogenous stem cells. Cell Tissue Res. 2012, 347, 665–676. [CrossRef] [PubMed]
3. Brown, A.; Zaky, S.; Ray, H.; Sfeir, C. Porous magnesium/PLGA composite scaffolds for enhanced bone regeneration following

tooth extraction. Acta Biomater. 2015, 11, 543–553. [CrossRef] [PubMed]
4. Kao, S.T.; Scott, D.D. A review of bone substitutes. Oral Maxillofac. Surg. Clin. N. Am. 2007, 19, 513–521. [CrossRef]
5. Evaniew, N.; Tan, V.; Parasu, N.; Jurriaans, E.; Finlay, K.; Deheshi, B.; Ghert, M. Use of a calcium sulfate-calcium phosphate

synthetic bone graft composite in the surgical management of primary bone tumors. Orthopedics 2013, 36, e216–e222. [CrossRef]
6. Kirkpatrick, J.S.; Cornell, C.N.; Hoang, B.H.; Hsu, W.; Watson, J.T.; Watters, W.C., 3rd; Turkelson, C.M.; Wies, J.L.; Anderson, S.

Bone void fillers. J. Am. Acad. Orthop. Surg. 2010, 18, 576–579. [CrossRef]
7. Titsinides, S.; Agrogiannis, G.; Karatzas, T. Bone grafting materials in dentoalveolar reconstruction: A comprehensive review. Jpn.

Dent. Sci. Rev. 2019, 55, 26–32. [CrossRef]
8. Niechajev, I. Facial Reconstruction Using Porous High-Density Polyethylene (Medpor): Long-Term Results. Aesthetic Plast. Surg.

2012, 36, 917–927. [CrossRef]
9. Lim, J.S.; Kook, M.S.; Jung, S.; Park, H.J.; Ohk, S.H.; Oh, H.K. Plasma Treated High-Density Polyethylene (HDPE) Medpor Implant

Immobilized with rhBMP-2 for Improving the Bone Regeneration. J. Nanomater. 2014, 2014, 810404. [CrossRef]
10. Andrade, N.N.; Raikwar, K. Medpor in maxillofacial deformities: Report of three cases. J. Maxillofac. Oral Surg. 2009, 8, 192–195.

[CrossRef]
11. Bhattacharjee, A.; Fang, Y.; Hooper, T.J.N.; Kelly, N.L.; Gupta, D.; Balani, K.; Manna, I.; Baikie, T.; Bishop, P.T.; White, T.J.; et al.

Crystal chemistry and antibacterial properties of cupriferous hydroxyapatite. Materials 2019, 12, 1814. [CrossRef] [PubMed]
12. Silva, C.; Pinheiro, A.; De Oliveira, R.; Goes, J.C.; Aranha, N.; De Oliveira, L.; Sombra, A. Properties and in vivo investigation of

nanocrystalline hydroxyapatite obtained by mechanical alloying. Mater. Sci. Eng. C 2004, 24, 549–554. [CrossRef]
13. Gaihre, B.; Jayasuriya, A.C. Comparative investigation of porous nano-hydroxyapatite/chitosan, nanozirconia/chitosan and

novel nano-calcium zirconate/chitosan composite scaffolds for their potential applications in bone regeneration. Mater. Sci. Eng.
C 2018, 91, 330–339. [CrossRef]

http://doi.org/10.1089/ten.2007.0335
http://www.ncbi.nlm.nih.gov/pubmed/18052823
http://doi.org/10.1007/s00441-012-1339-2
http://www.ncbi.nlm.nih.gov/pubmed/22382390
http://doi.org/10.1016/j.actbio.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25234156
http://doi.org/10.1016/j.coms.2007.06.002
http://doi.org/10.3928/01477447-20130122-25
http://doi.org/10.5435/00124635-201009000-00009
http://doi.org/10.1016/j.jdsr.2018.09.003
http://doi.org/10.1007/s00266-012-9911-4
http://doi.org/10.1155/2014/810404
http://doi.org/10.1007/s12663-009-0047-2
http://doi.org/10.3390/ma12111814
http://www.ncbi.nlm.nih.gov/pubmed/31167438
http://doi.org/10.1016/j.msec.2004.02.004
http://doi.org/10.1016/j.msec.2018.05.060


Materials 2022, 15, 827 12 of 13

14. Roether, J.A.; Boccaccini, A.R.; Hench, L.L.; Maquet, V.; Gautier, S.; Jérôme, R. Development and in vitro characterisation of novel
bioresorbable and bioactive composite materials based on polylactide foams and Bioglass® for tissue engineering applications.
Biomaterials 2002, 23, 3871–3878. [CrossRef]

