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Abstract 

Human umbilical cord mesenchymal stem cells (hUCMSCs) are a promising alternative to 

bone marrow MSCs, which require invasive procedures to harvest.  The objectives of this study 

were to develop a novel non-rigid and tough calcium phosphate cement (CPC), and to investigate 

hUCMSC proliferation, osteodifferentiation and mineralization on non-rigid CPC for the first time.  

Non-rigid CPC scaffold was fabricated using extra tetracalcium phosphate in the CPC powder, 

chitosan, absorbable fibers and alginate microbeads.  The non-rigid CPC-microbead scaffold 

possessed a strain-at-failure of 10.7%, higher than conventional CPC’s strain of 0.05%, which is 

typical for brittle bioceramics.  The flexural strength of non-rigid CPC-microbead scaffold was 4-

fold that of rigid CPC-mircobead scaffold.  Work-of-fracture (toughness) was increased by 20-fold.  

The non-rigid CPC-microbead-fiber scaffold matched the strength of cancellous bone.  hUCMSCs 

on non-rigid CPC increased from about 100 cells/mm
2
 at 1 d, to 600 cells/mm

2
 at 8 d.  Alkaline 

phosphatase, osteocalcin, and collagen gene expressions of hUCMSCs were greatly increased, and 

the cells successfully synthesized bone minerals.  hUCMSCs on non-rigid CPC-microbead-fiber 

construct had higher bone marker expressions and more mineralization than those on rigid CPC.  

Non-rigid CPC could potentially provide compliance for micro-motions within the tissues, with 

load-supporting strength for periodontal bone repair, spinal fusion and other repairs.  In conclusion, 

this study developed the first non-rigid, self-setting calcium phosphate-microbead scaffold with a 

strain-at-failure exceeding 10%.  hUCMSCs showed excellent proliferation, osteodifferentiation, 

and mineral synthesis on non-rigid CPC scaffolds.   The hUCMSC-CPC construct with excellent 

cell proliferation, osteodifferentiation and mineral synthesis is promising for bone regeneration. 
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1. Introduction 

New bone regeneration approaches are needed to repair large defects resulting from trauma, 

disease, and tumor resection [1,2].  In the United States, nearly seven million people suffer bone 

fractures each year, and musculoskeletal conditions cost $215 billion annually [3-7].  These 

numbers are increasing due to an aging population.  To meet this need, novel scaffold and stem cell 

approaches are being investigated [8-15].  Human umbilical cord mesenchymal stem cells 

(hUCMSCs) are highly promising [16-22].  They can be harvested without the invasive procedure 

required for bone marrow MSCs (BMSCs).  Umbilical cords are inexhaustible, and the cost is low 

as they are currently a medical waste.  hUCMSCs appeared to be a primitive MSCs population that 

expressed certain human embryonic stem cell markers and exhibited a high degree of plasticity and 

developmental flexibility, with no immunorejection in preliminary animal studies [18].  

Engineered scaffolds serve as a matrix for cell function while maintaining the volume and 

supporting the external stresses.  Due to their similarity to apatite minerals in natural bone, calcium 

phosphate (CaP) bioceramics such as hydroxyapatite (HA) are important for bone repair [23,24].  

CaP implants are bioactive and provide an ideal environment for cellular reaction and colonization 

by osteoblasts, thus forming a functional interface in vivo [25-27].  Previous efforts have enhanced 

the properties of CaP scaffolds and implants [23,28,29].  For preformed bioceramic scaffolds to fit 

in a bone cavity, the surgeon needs to machine the graft or carve the surgical site, leading to 

increases in bone loss, trauma, and surgical time [2].  In contrast, calcium phosphate cements can be 

injected and set in the bone cavity to provide intimate adaptation to the defects, and can be replaced 

by new bone [30-33].  The first calcium phosphate cement (CPC) was developed in 1986 [30].  

Since then, several other formulations were developed [34-38].  CPC was approved in 1996 by the 

Food and Drug Administration (FDA) for repairing craniofacial defects and became the first CaP 

cement for clinical use [32,33].  However, due to its brittleness, CPC is “limited to the 
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reconstruction of non-stress-bearing bone” [31,32].  Recently, absorbable fibers and chitosan were 

used to improve the load-bearing capability of CPC [39-41].   

It is desirable to improve CPC into a non-rigid and tough scaffold.  When the traditional 

rigid CPC was used in periodontal bone repair, tooth mobility resulted in the early displacement and 

failure of the brittle implants [42].  A non-rigid CPC would be useful to provide the needed 

compliance for tooth motion without fracturing the implant.  Chitosan and its derivatives are 

biodegradable and osteoconductive, and are good candidates for the elastomeric matrix [43,44].  In 

a recent study, a non-rigid CPC was developed by using chitosan [45], achieving a high ductility for 

potential applications in orthopedic and craniofacial repairs such as periodontal bone repair, 

alveolar bone augmentation, and spinal fusion.  However, while hydrogel beads and fibers were 

added in the regular CPC [46], they have not been incorporated into the non-rigid CPC.  In addition, 

stem cell seeding on non-rigid CPC is yet to be investigated. 

