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Mesenchymal stem cells (MSCs) are a promising candidate for bone repair. However, the maintenance
of MSCs injected into the bone injury site remains inefficient. A potential approach is to develop

a bone-liked platform that incorporates MSCs into a biocompatible 3D scaffold to facilitate bone
grafting into the desired location. Bone tissue engineering is a multistep process that requires
optimizing several variables, including the source of cells, osteogenic stimulation factors, and
scaffold properties. This study aims to evaluate the proliferation and osteogenic differentiation
potentials of MSCs cultured on 2 types of 3D-printed hydroxyapatite, including a 3D-printed HA

and biomimetic calcium phosphate-coated 3D-printed HA. MSCs from bone marrow (BM-MSCs) and
umbilical cord (UC-MSCs) were cultured on the 3D-printed HA and coated 3D-printed HA. Scanning
electron microscopy and immunofluorescence staining were used to examine the characteristics and
the attachment of MSCs to the scaffolds. Additionally, the cell proliferation was monitored, and the
ability of cells to differentiate into osteoblast was assessed using alkaline phosphatase (ALP) activity
and osteogenic gene expression. The BM-MSCs and UC-MSCs attached to a plastic culture plate with
a spindle-shaped morphology exhibited an immunophenotype consistent with the characteristics

of MSCs. Both MSC types could attach and survive on the 3D-printed HA and coated 3D-printed

HA scaffolds. The MSCs cultured on these scaffolds displayed sufficient osteoblastic differentiation
capacity, as evidenced by increased ALP activity and the expression of osteogenic genes and proteins
compared to the control. Interestingly, MSCs grown on coated 3D-printed HA exhibited a higher
ALP activity and osteogenic gene expression than those cultured on the 3D-printed HA. The finding
indicated that BM-MSCs and UC-MSCs cultured on the 3D-printed HA and coated 3D-printed HA
scaffolds could proliferate and differentiate into osteoblasts. Thus, the HA scaffolds could provide

a suitable and favorable environment for the 3D culture of MSCs in bone tissue engineering.
Additionally, biomimetic coating with octacalcium phosphate may improve the biocompatibility of
the bone regeneration scaffold.
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Abbreviations

ALP Alkaline phosphatase

BM-MSCs Bone marrow-derived mesenchymal stem cells
CD Cluster of differentiation

DAPI 4, 6-Diamidino-2-phenylindole

DMEM Dulbeccos Modified Eagle’s Medium

EDTA Ethylenediamine tetraacetic acid

FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
HA Hydroxyapatite scaffold

MSCs Mesenchymal stem cells

OCN Osteocalcin

0OSX Osterix

PBS Phosphate buffered saline

PE Phycoerythrin

pNPP p-Nitrophenyl phosphate

qRT-PCR  Quantitative real-time polymerase chain reaction
RUNX-2 Runt-related transcription factor 2

SEM Standard error of means

UC-MSCs  Umbilical cord-derived mesenchymal stem cells

The prevalence of bone disorders characterized by impaired bone function, such as osteoarthritis, osteomyelitis,
and osteoporosis, has grown dramatically globally, particularly among the elderly. Bone tissue disorders are
among the most common problems in orthopedics!, with substantial clinical and economic impacts®. Despite
advanced treatment options, the number of patients suffering from failed treatments of the fractured bone,
resulting in delayed-union or even nonunion bone, continues to rise. Furthermore, interfering with fracture
healing might result in a critical-bone deficiency that requires bone replacement®. Autologous bone grafts are
often used to treat significant bone defects*. While autologous bone grafting is the preferred treatment option
for a severe bone defect, it does have some drawbacks, including limited supply, donor-site morbidity, and
additional damage to the patient®.

On the other hand, although allogeneic bone grafts are widely accessible, they have a substantial risk of infec-
tious disease transmission and rejection by the host immune system responses®. To overcome these constraints,
alternative approaches using synthetic bone grafts are critical for lowering the hazards and costs associated with
autografts and allografts’. Thus, bone tissue engineering is promising for developing synthetic bone grafts®. It is,
nevertheless, a complicated and dynamic process that requires the synergistic actions of artificially constructed
extracellular matrix scaffolds, the selection of appropriate stem cells, and a combination of osteogenic stimulating
factors®. Biomaterials for the artificial bone matrix are usually porous, allowing for cell adhesion and proliferation
in three dimensions and the capacity to fill bone defects while providing mechanical support during bone repair
and regeneration’. Biomaterials for bone tissue engineering must display certain features, including biocompat-
ibility, osteoinduction, and osteoconduction, to be safe and effective in a clinical context'°.

Numerous synthetic and natural polymers, including hydroxyapatite, collagen, chitosan, and peptide hydro-
gels, are employed to construct the scaffolds’. Hydroxyapatite (HA) is an excellent scaffold material for bone
regeneration because it is the main mineral component found in natural bone, and, more importantly, it is
biocompatible'!. Furthermore, it has osteoconductive and osteoinductive properties, as shown by the ability of
bone-forming cells in the grafting area to migrate across a scaffold and gradually replace it with new bone over
time, as well as its capacity to promote new bone formation in vivo'%. HA has been used to construct bone grafts
in a clinical setting"’. However, the conventional HA scaffolds are made into the desired shape using ceramic
techniques that require high-temperature sintering to burn out the binders and densify the structure. As a
result, the high crystallinity and large crystal size restricted the resorption of the scaffold material in vivo, which
hindered its integration with a natural bone of the host'*'>. To circumvent this limitation, three-dimensional
printed hydroxyapatite (3D-printed HA) was developed by our team for use as a novel bone graft material'®. In
our study, the novel binder-jetting technique was combined with the low-temperature phosphorization to pro-
duce hydroxyapatite with low crystallinity and nano-sized crystals closely resembling the natural hydroxyapatite
crystal structure in natural bone. Moreover, our 3D-printed HA also has high porosity and liquid-wicking ability,
essential for promoting cell adhesion and other biological activities. 3D printing would also enable a new means
to tailor a three-dimensional calcium phosphate scaffold or bone graft with customized shape and structure.

Furthermore, it was considered that the bioactivity of this 3D-printed HA could be further improved. Biomi-
metic coating with octacalcium phosphate (OCP, CagH,(PO,)¢5H,0) crystals, which mimicked the deposition
and mineralization processes that occur in natural bone by using an accelerated calcium phosphate solution
(ACS) was also recently developed by our group!’-?. Thus, OCP crystals were chosen to coat the 3D-printed
HA scaffold (coated 3D-printed HA)? to enhance bioactivities due to its superior resorbability, osteoconduc-
tivity, osteoinductivity, and binding capacity to biologically active osteogenic stimulating factors compared to
hydroxyapatite alone?'~?%. Both 3D-printed HA and coated 3D-printed HA have already been characterized for
osteoblastic response and showed promising results. However, the interaction with mesenchymal stem cells has
not been carried out yet.

Mesenchymal stem cells (MSCs) are multipotent cells that can differentiate into various mesodermal cell
types. They play a critical role in bone modeling, remodeling, and repair?®. MSCs have shown therapeutic use in
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orthopedics and regenerative medicine?®?. However, transplantation of MSCs to repair bone injury is ineffec-
tive owing to the inefficient localization of the cells to the injury site; therefore, maintaining the transplanting
MSC:s in the targeted site using a scaffold is essential. Recently, MSCs derived from bone marrow (BM-MSCs)
cultivated on a three-dimensional scaffold have been used to repair bone tissue. However, the use of BM-MSCs
is restricted by various factors, including the invasive procedure for harvesting bone marrow and the limited
amount of MSCs in bone marrow, particularly in the elderlyzs. Invariably, the amount of MSCs obtained from
bone marrow is less than the critical quantity of cells needed for bone repair®.