15. Larrañaga, A.; Alonso-Varona, A.; Palomares, T.; Rubio-Azpeitia, E.; Aldazabal, P.; Martin, F.J.; Sarasua, J.R. Effect of bioactive
glass particles on osteogenic differentiation of adipose-derived mesenchymal stem cells seeded on lactide and caprolactone based
scaffolds. J. Biomed. Mater. Res. A 2015, 103, 3815–3824. [CrossRef] [PubMed]

16. Haaparanta, A.M.; Haimi, S.; Ellä, V.; Hopper, N.; Miettinen, S.; Suuronen, R.; Kellomäki, M. Porous polylactide/β-tricalcium
phosphate composite scaffolds for tissue engineering applications. J. Tissue Eng. Regen. Med. 2010, 4, 366–373. [CrossRef]

17. Lee, J.Y.; Choi, B.; Wu, B.; Lee, M. Customized biomimetic scaffolds created by indirect three-dimensional printing for tissue
engineering. Biofabrication 2013, 5, 045003. [CrossRef]

18. Reed, S.; Lau, G.; Delattre, B.; Lopez, D.D.; Tomsia, A.P.; Wu, B.M. Macro- and micro-designed chitosan-alginate scaffold
architecture by three-dimensional printing and directional freezing. Biofabrication 2016, 8, 015003. [CrossRef]

19. Hollister, S.J. Porous scaffold design for tissue engineering. Nat. Mater. 2005, 4, 518–524. [CrossRef]
20. Salmoria, G.V.; Fancello, E.A.; Roesler, C.R.M.; Dabbas, F. Functional graded scaffold of HDPE/HA prepared by selective laser

sintering: Microstructure and mechanical properties. Int. J. Adv. Manuf. Technol. 2013, 65, 1529–1534. [CrossRef]
21. Suwanprateeb, J.; Thammarakcharoen, F.; Wongsuvan, V.; Chokevivat, W. Development of porous powder printed high density

polyethylene for personalized bone implants. J. Porous Mater. 2012, 19, 623–632. [CrossRef]
22. Kim, C.S.; Jung, K.H.; Kim, H.; Kim, C.B.; Kang, I.K. Collagen-grafted porous HDPE/PEAA scaffolds for bone reconstruction.

Biomater. Res. 2016, 20, 23. [CrossRef] [PubMed]
23. Jacobs, T.; Morent, R.; Geyter, N.D.; Dubruel, P.; Leys, C. Plasma Surface Modification of Biomedical Polymers: Influence on

Cell-Material Interaction. Plasma Chem. Plasma Processing 2012, 32, 1039–1073. [CrossRef]
24. Nedela, O.; Slepicka, P.; Svorcik, V. Surface Modification of Polymer Substrates for Biomedical Applications. Materials 2017,

10, 1115. [CrossRef] [PubMed]
25. Davoodi, A.; Zadeh, H.H.; Joupari, M.D.; Sahebalzamani, M.A.; Khani, M.R.; Shahabi, S. Physicochemical- and biocompatibility

of oxygen and nitrogen plasma treatment using a PLA scaffold. AIP Adv. 2020, 10, 125205. [CrossRef]
26. Roh, H.S.; Jung, S.C.; Kook, M.S.; Kim, B.H. In vitro study of 3D PLGA/n-HAp/β-TCP composite scaffolds with etched oxygen

plasma surface modification in bone tissue engineering. Appl. Surf. Sci. 2016, 388, 321–330. [CrossRef]
27. Charles, J.; Ramkumaar, G.R. Qualitative Analysis of High Density Polyethylene Using FTIR Spectroscopy. Asian J. Chem. 2009,

21, 4477–4484.
28. Lin, J.H.; Pan, Y.J.; Liu, C.F.; Huang, C.L.; Hsieh, C.T.; Chen, C.K.; Lin, Z.I.; Lou, C.W. Preparation and Compatibility Evaluation

of Polypropylene/High Density Polyethylene Polyblends. Materials 2015, 8, 8850–8859. [CrossRef]
29. Khan, S.M.; Muhammad, N.G.; Munawar, A.; Islam, A.; Zia, S.; Shafiq, M.; Sabir, A.; Awais, S.M.; Butt, M.A.; Butt, M.T.Z.; et al.