The objectives of this study were to develop a hUCMSC-seeded, non-rigid CPC-hydrogel 

composite construct, and investigate the osteogenic differentiation of hUCMSCs on non-rigid CPC 

for the first time.  It was hypothesized that: (1) While the CPC composite construct would be weak 

mechanically, adding chitosan and fibers would increase its strain-at-failure and strength; (2) 

hUCMSCs on non-rigid CPC composite would have good viability and proliferation rate; (3) Non-

rigid CPC composite would support hUCMSC differentiation, and adding chitosan and fibers would 

enhance bone marker gene expressions and mineral synthesis by the hUCMSCs.    

 

2. Materials and methods 

2.1 Calcium phosphate powder and liquid 

The CPC powder consisted of a mixture of tetracalcium phosphate (TTCP) (Ca4[PO4]2O) 

and dicalcium phosphate anhydrous (DCPA) (CaHPO4). TTCP was synthesized from a solid-state 
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reaction between equimolar amount of DCPA and calcium carbonate (J.T. Baker, Philipsburg, NJ).  

The mixture was heated to 1500 ºC then quenched to room temperature, ground and sieved to obtain 

TTCP particles of 1 to 80 µm, with a median of 17 µm [33,47].  DCPA was ground to obtain a 

median particle size of 1 µm.  Two CPC powders were prepared.  The first consisted of a mixture 

with a TTCP:DCPA molar ratio of 1 to 1.  This ratio was the same as that of the conventional CPC 

[32], and it is referred to as “rigid CPC”.  A second powder used a TTCP:DCPA ratio of 3.7 to 1, 

following a previous study [45].  The higher TTCP content was shown to facilitate the gelling of 

chitosan, yielding a CPC-chitosan composite with a high ductility [45].  The rigid CPC used water 

as liquid as in previous studies [32], and served as the control.  For the non-rigid CPC, a chitosan 

liquid was used by mixing chitosan lactate (VANSON, Redmond, WA) with water at a 

chitosan/(chitosan + water) mass fraction = 15%, following a previous study [45].     

 

2.2 Calcium phosphate-hydrogel microbead composite  

The non-rigid CPC of the previous study did not contain hydrogel microbeads or absorbable 

fibers [45].  It is desirable to include hydrogel microbeads in CPC to potentially deliver growth 

factors, and then for the microbeads to degrade and form macropores in CPC.  The present study 

focused on the effect of microbeads and fibers on the mechanical properties of the non-rigid CPC, 

as well as the seeding of hUCMSCs for osteogenic differentiation.  A future study will investigate 

the delivery of various growth factors in the microbeads in CPC.  To make microbeads, a sodium 

alginate solution (1.2% mass fraction) was prepared by dissolving 0.3 g alginate (ProNova, Oslo, 

Norway) in 25 mL of 155 mM sodium chloride [46].  The alginate solution was sprayed from a 

syringe into a 100 mM calcium chloride solution, where gelation occurred upon contact.  The 

syringe was connected to a bead generation device (Nisco, Zurich, Switzerland) [46].  Nitrogen gas 

at a pressure of 10 psi was fed to the gas inlet to form a coaxial air flow with which to break up the 
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alginate into fine droplets.  The microbeads thus fabricated had diameters ranged from 73 to 465 

m (mean = 207 m), suitable for injection delivery and macropore formation in CPC [46]. 

Three groups of specimens were made.  Group 1 had two materials: Rigid CPC-microbead 

scaffold which served as control; and non-rigid CPC-microbead scaffold.  Each CPC powder was 

mixed with the liquid at a powder:liquid mass ratio of 2:1 to form a paste.  Hydrogel microbeads 

were mixed with the paste, at a microbead volume/specimen volume fraction of 50%.  The paste 

was placed into a rectangular mold of 3 x 4 x 25 mm
3
.  The specimen was incubated in a humidor at 

37 ºC for 4 h, then immersed in a simulated physiological solution (1.15 mmol/L Ca, 1.2 mmol/L P, 

133 mmol/L NaCl, 50 mmol/L Hepes, buffered to a pH 7.4) at 37 ºC for 20 h. 