In addition, both the availability of the cells and the potential for osteogenic differentiation diminish with age,
resulting in insufficient bone tissue restoration in the elderly”. Besides, there is an accumulation of senescent
MSCs and their progeny in the old bone marrow®*-*2. Alternatively, MSCs can be obtained from other tissues,
including adipose tissue, placenta, and umbilical cord®-*".

To construct a better-quality bone graft, we combined our 3D-printed HA scaffolds with the umbilical cord
MSCs (UC-MSCs), which can be harvested in large quantities using a non-invasive procedure and have been
considered a more suitable source of MSCs than BM-MSCs*>***. This study aims to evaluate the effect of coat-
ing with biomimetic calcium phosphate on the attachment, proliferation, and osteogenic differentiation of MSC
on 3D-printed hydroxyapatite scaffolds. This was tested using two types of MSCs, BM-MSCs and UC-MSCs.
Therefore, this study provided novel and valuable information regarding the growth and osteogenic differentia-
tion of human MSCs on 3D-printed HA and coated 3D-printed HA that can be used to develop better scaffolds
for bone tissue engineering.

Materials and methods

Fabrication of 3D-printed hydroxyapatite scaffold. The 3D-printed hydroxyapatite scaffolds
(3D-printed HA) were fabricated as described previously'. First, calcium sulfate-based powder (Visijet PXL,
3D Systems, USA) was loaded into the powder-based three-dimensional printing machine (PROJET 160, 3D
Systems, USA) to print the closed disc-shaped specimens with 5 mm in diameter and 2 mm in thickness without
any designed pore channels in the specimen using a commercial liquid binder (Visijet PXL clear, 3D Systems,
USA). Regarding the printing parameters, the layer thickness was set at 0.1 mm, and the disc sample was ori-
ented to build the thickness in the Z direction. Next, the printed samples were phase transformed to hydroxyapa-
tite using the dissolution—precipitation principle by immersing them in a 1 M disodium hydrogen phosphate
solution (Sigma Aldrich, USA) at 100 °C for 24 h. Afterward, the scaffolds were cleaned with distilled water,
oven-dried, and sterilized using an ethylene oxide sterilizer.

Biomimetic coated 3D-printed hydroxyapatite scaffold. The biomimetic coated 3D-printed
hydroxyapatite scaffolds (coated 3D-printed HA) were done by soaking the prepared 3D-printed HA in an accel-
erated calcium phosphate solution (ACS) containing 154 mM Na*, 201.7 mM CI, 3.87 mM Ca?*, and 2.32 mM
HPO,*; pH7.3 at 37 °C for 8 h**. The coated HA was then gently cleaned, dried overnight at room temperature,
and sterilized using an ethylene oxide sterilizer.

Materials characterizations. The microstructure of the fabricated samples were observed using scan-
ning electron microscopy (JEOL JSM 7800 Prime, Japan). Porosity and pore size were determined by a mercury
porosimeter (AutoPore V 9600, Micromeritics Instrument Cooperation, USA) using pressure between 0.10 and
61,000 psia at 20-21 °C. Next, the samples’ phase composition was examined using an X-ray diffractometer
(XRD, Rigaku TTRAX III, USA) with Cu source Ka line focused radiation (A =0.15406 nm) operating at 300 mA
and 50 kV. The measurement was conducted at 2-42° 20 using a scan speed of 3° per minute and a step angle of
0.02°. The XRD pattern was then analyzed for phase composition using the powder diffraction file (PDF), which
allowed searching for the ICDD database product. The phase content percentage was then calculated using the
Rietveld refinement method (JADE software).

MSC isolation and culture. This study was approved by the Human Ethics Committee of Thammasat
University No. 1 (Faculty of Medicine). Human bone marrows were obtained from 5 healthy donors (27-year-
old male, 46-year-old male, 26-year-old female, 42-year-old female, and 53-year-old female). For each repre-
sentative donor, 10 ml bone marrow was diluted 1:1 with 1X phosphate buffer saline (PBS) and gently placed
over IsoPrep (Robbins Scientific Corporation, Norway). Mononuclear cells (MNCs) were recovered from the
interphase layer and washed twice with PBS after 30 min of density gradient centrifugation at 100xg (Hettich,
Universal 320 K, USA). The cells were then cultured at a density of 1x10° cells/cm? in 25-cm? tissue culture
flasks (Costa, Corning, USA) in the complete DMEM medium [Dulbecco’s Modified Eagle’s Medium (DMEM;
Gibco/Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, USA), 2 mM
Glutamax™ (Gibco/Thermo Fisher Scientific, USA), 100 U/ml penicillin and 100 pg/ml streptomycin]. The cul-
ture was maintained at 37 °C in a humidified tissue culture incubator with 5% carbon dioxide (CO,). On day 3,
non-adherent MNCs were removed, and the fresh medium was added.

Human umbilical cords were obtained from healthy full-term newborns after receiving written informed con-
sent from their mothers. (The maternal ages are 25-year-old, 29-year-old, 30-year-old, 34-year-old, and 36-year-
old, respectively). For each representative donor, umbilical cords (length 2-4 cm) were washed thoroughly with
PBS after being acquired from pregnant women after normal delivery. After removing the umbilical cord vessels,
the umbilical cord tissue was chopped into small pieces of approximately 1-2 mm?. Subsequently, the tissues
were washed twice with PBS and incubated with 0.5% trypsin-EDTA (Gibco/Thermo Fisher Scientific, USA)
for 3 h at 37 °C with continuous shaking for partial digestion of umbilical cord tissue and release of the cells.
To neutralize the trypsin, 10 ml of culture media supplemented with 10% FBS was added. After centrifugation,
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the supernatant was discarded, and partially digested tissues were transferred to a 25-cm? culture flask contain-
ing 5 ml of the complete DMEM medium. The culture was maintained in a 5% CO, incubator, and the culture
medium was replaced every 3 days. The flask was carefully examined by an inverted light microscope (Nikon
ECLIPSE Ts2R, Japan) to observe the outgrown cells and detect bacterial or fungal contamination.

The attached cells with fibroblastic morphology isolated from each bone marrow and umbilical cord were
labeled as passage 0 (P0). For further expansion, PO cells that had reached a confluence of 80-90% were sub-
cultured using 0.25% trypsin-EDTA and re-plating at a density of 1 x 10 cells/cm?. In subsequent experiments,
the MSCs from each representative donor were examined, and the data were analyzed as a mean of each repre-
sentative donor.

Immunophenotype characterization. The expression of cell surface markers in the cells from each
donor was assessed. First, the cells in passages 3-5 were removed using 0.25% trypsin-EDTA. Then, 5x 10°
MSCs were resuspended in 50 pl of PBS and treated for 30 min at 4 °C with 5 pl of fluorescein isothiocyanate
(FITC) or phycoerythrin (PE)-conjugated antibody against CD34 (Biolegend, USA), CD45 (Biolegend, USA),
CD?73 (Biolegend, USA), CD90 (Biolegend, USA) and CD105 (Biolegend, USA). After being washed with PBS,
the cells were fixed in 1% paraformaldehyde in PBS. Approximately 2 x 10* labeled cells were acquired with flow
cytometry (FACScalibur™, Becton Dickinson, USA). The data were analyzed using CellQuest® (Becton Dickin-
son, USA).

Adipogenic differentiation assay. MSCs at passages 3-5 from each donor were trypsinized and cultured
with a complete DMEM medium in a 35-mm? dish (Costar, Corning, USA) at a density of 5x 10° cells/cm? over-
night to assess their adipogenic differentiation potential. After washing with PBS, adipogenic induction medium
[complete DMEM medium supplemented with 0.5 mM isobutylmethylxanthine (Sigma-Aldrich, USA), 1 uM
dexamethasone (Sigma-Aldrich, USA), 10 uM insulin (Sigma-Aldrich, USA), 100 pM indomethacin (Sigma-
Aldrich, USA)] was added. The MSCs cultured in a complete DMEM medium were used as a control. The cells
were maintained in a 5% CO, incubator at 37 °C for 28 days. Then, the cells were fixed with a vapor of 37% for-
maldehyde at room temperature for 10 min. Finally, the cells were examined under an inverted microscope after
staining with 0.3% Oil Red O (Sigma-Aldrich, USA) in 60% isopropanol for 20 min.