2D carbon fiber reinforced high density polyethylene multi-layered laminated composite panels structural, mechanical, thermal
and morphological profile. J. Mater. Sci. Technol. 2016, 32, 1077–1082. [CrossRef]

30. Bianco, A.; Cacciotti, I.; Lombardi, M.; Montanaro, L.; Bemporad, E.; Sebastiani, M. F-substituted hydroxyapatite nanopowders:
Thermal stability, sintering behaviour and mechanical properties. Ceram. Int. 2010, 36, 313–322. [CrossRef]

31. Slosarczyk, A.; Paszkiewicz, Z.; Paluszkiewicz, C. FTIR and XRD evaluation of carbonated hydroxyapatite powders synthesized
by wet methods. J. Mol. Struct. 2005, 744–747, 657–661. [CrossRef]

32. Kannan, S.; Rebelo, A.; Ferreira, J.M.F. Novel synthesis and structural characterization of fluorine and chlorine co-substituted
hydroxyapatites. J. Inorg. Biochem. 2006, 100, 1692–1697. [CrossRef] [PubMed]

33. Pulyala, P.; Singh, A.; Dias-Netipanyj, M.F.; Cogo, S.C.; Santos, L.S.; Soares, P.; Gopal, V.; Suganthan, V.; Manivasagam, G.;
Popat, K.C. In-Vitro cell adhesion and proliferation of adipose derived stem cell on hydroxyapatite composite surfaces. Mater. Sci.
Eng. C 2017, 75, 1305–1316. [CrossRef] [PubMed]

34. Fang, J.; Li, P.; Lu, X.; Fang, L.; Lü, X.; Ren, F. A strong, tough, and osteoconductive hydroxyapatite mineralized polyacry-
lamide/dextran hydrogel for bone tissue regeneration. Acta Biomater. 2019, 88, 503–513. [CrossRef]

35. Dai, C.; Li, Y.; Pan, W.; Wang, G.; Huang, R.; Bu, Y.; Liao, X.; Guo, K.; Gao, F. Three-dimensional high-porosity chi-
tosan/honeycomb porous carbon/hydroxyapatite scaffold with enhanced osteoinductivity for bone regeneration. ACS Biomater.
Sci. Eng. 2019, 6, 575–586. [CrossRef]

36. Pertile, R.A.N.; Andrade, F.K.; Alves, C., Jr.; Gama, M. Surface modification of bacterial cellulose by nitrogen-containing plasma
for improved interaction with cells. Carbohydr. Polym. 2010, 82, 692–698. [CrossRef]

37. Morent, R.; De Geyter, N.; Desmet, T.; Dubruel, P.; Leys, C. Plasma Surface Modification of Biodegradable Polymers: A Review.
Plasma Processes Polym. 2011, 8, 171–190. [CrossRef]

38. Vlachopoulou, M.E.; Kokkoris, G.; Cardinaud, C.; Gogolides, E.; Tserepi, A. Plasma etching of poly(dimethylsiloxane): Roughness
formation, mechanism, control, and application in the fabrication of microfluidic structures. Plasma Processes Polym. 2013, 10,
29–40. [CrossRef]

39. Jacobs, T.; De Geyter, N.; Morent, R.; Desmet, T.; Dubruel, P.; Leys, C. Plasma treatment of polycaprolactone at medium pressure.
Surf. Coat. Technol. 2011, 205, S543–S547. [CrossRef]

http://doi.org/10.1016/S0142-9612(02)00131-X
http://doi.org/10.1002/jbm.a.35525
http://www.ncbi.nlm.nih.gov/pubmed/26074489
http://doi.org/10.1002/term.249
http://doi.org/10.1088/1758-5082/5/4/045003
http://doi.org/10.1088/1758-5090/8/1/015003
http://doi.org/10.1038/nmat1421
http://doi.org/10.1007/s00170-012-4277-y
http://doi.org/10.1007/s10934-011-9513-6
http://doi.org/10.1186/s40824-016-0071-5
http://www.ncbi.nlm.nih.gov/pubmed/27468356
http://doi.org/10.1007/s11090-012-9394-8
http://doi.org/10.3390/ma10101115
http://www.ncbi.nlm.nih.gov/pubmed/28934132
http://doi.org/10.1063/5.0022306
http://doi.org/10.1016/j.apsusc.2015.12.243
http://doi.org/10.3390/ma8125496
http://doi.org/10.1016/j.jmst.2016.06.011
http://doi.org/10.1016/j.ceramint.2009.09.007
http://doi.org/10.1016/j.molstruc.2004.11.078
http://doi.org/10.1016/j.jinorgbio.2006.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16876252
http://doi.org/10.1016/j.msec.2017.02.175
http://www.ncbi.nlm.nih.gov/pubmed/28415420
http://doi.org/10.1016/j.actbio.2019.02.019
http://doi.org/10.1021/acsbiomaterials.9b01381
http://doi.org/10.1016/j.carbpol.2010.05.037
http://doi.org/10.1002/ppap.201000153
http://doi.org/10.1002/ppap.201200008
http://doi.org/10.1016/j.surfcoat.2011.02.012


Materials 2022, 15, 827 13 of 13
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