The purpose of group 2 was to investigate the effect of fiber reinforcement on mechanical 

properties of non-rigid CPC-microbead specimens.  A resorbable suture fiber (Vicryl, polyglactin 

910, Ethicon, NJ) at 3 mm length was used because this fiber had a high strength, provided 

reinforcement for about four weeks, and then dissolved and formed macropores in CPC [39].  The 

fibers were mixed with the non-rigid CPC + microbead paste at fiber volume fractions of 0%, 10%, 

20%, 30%, and 40%.  Fibers more than 40% were not used in order to obtain a flowable CPC paste.  

The fiber volume fraction was equal to the volume of fibers divided by the volume of the entire 

specimen.  Specimens were fabricated in the same manner as described for the first group. 

The purpose of group 3 was to investigate hUCMSC seeding and osteogenic differentiation.  

Three materials were tested: Rigid CPC control; non-rigid CPC-microbead scaffold; and non-rigid 

CPC-microbead-fiber scaffold.  The fiber volume fraction was 40%.  The paste was mixed as 

described above and filled into a circular mold of a diameter of 11.5 mm and a thickness of 1.5 mm.  

The disks were sterilized in an ethylene oxide sterilizer (Andersen, Haw River, NC) for 12 h 

according to the manufacturer’s specifications, and then degassed for 7 d prior to cell experiments.  

 



 

7 

 

2.3 Mechanical testing  

Mechanical properties were tested via a standard three-point flexural test with a span of 20 

mm at a crosshead speed of 1 mm/min on a computer-controlled Universal Testing Machine (MTS, 

Eden Prairie, MN).  Flexural strength, work-of-fracture, elastic modulus, and strain-at-failure were 

measured.  Work-of-fracture (toughness) is a measurement of the energy required to fracture the 

specimen, calculated as the area under the load-displacement curve divided by the specimen’s 

cross-sectional area.  Because the fiber-reinforced scaffolds did not break completely, a cut-off 

displacement of 3 mm was used to calculate the work-of-fracture [41]. 

 

2.4 hUCMSC attachment, proliferation, and viability 

 hUCMSCs (ScienCell Research Laboratories, Carlsbad, CA) were derived from umbilical 

cords of healthy babies, and harvested using methods described previously [16,19].  The use of 

hUCMSCs was approved by the University of Maryland at Baltimore.  Cells were cultured in a low-

glucose Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin (10,000 IU-10,000 µg/ml) (Invitrogen, Carlsbad, CA).  

This media is referred to as “control media”.  At 80-90% confluence, hUCMSCs were detached by 

trypsin and passaged.  Passage 4 hUCMSCs were used.  The osteogenic media contained 100 nM 

dexamethasone, 10 mM β-glycerophosphate, 0.05 mM ascorbic acid, and 10 nM 1 ,25-

Dihydroxyvitamin (Sigma) [21,46].  A cell suspension of 150,000 cells in 2 mL of osteogenic 

media was added to each well containing a scaffold disk.  The media was changed every 2 d. 

After 1, 4, and 8 d, the media was removed and the cell-scaffold constructs were washed in 

Tyrode's Hepes buffer.  Cells were stained with a live/dead kit (Invitrogen), and viewed by 

epifluorescence microscopy (TE2000S, Nikon, Melville, NY).  Three randomly-chosen fields of 

view were photographed from each disk.  Five disks yielded 15 photos for each material at each 
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time point.  The cells were counted.  NLive is the number of live cells.  NDead is the number of dead 

cells.  The percentage of live cells, P = NLive/(NLive + NDead) [47].  Live cell density, D, is the 

number of live cells attached to the specimen divided by the surface area, A:  D = NLive/A [46].  

hUCMSCs were seeded on the scaffolds and cultured for 1 d and 4 d.  They were fixed with 

2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4, dehydrated with a graded series of ethanol 

(25-100%), rinsed with hexamethyldisilazane and sputter-coated with gold.  They were then 

examined using a scanning electron microscope (SEM, JEOL 5300, Peabody, MA). 

 

2.5 Immunofluorescence of actin fibers in hUCMSCs attached on scaffolds 

Actin stress fibers inside the cells are related to initial cell attachment.  hUCMSC constructs 

after 1 d culture were washed with PBS, fixed with 4% parformaldehyde for 20 min, permeabilized 

with 0.1% Triton X-100 for 5 min, and blocked with 0.1% bovine serum albumin (BSA) for 30 min 

[44].  An actin cytoskeleton and focal adhesion staining kit (Chemicon, Temecula, CA) was used, 

which stained actin fibers into a red color.  Fluorescence microscopy (TE2000S, Nikon) was used to 

examine the specimens.  The actin fluorescence intensity was increased when there was a higher 

density of actins stress fibers.  The fluorescence intensity of actin fibers in hUCMSCs was 

measured via a NIS-Elements BR software (Nikon). 