Osteogenic differentiation assay. To investigate the osteogenic differentiation potential of MSCs, the
MSCs from each donor at passages 3-5 were trypsinized and cultured with a complete DMEM medium in
a 35-mm? dish at a density of 5% 10* cells/cm? overnight. Subsequently, the cells were washed with PBS, and
osteogenic induction medium [complete DMEM medium supplemented with 100 nM dexamethasone, 10 mM
B-glycerophosphate (Sigma-Aldrich, USA), and 50 pg/ml ascorbic acid (Sigma-Aldrich, USA)] was added. The
cells cultured with a complete DMEM medium were used as a control. After culturing for 28 days, the cells were
fixed with 4% paraformaldehyde at 4 °C for 20 min. Next, the fixed cells were stained with 40 mM Alizarin Red
S (Sigma-Aldrich, USA) for 30 min at room temperature and observed under an inverted microscope.

Chondrogenic differentiation assay. To examine the chondrogenic differentiation potential of the iso-
lated MSCs, the MSCs from each donor were trypsinized and plated at a density of 3 x 10° cells/cm? in a 96-well
U-bottom plate (Jet Biofil, China) containing a completed DMEM medium. The cells were incubated at 37 °C in
a humidified atmosphere with 5% CO, overnight. After removing a medium, the complete MSCgo™ Chondro-
genic XF medium (Sartorius, Germany) was added. The medium was replaced every 3 days, and the culture was
maintained at 37 °C in a humidified atmosphere with 5% CO, for 14 days. The spheroidal mass was fixed with
10% formalin solution and stained with 1% Alcian Blue in 0.1 N HCI at room temperature overnight. The stain-
ing solution was removed, and the spheroidal mass was washed with 0.1 N HCI, 3 times. The stained mass was
examined under inverted microscopy. MSCs cultured in a completed DMEM medium served as a control and
were treated in the same manner as those cultured in a chondrogenic differentiation medium.

Assessment of MSC growth. The growth characteristics of BM-MSCs and UC-MSCs were assessed by
trypsinizing culture-expanded MSCs (passage 3-5) and re-plating them on a 24-well cell culture plate (Costar,
Corning, USA) containing 1 ml of complete DMEM medium at 5x 10? cells/cm?. The cells were maintained at
37 °Cin a 5% CO, incubator. Every 2 days, the cells were counted using a hemocytometer. In order to generate a
growth curve, the mean of the triplicate cell counts for each day was calculated and plotted against culture time.

To measure the growth kinetics of MSCs, the cells from passages 2-8 were seeded onto a 24-well cell culture
plate at a density of 5x 10 cells/cm? The cells from each passage were counted every 48 h to calculate the dou-
bling time according to the following formula:

Cell culture time(h)

Number of cells at the end
LOg( Number of cells at day 0 ) x3.31

Population doubling time =

Actin filament staining. To seed cells, the sterile 3D-printed HA/ coated 3D-printed HA were washed
twice with PBS, incubated with a complete DMEM medium, and finally put into a 96-well plate (Corning costa,
USA). The MSCs (2 x 10* cells) were seeded on the surface of 5-mm scaffold. The cultures were maintained in a
complete DMEM medium at 37 °C in a 5% CO, incubator. For assessment of cell attachment on the scaffolds,
the actin filament was visualized using Phalloidin-iFluor 488 staining (Abcam, UK). Briefly, the samples were
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washed with PBS 3 times and fixed with 4% paraformaldehyde at room temperature for 30 min. After careful
aspiration of a fixative solution, the samples were washed in triplicate with PBS. Subsequently, the cells were per-
meabilized with 0.1% Triton X-100 (USB Corporation, USA) at room temperature for 5 min and blocked with
1% BSA for 60 min. Then, the cells were incubated with Phalloidin-iFluor 488 reagent diluted with 1% BSA in
PBS at a dilution of 1:1000 at room temperature for 60 min. Next, the cells were gently rinsed with PBS 3 times to
remove the excess phalloidin. Finally, the nucleus was visualized by staining with 4, 6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, USA). The samples were observed under a confocal microscope (Confocal Microscope
System C1; Nikon, Japan) at an excitation of 493 nm and an emission of 517 nm.

Observations of cell morphology. To examine the morphology of seeded cells, MSCs (2 x 10* cells) were
seeded on the surfaces of 5-mm scaffold in a 96-well plate containing a complete DMEM medium or osteogenic
differentiation medium. The cells were kept in a humidified incubator with 5% CO, at 37 °C. The medium was
changed every 3 days. On day 28, the samples were washed twice with PBS and fixed with 4% glutaraldehyde plus
2% paraformaldehyde in 0.1 M Millonig’s buffer pH7.2 at 4 °C for 60 min. Then, the samples were washed 3 times
with 0.1 M Millonig’s buffer, followed by post-fixation in 1% osmium tetroxide in 0.1 M Millonig’s buffer for
30 min. Then, the samples were rewashed in 0.1 M Millonig’s buffer and dehydrated with serial concentrations
of ethanol, 50%, 70%, 90%, and 95%, consecutively for 10 min in each concentration. Finally, the samples were
dehydrated with 100% ethanol for 15 min, 3 times, followed by critical point drying using liquid CO,. The sam-
ples were gold-sputtered before observation by scanning electron microscopy (JEOL JSM 7800 Prime, Japan).

Cell proliferation assessment. To assess the affinity of BM-MSCs and UC-MSCs to the scaffolds, the
proliferation of BM-MSCs/ UC-MSCs cultured on the 3D-printed HA/ coated 3D-printed HA was investigated
using PrestoBlue™ assay (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol. Briefly, the
cells in passages 3-5 were removed using 0.25% trypsin-EDTA and trypan blue staining was performed to deter-
mine the number of living cells. Viable MSCs (2 x 10* cells) were seeded on the surfaces of the 5-mm scaffold
in a 96-well plate containing phenol red-free complete medium [phenol red-free Dulbecco’s Modified Eagle’s
Medium (Gibco/Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone,
USA), 2 mM Glutamax™ (Gibco/Thermo Fisher Scientific, USA), 100 U/ml penicillin and 100 pug/ml strepto-
mycin]. The cells were kept at 37 °C in a 5% CO, incubator, and the culture medium was changed every 3 days.
To avoid attached cells on the culture plate contributing to the assay and influencing the result, the scaffold was
transferred to a new plate after seeding overnight. The cell viability of MSCs on the scaffold was measured on
days 3, 7, 14, 21, and 28 using PrestoBlue™ assay in the same well without removing scaffolds from the wells.
Briefly, the samples were incubated with a PrestoBlue™ reagent in phenol red-free complete medium at a final
dilution of 1:10 ratio for 30 min. Then, 100 pl of the reaction medium was spectrophotometrically measured at
560 nm excitation and 590 nm emission using a microplate reader (BioTex, USA). The results were expressed as
a percentage of control according to the following formula:

O.D. of cells in each day—O.D. of blank 100
X
O.D. of cells on day 1—0.D. of blank

Cell proliferation = (

Alkaline phosphatase activity assay. To examine the osteogenic differentiation potential of BM-
MSCs and UC-MSCs cultured on 3D-printed HA/ coated 3D-printed HA, alkaline phosphatase (ALP) activity
was measured using SensoLyte® pNPP ALP assay kit (AnaSpec, USA). Briefly, 2 x 10* MSCs were seeded on
3D-printed HA/ coated 3D-printed HA in a 96-well plate containing phenol red-free complete medium. The
cells were allowed to adhere to the surface overnight, and the phenol red-free complete medium was substituted
with the osteogenic differentiation medium. The cells were maintained in a humidified incubator at 37 °C with
5% CO,, and the fresh medium was changed every 3 days. ALP activity was determined on days 3, 7, 14, 21, and
28. Briefly, the scaffolds were removed from 96-well plate and placed into a new well. The MSCs on the scaffold
were incubated with lysis buffer [0.1 M glycine (VWR Chemicals BDH®, USA), 1% Nonidet P-40 (USB Chemi-
cal, USA), 1 mM MgCl, (Sigma-Aldrich, USA), and 1 mM ZnCl, (EMSURE?®, Germany), pH 9.6] at room tem-
perature for 20 min. After that, the samples were frozen at — 80 °C for 30 min and thawed at room temperature
for 20 min. After a freeze—thaw cycle was repeated 3 times, the samples were centrifuged at 12,000xg, 4 °C for
10 min to sediment cell debris. The supernatant was collected for ALP activity assay using a microplate reader
at an absorbance of 405 nm. Total cellular protein was measured using a Bradford assay (Bio-Rad, USA). The
ALP activity was calculated by comparing the OD value of the sample (O.D. sample - O.D. blank) with a stand-
ard curve generated from 0-10 ng/ml of ALP standard solution and normalized with the total cellular protein
concentration.

Quantitation of osteogenic gene expression. BM-MSCs and UC-MSCs (1 x 10° cells) were cultured
on 15-mm 3D-printed HA/ coated 3D-printed HA in a 24-well plate containing the complete DMEM medium
overnight. Then, the medium was replaced with an osteogenic differentiation medium. The cells were maintained
at 37 °C in a 5% CO, incubator, and the fresh medium was changed every 3 days. Total RNA was extracted using
Trizol™ Reagent (Thermo Fisher Scientific Invitrogen, USA) on days 7, 14, 21, and 28. Briefly, MSCs on a scaf-
fold were lysed with 500 pl of Trizol™ reagent. An initial — 80 °C freeze for 30 min followed by a 25 °C thaw for
20 min. The cycle was repeated 3 times. The lysed cells were transferred to a 1.5 ml tube. Subsequently, 100 ul of
chloroform was added, and the mixture was vigorously shaken for 15 s before being incubated for 2 min at room
temperature. After centrifugation at 12000xg for 15 min at 4 °C, the aqueous phase was transferred to a new tube,
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Gene Forward primer Reverse primer Product size (bp)
RUNX-2 5'-GACAGCCCCAACTTCCTGTG-3" | 5-CCGGAGCTCAGCAGAATAAT-3" | 159
Osterix 5-TGCTTGAGGAGGAAGTTCAC-3' | 5-CTGCTTTGCCCAGAGTTGTT-3' | 114
Osteocalcin | 5-CTCACACTCCTCGCCCTATT-3' | 5-“TCAGCCAACTCGTCACAGTC-3' | 245
GAPDH 5'-CAATGACCCCTTCATTGACC-3" | 5-TTGATTTTGGAGGGATCTCG-3" | 159

Table 1. The primers and the product size.

and isopropanol was added. The sample was incubated at room temperature for 10 min before centrifugation
at 12000xg, 4 °C for 10 min. The supernatant was discarded, and the RNA pellet was washed with 75% ethanol
in nuclease-free water and dried at room temperature for 10 min. The RNA was then resuspended in 50 pl of
RNAse-free water. The RNA concentration was measured using a nanodrop machine (Thermo Fisher Scientific,
USA) and reverse transcribed into cDNA using iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-Rad,
USA). The qRT-PCR reactions were prepared using the iTaq™ Universal SYBR® Green Supermix (Bio-rad, USA).
The reactions were amplified using StepOne plus™ Real-Time PCR system (Applied Biosystems; ABI, USA.) with
40 cycles of amplification (denaturation at 95 °C for 15 s, annealing at 60 °C for 60 s). The primer sequences,
including runt-related transcription factor-2 (RUNX-2), osterix (OSX), osteocalcin (OCN), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), were summarized in Table 1 (Table 1). The differential expressions of
the osteogenic genes were normalized by the internal control gene. The data were analyzed by the comparative
threshold cycle value (AACT) method using StepOne™ Software version 2.3 (Applied Biosystems; ABI, USA.)
and presented as the relative mRNA expression level.

Immunofluorescence staining. The expression of bone matrix collagenous and non-collagenous pro-
teins in BM-MSCs and UC-MSCs cultured on 3D-printed HA/ coated 3D-printed HA were examined using
immunofluorescence staining. Briefly, 2 x 10* MSCs were seeded on 3D-printed HA/ coated 3D-printed HA in
a 96-well plate containing phenol red-free complete medium. The cells were allowed to adhere to the surface
overnight. Then, the complete medium was removed and the osteogenic differentiation medium was added. The
cells were maintained in a humidified incubator at 37 °C with 5% CO,. The fresh medium was changed every
3 days. Immunofluorescence staining was performed on day 21. Briefly, the MSCs on the scaffold were fixed
with 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 (USB Corporation, USA) for
10 min. The cells were then washed in PBS and incubated with 4% bovine serum albumin (BSA; Sigma-Aldrich,
USA) in PBS at room temperature for 30 min. Subsequently, the cells were incubated with 4% BSA-PBS at room
temperature for 30 min. Then the cells were incubated with an anti-osteocalcin antibody (Abcam, UK: ab93876,
1:100) and an anti-collagen I antibody (Abcam, UK: ab34710, 1: 500) at 4 °C overnight. The cells were washed
with 0.1% tween 20 in PBS for 5 min 3 times and incubated with Alexa Fluor®488 goat anti-rabbit IgG (H+L)
(Thermo Fisher Scientific Inc., USA: A11034, 1:500) for 30 min at room temperature. Nuclei were counterstained
with 1 ug/ml of Hoechst (Sigma-Aldrich, USA). The cells were examined using confocal microscopy (Confocal
Microscope System C2 +; Nikon, Japan). The cells cultured in the completed medium were used as controls.

Statistical analysis. All experiments were conducted on at least 3 distinct samples. The data were pre-
sented as mean * standard deviation (SD). Statistical analysis was performed using one-way analysis (ANOVA).
A P-value of less than 0.05 was considered to be statistically significant.

Ethics approval and consent to participate. This study was approved by the Human Research Ethics
Committee of Thammasat University No.1 (Faculty of Medicine) and followed tenets of the declaration of Hel-
sinki and Belmont report. All samples were obtained from donors with written informed consent.

Results

Characterization of 3D printed scaffold. The XRD patterns of 3D-printed HA and coated 3D-printed
HA have the same prominent peaks at 20 of 11°, 23°, 26°, and 32°, which were the typical peaks of the HA phase
(Fig. 1A). Small peaks at about 5°, and 9°, belonging to octacalcium phosphate (OCP) were also observed in
coated 3D-printed HA. This suggested that the biomimetic deposition of OCP onto the HA matrix was success-
ful, with the ratio of HA: OCP in the sample was 97.2:2.8 (Fig. 1B). The porosity of coated 3D-printed HA was
slightly lower than that of 3D-printed HA, 61.26% versus 65.87%, whereas the average pore size of both samples
was in similar ranges of 0.24 and 0.26 pum (Fig. 1B). By a scanning electron microscopy, the microstructures
of 3D-printed HA and coated 3D-printed HA revealed a similar highly porous nature but with distinct crystal
morphology. The 3D-printed HA displayed the entanglement of needle-like crystals of hydroxyapatite (Fig. 1C)
which were formed during the low-temperature phase transformation process. In contrast, leaf-like crystals of
octacalcium phosphate were additionally deposited onto the hydroxyapatite crystals due to the biomimetic coat-
ing step in coated 3D-printed HA (Fig. 1D).

Characterization of mesenchymal stem cells. Mesenchymal stem cells were isolated from human bone
marrow (BM-MSCs) using density gradient centrifugation. After seeding, the spherical-shaped cells adhered to
the culture flask and exhibited fibroblast-like morphology. On day 3, non-adherent cells were removed, and
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Figure 1. The characteristics of 3D-printed scaffolds. (A) The XRD patterns showing the broad peaks of

both samples indicate low crystalline nature and a monophasic phase of hydroxyapatite in the HA sample and
hydroxyapatite/octacalcium phosphate phases in the coated HA sample. (B) Table displaying the porosity, pore
size, and phase ratio of HA: OCP of the samples. (C) Microstructure of 3D-printed HA (HA) showing a porous
nature (left, x 500) which was formed by the entanglement of the needle-like crystals of HA (right, x 2,500).
(D) Microstructure of coated 3D-printed HA (coated HA) showing a porous structure (left, x 500) comprising
a mixture of the needle-like crystals of HA and the OCP crystals as indicated by red arrows (middle, x 2,500),
which were leaf-like crystals (right, x 20,000).

microscopic examination revealed several colonies of adherent cells. The cells in the colony exhibited a spindle-
shaped and fibroblastic appearance (Fig. 2A). The cells had a high proliferation capacity. They were expanded up
to 10 passages before reaching a senescence phase.

The cells from the umbilical cord were isolated using enzymatic digestion and cultured in the same condi-
tion as those isolated from bone marrow. A day after initial plating, the loosely adherent aggregated cells from
the umbilical cord were observed under inverted microscopy. These cells were continually cultured, and 80%
confluence of a homogeneous population of fibroblast-like cells was observed within 10 days after initial seed-
ing (Fig. 2A). After passage, UC-MSCs exhibited a rapid proliferative capacity in normal cultured conditions.
UC-MSCs could be expanded up to 20 passages before losing their proliferative capacity.

Immunophenotype characterization. The cultured MSCs at passage 3 to passage 6 were analyzed by
flow cytometry to test for the cluster of differentiation (CD) markers, including CD73, CD90, CD105, CD34, and
CD45. The results showed that the mean percentage of cells expressing markers characteristic of hematopoietic
cells (CD34 and CD45) was overall below 2%. These markers were referred to as exclusion markers. On the
contrary, cells isolated from bone marrow and umbilical cord were positive for markers initially referred to as
MSC markers (CD73, CD90, and CD105). Notably, more than 90% of BM-MSCs and UC-MSCs were positive
for MSC markers (CD73, CD90, and CD105) (Fig. 2B). However, there was no significant difference in MSC
surface marker expression levels between BM-MSCs and UC-MSCs (Fig. 2C).

Trilineage differentiation potential. The trilineage differentiation potentials of BM-MSCs and UC-
MSCs were examined by induction in adipogenic, chondrogenic and osteogenic induction media. Under their
distinct inductive culture settings, the cultured MSCs readily differentiated into adipogenic, chondrogenic, and
osteogenic lineages. In an adipogenic induction medium, the spindle-shaped MSCs developed into giant cells
with numerous lipid droplets in their cytoplasm (Fig. 2D). These lipid droplets were positive for Oil Red O
staining, which identified the adipogenic differentiation efficiency of the MSCs. Control MSCs cultured in a
complete DMEM medium showed no evidence of adipogenic differentiation and were negative for Oil Red O
staining (Fig. 2D). To investigate the osteogenic differentiation potential of BM-MSCs and UC-MSCs, the MSCs
were cultured in an osteogenic induction medium and stained with Alizarin Red S to detect the secretion of
extracellular calcium and phosphate crystals. After exposure to osteogenic induction medium, signs of extracel-
lular matrix mineralization were detected in both BM-MSCs and UC-MSCs, as judged by positive Alizarin Red
S staining, while control cells cultured in complete DMEM medium at the same period remained negative for
Alizarin Red S staining (Fig. 2E). The chondrogenic differentiation potential of BM-MSCs and UC-MSCs was
assessed after induction in a chondrogenic differentiation medium for 14 days. Both BM-MSCs and UC-MSCs
formed a pellet at the bottom of the plate during maintenance in the culture, which grew bigger and more spheri-
cal with time (Fig. 2F). On day 10, UC-MSCs formed a spherical mass with a diameter of 520.50 + 14.54 um, while
BM-MSCs had a diameter of 368.57 +£23.78 um. On day 14, UC-MSCs formed a spherical mass with a diameter
of 561.11+71.31 pum, while BM-MSCs had a diameter of 547.77 £91.27 um. These spherical masses displayed
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Figure 2. The characteristics of MSCs derived from human bone marrow (BM-MSCs) and umbilical cord
(UC-MSC:s). (A) The spindle morphology of the cells cultured in DMEM + 10%FBS for 10 days. (B) Flow
cytometry analysis showed the positive expression of MSC markers (CD73, CD90, CD105) and negative
expression of hematopoietic markers (CD34, CD45). (C) The expression of MSC markers in BM-MSCs and
UC-MSCs was not statistically different. Data are presented as mean + standard deviation (SD). (D) The
adipogenic differentiation potential of BM-MSCs and UC-MSCs, the differentiated MSCs exhibited orange-red
color after staining with Oil Red O. (E) The osteogenic differentiation potential of BM-MSCs and UC-MSCs,
the differentiated MSCs exhibited orange-red color after staining with Alizarin Red S. (F) The chondrogenic
differentiation potential of BM-MSCs and UC-MSCs, the differentiated MSCs exhibited blue color after staining
with Alcian blue. N=5, Micron bar =100 pm.

intense Alcian blue staining, consistent with the proteoglycan deposition. The controls, which were grown in a
complete DMEM medium, failed to form pellets and did not positive for Alcian blue staining (Fig. 2F).

Growth characteristics of MSCs.  The growth characteristics of BM-MSCs and UC-MSCs were observed
for 14 days in standard culture conditions. The total numbers of the MSCs from each source were evaluated
every 2 days using a hemacytometer. During the early period (day 0-day 8), the proliferative capacity of both
BM-MSCS and UC-MSCs was similar (Fig. 3A-C). The cell number and growth kinetic during the first 8 days of
culture were insignificant. From day 8 onward, the number of UC-MSCs at passages 3-4 was significantly lower
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Figure 3. Growth characteristics of UC-MSCs compared to BM-MSCs. Triplicate cultures were harvested
every 2 days for 14 days, and adherent cells were counted. (A) Growth curve of MSCs at passage 3, (B) Growth
curve of MSCs at passage 4, (C) Growth curve of MSCs at passage 5. (D) Population doubling time of UC-MSCs

compare to BM-MSCs. Results (N =3) are expressed as mean + SD. *P<0.05: significant difference compared to
BM-MSCs.

than that of BM-MSCs at the same passages (P <0.05). However, it was necessary to note that UC-MSCs were
shown to have the same proliferation capacity as BM-MSCs from passage 5 onward. Starting from 1x 10° cells
at day 0, BM-MSCs were expanded for 25 folds within 14 days. On the other hand, UC-MSCs have expanded 20
folds within 14 days (Fig. 3).

The population doubling time of BM-MSCs during passages 2-3 appeared to be significantly lower than
those of UC-MSCs (P<0.05), resulting in a more rapid proliferation rate of BM-MSCs than UC-MSCs during
the early passage (Fig. 3D). However, the population doubling time of BM-MSCs and UC-MSCs seems to be
equal from passage 4 onward. Based on the results, BM-MSCs tended to double their population on an average
0f 47.79 £ 5.32 h, while UC-MSCs exhibited a doubling time of 51.30+4.71 h.

Actin filament staining. To evaluate the potential and suitability of 3D-printed HA and coated 3D-printed
HA for bone tissue engineering, the adhesion of BM-MSCs and UC-MSCs on the scaffold was observed using
actin filament staining. Both 3D-printed HA and coated 3D-printed HA acted as excellent supporting materi-
als for MSCs, as shown in the fluorescent micrographs depicting actin stain (Fig. 4). After initial seeding, both
BM-MSCs and UC-MSCs adhered well to the surface of the scaffolds. They formed colonies that covered almost
the entire surface of the scaffolds, as evidenced by positive staining of actin filaments within the cells (Fig. 4).
Remarkably, both BM-MSCs and UC-MSCs showed more intense staining signals on coated 3D-printed HA
than 3D-printed HA, but with no differences in cell shape. Additionally, UC-MSCs cultured on the 3D-printed
HA and coated 3D-printed HA appeared as bulky masses of cells on the scaffolds, whereas BM-MSCs appeared
as an evenly distributed pattern.

Characteristic of the cells culture on the 3D scaffolds. The morphological characteristics of BM-
MSCs and UC-MSCs on the scaffolds were observed on day 28. The BM-MSCs spread well on the surface of
3D-printed HA and coated 3D-printed HA and exhibited a flattened long slender shape with several extending
pseudopodia (Fig. 5-red arrow). These pseudopodia appeared connected, and the focal adhesions were formed
at the points of contact with the surface of the scaffolds (Fig. 5).

Interestingly, there was a higher density of BM-MSCs cultured in the osteogenic differentiation medium than
the BM-MSCs cultured in the completed DMEM medium on both 3D-printed HA and coated 3D-printed HA.
The morphological characteristics of UC-MSCs cultured on 3D-printed HA and coated 3D-printed HA were
similar to those of BM-MSCs. Both MSCs could remain on the surface of 3D-printed HA and coated 3D-printed
HA for at least 28 days while maintaining the flattened cell bodies with long slender shape pseudopodia attached
to the surface of the scaffolds (Fig. 5). In addition, the connections between pseudopodia, focal adhesions, and
cell bridging leading to cell sheet formation were observed (Fig. 5).

With a prolonged culture period, both BM-MSCs and UC-MSC:s exhibited the formation of dense and con-
tinuous cell sheets. It was also observed that many MSC colonies were attached to the scaffolds on day 28, with
a slightly better outcome on the coated 3D-printed HA. Furthermore, higher densities of both types of MSCs
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Figure 4. The representative fluorescent micrographs illustrate the actin filament staining (green) in BM-MSCs
and UC-MSCs, which attach to the 3D-printed HA (HA) and coated 3D-printed HA (coated HA) on day 28.
The nuclei were stained with DAPI (blue).
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Figure 5. Scanning electron microscopic images demonstrate the characteristics of BM-MSCs and UC-MSCs

cultured with osteogenic differentiation medium on 3D-printing HA (HA) and coated 3D-printing HA (coated
HA) compared to the cells cultured with complete DMEM medium for 28 days. The cells attach to the scaffolds
and become large-flatten cells with extended and interconnected cytoplasmic processes (red arrow).
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Figure 6. The viability of BM-MSCs (A) and UC MSCs (B) cultured with complete DMEM medium on the
3D-printed HA (HA), coated 3D-printed HA (coated HA), and plastic culture plate. The viabilities of MSCs

in each type of scaffold are presented as % of control which is MSCs cultured on the same type of scaffold on
culture day 1. N=3, *P<0.05 compared to MSCs cultured on a plastic culture plate. *P<0.05 compared to MSCs
cultured on 3D-printed HA.

were observed when the samples were cultured in an osteogenic differentiation medium than in the completed
DMEM medium, with better results expressed by UC-MSCs. This data might reflect the difference in osteocon-
ductive properties of the scaffolds.

Cell proliferation assessment. The biocompatibility of the 3D-printed HA and coated 3D-printed HA
was demonstrated using a cell proliferation assay. BM-MSCs and UC-MSCs were cultured on the scaffolds,
and the cell proliferation was estimated using the PrestoBlue™ assay. On day 1 after seeding, BM-MSCs on the
coated 3D-printed HA had a similar attachment rate to those on the 3D-printed HA (94.2+1.10 vs. 93.9+0.64).
BM-MSCs cultured on the plastic culture plate and the scaffolds steadily increased at every time point (Fig. 6A).
Interestingly, BM-MSCs cultured on a 3D-printed HA scaffold exhibited a similar degree of cell viability to
BM-MSCs cultured on a plastic culture plate. By contrast, BM-MSCs cultured on a coated 3D-printed HA
showed significantly higher cell viability than BM-MSCs cultured on a plastic culture plate, especially on day 28
(P<0.05). Significantly, BM-MSCs cultured on a coated 3D-printed HA for day 28 had significantly higher cell
viability than those cultured on a 3D-printed HA (P<0.05).

The viability of UC-MSCs cultured on the 3D-printed HA and coated 3D-printed HA compared to those
cultured on plastic culture plates showed a similar pattern to BM-MSCs. On day 1 after seeding, UC-MSCs on the
coated 3D-printed HA had a similar attachment rate to those on the 3D-printed HA (94.6+1.10 vs. 94.0 + 1.34).
There was a gradual increase in cell viability cultured on the plastic culture plate and the scaffolds throughout the
cultured period (Fig. 6B). Nevertheless, UC-MSCs cultured on the plastic culture plate had a lower accelerated
speed than those cultured on the scaffolds. On day 3 and day 7, UC-MSCs cultured on the 3D-printed HA showed
an almost similar proliferation rate to those cultured on a plastic culture plate. However, from day 14 onward,
UC-MSCs cultured on a coated 3D-printed HA had a significantly higher percentage of cell viability than UC-
MSCs cultured on a plastic culture plate (P <0.05). The results indicated that the scaffolds were biocompatible
with both BM-MSCs and UC-MSCs, with the cell proliferation and expansion more noticeable on the coated
3D-printed HA than on 3D-printed HA.

Alkaline phosphatase activity. The quantitative ALP activity assay evaluated the ability of 3D-printed
HA and coated 3D-printed HA to support and facilitate osteogenic differentiation of BM-MSCs and UC-MSCs.
The ALP activity of BM-MSCs cultured with osteogenic induction medium on 3D-printed HA and coated
3D-printed HA showed a gradual and significant increase compared to those cultured in the complete DMEM
medium, regardless of the supporting substrates (Fig. 7A). The highest ALP activity was observed on day 28 in
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Figure 7. Alkaline phosphatase activity of BM-MSCs (A) and UC MSCs (B) cultured on the 3D-printed HA
(HA) and coated 3D-printed HA (coated HA) compared with those cultured on a plastic culture plate at days
3,7, 14,21, and 28. N=3, *P<0.05, compared to MSCs cultured with DMEM + 10%FBS. *P<0.05, compared
to MSCs cultured with osteogenic differentiation medium on 3D-printed HA. P<0.05 compared to MSCs
cultured with osteogenic differentiation medium on a plastic culture plate.

the cells cultured on both the scaffolds and the plastic culture plates. For almost all the observed days, the ALP
activity of BM-MSCs cultured on the plastic culture plate was higher than that cultured on the scaffolds except
for BM-MSCs cultured on coated 3D-printed HA scaffolds on day 28 (Fig. 7A). Interestingly, the ALP activity
of BM-MSCs cultured on coated 3D-printed HA scaffold was higher than that cultured on the 3D-printed HA
scaffold at every time point; however, a significant difference was observed only on day 28 (P<0.05).

Similarly, UC-MSCs cultured with osteogenic differentiation medium on both types of scaffolds and the
plastic culture plate had higher ALP activity than the cells cultured with completed DMEM medium (Fig. 7B).
The ALP activity of UC-MSCs cultured with osteogenic differentiation medium increased steadily until day 28
in the scaffolds and plastic culture plate. ALP activity of such UC-MSCs had significantly increased from day 14
onwards (Fig. 7B). On day 28, UC-MSCs cultured with osteogenic differentiation medium on the 3D-printed
HA and coated 3D-printed HA scaffolds had a significantly greater ALP activity than those cultured on the
plastic culture plate (P <0.05).
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Figure 8. Real-time RT-PCR illustrates the expressions of osteogenic markers, RUNX-2, osterix (OSX), and
osteocalcin (OCN) in BM-MSCs (A, B, C) and UC-MSCs (D, E, F) during cultured on a plastic culture plate,
the 3D-printed HA (HA) and coated 3D-printed HA (coated HA). MSCs cultured in complete DMEM medium
at day 0 serve as the control. *Statistically significant data with P<0.05 compared to control. N=3, *P<0.05
compared to MSCs cultured on 3D-printed HA at the same time point. *P<0.05 compared to MSCs cultured on
a plastic culture plate at the same time point.

The expression level of osteogenic genes. To compare the osteogenic differentiation potential of BM-
MSCs and UC-MSCs cultured on the 3D-printed HA and coated 3D-printed HA with those cultured in a plastic
culture plate, the expression of osteogenic genes was monitored every week using quantitative real-time PCR.
The results indicated that the expression of RUNX-2 in BM-MSCs cultured on the 3D-printed HA and coated
3D-printed HA steadily increased and reached its highest level on day 14 before gradually decreasing on day 21
and day 28. A similar progression of RUNX-2 expression was observed in BM-MSCs cultured on a plastic culture
plate (Fig. 8A). It is worth noting that, on day 14, BM-MSCs cultured on the coated 3D-printed HA scaffolds
had a significantly higher expression level of RUNX-2 than BM-MSCs cultured on the 3D-printed HA scaffold.
In contrast to RUNX-2, both OSX and OCN expression levels in BM-MSCs cultured on the 3D-printed HA and
coated 3D-printed HA gradually increased throughout the entire culture and reached the highest points at the
end of the culture period (Fig. 8B, C). The BM-MSCs cultured on the 3D-printed HA and coated 3D-printed HA
showed higher OSX and OCN expressions than the cells cultured on a plastic culture plate; however, a significant
difference in OCN expression was observed only on day 28 (P <0.05).

For UC-MSCs, RUNX-2 expression in cells cultured on the 3D-printed HA and coated 3D-printed HA was
progressively increased and reached the highest level on day 28. UC-MSCs cultured in an osteogenic induction
medium on a plastic culture plate showed a similar pattern of RUNX-2 expression to MSCs cultured on the scaf-
folds (Fig. 8D). Remarkably, UC-MSCs cultured on the 3D-printed HA and coated 3D-printed HA scaffolds had
significantly higher RUNX-2 expression than the cells cultured on a plastic culture plate (P<0.05). In addition,
the expression levels of OSX and OCN in UC-MSCs cultured on the scaffolds and plastic culture plate had sig-
nificantly increased in a time-dependent manner compared to those cultured in the complete DMEM medium
(P<0.05). Notably, the most robust OSX expression was found in UC-MSCs cultured on the coated 3D-printed
HA (Fig. 8E). Also, UC-MSCs cultured on the coated 3D-printed HA showed significantly upregulated expres-
sion of OCN on day 28 compared to the cells cultured on the 3D-printed HA (Fig. 8F).

The expression of collagenous and non-collagenous proteins. Immunofluorescence staining
was performed on day 21 after osteogenic induction to examine the expression of osteogenic protein markers,
including osteocalcin and collagen I in BM-MSCs and UC-MSCs cultured on the 3D-printed HA and coated
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Figure 9. Immunofluorescent micrograph illustrated the expression of osteocalcin and collagen I in BM-MSCs
and UC-MSCs cultured on the 3D-printed HA (HA) and coated 3D-printed HA (coated HA) for 21 days.
3D-printed HA. The results showed that BM-MSCs cultured on the 3D-printed HA were positive for osteocalcin
staining, similar to those cultured on coated 3D-printed HA. In addition, BM-MSCs cultured on the 3D-printed
HA had an intense expression of collagen I similar to those cultured on coated 3D-printed HA (Fig. 9). Corre-
spondingly, UC-MSCs cultured on the 3D-printed HA were positive for osteocalcin staining similar to those cul-
tured on coated 3D-printed HA. In addition, UC-MSCs cultured on the 3D-printed HA had an intense expres-
sion of collagen I similar to those cultured on coated 3D-printed HA (Fig. 9).
Discussion
As the use of mesenchymal stem cells (MSCs) for bone repair increases rapidly, it is necessary to determine which
tissues may provide the most suitable sources and to verify the specific potencies of MSCs. The limited availability
of bone marrow, the primary source of MSCs for clinical applications, necessitates a lengthy amplification process.
Long-term culture affects the biological properties of MSCs and diminishes their proliferation and differentiation
potentials®. In allogeneic transplantation, the therapeutic efficacy is associated with the quantity and number of
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doses of MSCs being administered*’. Therefore, alternative MSCs from more readily available sources should be
more convenient for bone repair. MSCs can be isolated from the umbilical cord, a discarded biological sample
after delivery®®. The UC-MSCs share similar characteristics with BM-MSCs through having a similar pattern
of cell surface markers and differentiation potentials®****°. However, their osteogenic differentiation potential
is less pronounced than BM-MSCs*!'. Manipulating culture conditions, such as introducing specific growth
factors, could result in more efficient MSC expansion and osteogenic differentiation®®?*. Therefore, UC-MSCs
are promising stem cells for allogeneic bone tissue repair. If proven feasible for clinical application, UC-MSCs
have an advantage as they can be prepared in large quantities and as an off-the-shelf product with faster tissue
processing than using autologous BM-MSCs.

According to the standard characterization of MSCs, the clonal cells must adhere to a plastic culture plate,
express cluster of differentiation (CD) markers, including CD73, CD90, and CD105, and can differentiate into
adipogenic, chondrogenic as well as osteogenic lineages in vitro®®. This study examined the characteristics of
BM-MSCs and UC-MSCs by observing their morphology in plastic culture plate, analyzed the expression of
cell surface markers using flow cytometry, and their potential to differentiate into adipocytes, chondrocytes,
and osteoblasts. Both BM-MSCs and UC-MSCs exhibited spindle shape when grown in a plastic culture plate,
expressed a similar cell surface marker pattern. They could differentiate into osteoblasts, chondrocytes, and
adipocytes. In addition, this study also demonstrated that BM-MSCs and UC-MSCs had a high cell proliferation
rate. The doubling times steadily increased from P2 to P8. The overall decrease in cell proliferation in the case
of BM-MSCs observed after the eighth passage is consistent with previous studies showing that MSCs have a
limited lifespan and enter senescence after a certain number of cell divisions®. Remarkably, UC-MSCs display
a higher expansion potential than BM-MSCs; BM-MSCs could actively expand in less than 10 passages, and
UC-MSCs could actively expand up to 20 passages before losing their proliferative capacity after passage 20%.
The simplicity of cell isolation and amplification allows for efficient UC-MSC manufacture.

When the immunophenotype was analyzed by flow cytometry, it was found that both BM-MSCs and UC-
MSCs did not express MSC exclusion markers, CD34 and CD45. On the other hand, these MSCs expressed the
recommended MSC markers, CD73, CD90, and CD105%. These MSCs have also been shown to maintain their
adipogenic, chondrogenic, and osteogenic differentiation ability after amplification. However, the differentiation
abilities were variable depending on the cell source.

To enhance the efficiency of MSCs in bone repair, this study attempted to develop a 3D cultured system that
better supported the proliferation and osteogenic differentiation of these MSCs. For successful bone tissue engi-
neering, using a scaffold may be beneficial to maintain the transplanted MSCs in a specific location. Moreover, a
3D scaffold acts as an extracellular matrix that supports cell adhesion, proliferation, differentiation, spreading,
and communication®*. Hydroxyapatite is a good candidate for bone repair among the various calcium phosphate
ceramics because it contains similar chemical compositions to natural hydroxyapatite in bone tissue®. It also has
excellent biocompatibility and osteoconductive properties. Bone grafting using hydroxyapatite results in direct
chemical bonding of hydroxyapatite to the bone*®. Hydroxyapatite is used as a single material or in combination
with other materials, such as a coating agent for bone graft®” and a matrix for drug delivery systems targeting
bone tissue repair®®. A customized scaffold with the desirable anatomical contour can be manufactured via 3D
printing as the technique allows simple, fast, accurate, and several tests to be conducted on the biomaterial. Scan-
ning electron microscopy illustrated the porous microstructure of the 3D-printed HA and coated 3D-printed
HA, enabling the transportation of nutrients and metabolites into the bone tissue. Highly porous scaffolds are
often used in bone tissue repair to mimic the porosity of the trabecular bone®. The different surface topography
between the 3D-printed HA and coated 3D-printed HA might affect the interaction of MSCs on the scaffolds. A
rough surface stimulates the spreading and proliferation of osteoblast-liked cells®’. Therefore, both the inner and
surface characteristics of the scaffolds play essential parts in the success of the therapeutic application.

Both BM-MSCs and UC-MSCS cultured on the 3D-printed HA and coated 3D-printed HA could be micro-
scopically identified by staining with fluorescent phalloidin, which binds to F-actin and indicates the presence
and change of the cell cytoskeleton®'. The appearance of F-actin stress fibers extending across the entire cytoplasm
indicates proper attachment and affinity of MSCs to the surfaces of the scaffolds. One of the most important
aspects of bone tissue engineering is the interactions between the cells and the biomaterial that supports them.
The biocompatibility of the scaffolds was further evaluated by a prolonged culture period until 28 days. Scanning
electron microscopy showed many MSC colonies appearing as sheets of elongated cells with extended filopodia
on the surface of the scaffolds. This indicated that both the 3D-printed HA and coated 3D-printed HA could
support the proliferation of BM-MSCs and UC-MSCs. Therefore, these scaffolds could be suitable candidate
materials for bone tissue engineering.

Bone regeneration is known to occur by recruiting MSCs to the injury site. After that, cell proliferation,
osteoblastic differentiation, and intramembranous ossification happen. The ability of the cells to proliferate on
the scaffolds implies they can mimic the native extracellular matrix in supporting cell growth and differentia-
tion through the effective linkage between the cells and scaffold®>. The data from this study revealed that MSCs
cultured on both scaffolds had higher cell proliferation rates than those cultured on a plastic culture plate, espe-
cially in UC-MSCs. A previous study reported that particle sizes in HA also influenced cell proliferation: MSCs
cultured on smaller HA particles exhibited a higher proliferation rate than larger HA particles®>. Both BM-MSCs
and UC-MSCs significantly increased their proliferation potential when cultured on the coated 3D-printed
HA. The result suggested that the coated 3D-printed HA, which contained additional OCP on the surface, pro-
moted better cell survival and adhesion. Previous studies reported that OCP coatings remarkably enhanced cell
proliferation and ALP activity of MC3T3-E1 cells®*-%. Therefore, it was suggested that OCP could control the
environment during the conversion to HA under physiological conditions, which increased biological activity
and bone regeneration enhancement®.
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ALP is a primary phenotypic indicator secreted by osteoblasts. Upregulation of ALP occurs during early
osteogenesis®’. Therefore, the expression of ALP is an early marker of osteogenic differentiation of human MSCs®.
Assessing the levels of ALP activity in BM-MSCs and UC-MSCs cultured on the 3D-printed HA and coated
3D-printed HA helped validate the differentiation of the MSCs towards the osteogenic lineage. The observed
result revealed that BM-MSCs and UC-MSCs cultured on the coated 3D-printed HA had a significantly increased
level of ALP activity compared to those cultured on the 3D-printed HA scaffolds. Furthermore, this event was
more pronounced for BM-MSCs than UC-MSCs. Overall, the data verified that the coated 3D-printed HA
could support osteogenic differentiation, as indicated by enhanced ALP activity, better than the 3D-printed HA.

In agreement with ALP activity, MSCs cultured on the coated 3D-printed HA had a higher level of osteogenic
gene expression than those cultured on the 3D-printed HA. Statistically, significant differences were observed in
the case of UC-MSCs. By comparison, both MSCs cultured on both types of scaffolds had a higher expression
of most of the osteogenic genes than those cultured on plastic culture plates. A previous study reported that HA
could induce the activity of osteoblasts, which increases the synthesis of a new bone matrix in bone defects® by
upregulating RUNX-2 expression®. During osteogenesis, osteoblasts differentiate from their precursors through
the modulations of several transcription factors, including the master transcription factor RUNX-2 and its
downstream OSX. These two are critical transcription factors that play crucial roles in the cell-fate decision
process through which MSCs become osteoblasts’’. RUNX-2 is one of the most common markers indicative of
osteoblastic differentiation, especially at an early stage. The expression of RUNX-2 decreases over time during
osteoblast differentiation’”.

On the other hand, the overexpression of RUNX-2 in the late stage of osteoblast differentiation inhibits
osteoblast maturation, decreases bone mass, and causes osteopenia and bone fracture’?. Tt was observed that the
expression level of RUNX-2 in BM-MSCs was highest on day 14 and gradually decreased until day 28, whereas
the expression level of RUNX-2 in UC-MSCs was progressively increased until day 28. It might be possible that
BM-MSCs differentiated into the osteoblast more efficiently and quickly than UC-MSCs”; therefore, the peak of
RUNX-2 expression in BM-MSCs was observed on day 14, while the peak of RUNX-2 expression in UC-MSCs
was observed on day 28. OSX is a downstream factor of RUNX-27%, and its expression induces the differentiation
of the early osteoblasts into the mature ones and finally into osteocytes during bone formation”. Inactivation
of OSX in the postnatal period caused defects in osteoblasts’ function, which diminished bone formation”.
Together with RUNX-2, OSX is responsible for expressing osteoblast proteins, including ALP, collagen, and
non-collagenous proteins’. In addition to RUNX-2, HA also induced OSX expression, which caused osteoblastic
differentiation of osteoblast progenitor cells’®. OCN is a y-carboxyglutamate protein secreted almost exclusively
by osteoblasts. It is the most abundant non-collagenous protein in bone tissue that confers high affinity to the
bone hydroxyapatite matrix’. It is also responsible for the synthesis and mineralization of the bone matrix dur-
ing the development of the skeleton. Therefore, the expression level of OCN in osteoblasts is a marker of min-
eral deposition”. These factors are commonly used as markers in studies involving osteoblastic differentiation,
including those related to the use of HA for bone regeneration. It has been reported that HA induced osteoblastic
differentiation by increasing the expression of osteogenic transcription factors®. In agreement with gene expres-
sion, the protein analysis revealed that specific osteogenic markers, including non-collagenous protein, OCN,
and collagenous protein, COL1, were expressed in MSCs cultured on both types of 3D-printed HA scaffolds.
The data suggest that BM-MSCs and UC-MSCs cultured on 3D-printed HA and coated 3D-printed HA could
be differentiated into osteoblasts.

The data obtained from this study increase the understanding of the molecular mechanisms of HA as a bio-
material for bone tissue engineering and provides a better design of HA-based scaffolds to be exploited in bone
tissue regeneration. Notably in the case of the coated 3D-printed HA. It is possible that the calcium phosphate
coating might better support in vitro osteogenic differentiation of MSCs and improve in vitro osteogenic forma-
tion. This is supported by the finding that biomaterial containing calcium phosphate moieties has been shown
to promote the osteogenic differentiation of human MSCs in vitro®’. Taken together, our study demonstrated
the benefit and suitability of the 3D-printed HA and coating 3D-printed HA for possible applications in bone
regeneration and treating bone diseases.

Conclusion

This study demonstrated the potential of UC-MSCs and BM-MSCs in bone tissue engineering. Both 3D-printed
HA and calcium phosphate-coated 3D-printed HA supported the proliferation and osteogenic differentiation of
BM-MSCs and UC-MSCs. Remarkably, the coated 3D-printed HA displayed considerably higher biocompatibility
than the 3D-printed HA. Nevertheless, both 3D-printed HA and coated 3D-printed HA showed good potential
as biomaterials that could be constructed into novel scaffolds for bone tissue repair.
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