 

2.6 hUCMSC osteogenic differentiation 

Quantitative real-time reverse transcription polymerase chain reaction measurement (qRT-

PCR, 7900HT, Applied Biosystems, Foster City, CA) was performed to quantify osteogenic 

differentiation.  Each well containing a CPC disk was seeded with 150,000 cells and cultured in 

osteogenic media for 1, 4, and 8 d [48].  The total cellular RNA on the scaffolds were extracted with 

TRIzol reagent (Invitrogen) and reverse-transcribed into cDNA.  TaqMan gene expression kits were 
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used to measure the transcript levels of the proposed genes on human alkaline phosphatase (ALP, 

Hs00758162_m1), Osteocalcin (OC, Hs00609452_g1), collagen type I (Coll I, Hs00164004), and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Hs99999905).  Relative expression for each 

target gene was evaluated using the 2
-ΔΔCt

 method [49].  The Ct values of target genes were 

normalized by the Ct of the TaqMan human housekeeping gene GAPDH to obtain the ΔCt values.  

These values were then subtracted by the Ct value of the hUCMSCs cultured on tissue culture 

polystyrene in the control media for 1 day (the calibrator) to obtain the ΔΔCt values [46,48]. 

 

2.7 hUCMSC mineralization 

 First, hUCMSCs were seeded on tissue culture polystyrene (TCPS), and cultured in control 

media or osteogenic media for 14 d.  Alizarin Red S (ARS) staining was used to visualize bone 

mineralization.  The adherent cells were washed with PBS, fixed with 10% formaldehyde, and 

stained with ARS (Millipore, Billerica, MA) for 5 min, which stained calcium-rich deposits by cells 

into a red color.  The purpose of this step was to determine that hUCMSCs on TCPS in osteogenic 

media could indeed synthesize minerals, as TCPS itself contained no minerals. 

 Second, hUCMSCs were seeded on rigid CPC, non-rigid CPC-microbead, and non-rigid 

CPC-microbead-fiber scaffolds.   The cells on the disks were cultured in osteogenic media for 14 d 

and then stained with ARS to visualize mineralization by the hUCMSCs.  In addition, an 

osteogenesis assay kit (Millipore, Billerica, MA) was used to extract the stained minerals and 

measure the Alizarin Red concentration at OD405, following the manufacture’s instructions.  Control 

CPC without hUCMSC seeding was also measured.  The control’s Alizarin Red concentration was 

subtracted from the Alizarin Red concentration of the corresponding scaffold with hUCMSCs, to 

yield the net mineral concentration synthesized by the cells. 
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 One-way and two-way ANOVA were performed to detect significant effects of the 

variables.  Tukey’s multiple comparison tests were done to compare the data at p of 0.05. 

 

3. Results 

Fig. 1 shows the mechanical behavior of group 1. In (A), the rigid CPC-mircobead specimen 

fractured catastrophically with little deformation.  In (B), the non-rigid CPC-microbead specimen 

was able to bend extensively without fracture.  This was quantified in (C), which showed that the 

rigid CPC-mircobead specimens fractured at a displacement of about 0.1 mm, while the non-rigid 

CPC-microbead specimens reached a large displacement of 3 mm before fracture.  Flexural strength 

in (D) of the non-rigid CPC-microbead specimens was 4-fold higher than that of rigid CPC-

mircobead specimens (p < 0.05).  Work-of-fracture in (E) was increased from 5 J/m
2
 for rigid CPC-

mircobead to 123 J/m
2
 for non-rigid CPC-microbead (p < 0.05).  In (F), elastic moduli were not 

significantly different (p > 0.1).  In (G), the strain-at-failure for the non-rigid CPC-microbead 

reached 10.7%, much higher than the 0.05% of the rigid CPC-mircobead specimens (p < 0.05). 

Mechanical properties of group 2 are plotted in Fig. 2.  In (A), all specimens showed a non-

catastrophic failure, with the load-bearing capability increasing with higher fiber content.  In (B), 

the maximum flexural strength increased with fiber content, reaching (3.8 ± 1.1) MPa at 40% fibers.  

Work-of-fracture also significantly increased with fibers (p < 0.05).  Elastic modulus increased but 

not significantly (p > 0.1), likely because the fibers were flexible and not stiff. 

In Fig. 3, live cells were stained green and were numerous on all materials (A-C).  Cells 

proliferated well, with many more cells at 8 d (D-F).  Dead cells were stained red and were very 

few.  The percentage of live cells (G) was above 90% for all constructs.  In (H), the hUCMSC 

density increased from about 100 cells/mm
2
 at 1 d, to nearly 600 cells/mm

2
 at 8 d (p < 0.05).  The 
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cell density on the non-rigid CPC-microbead-fiber scaffold increased from (125 ± 12) cell/mm
2
 at 1 

d, to (323 ± 96) cell/mm
2
 at 4 d, and (604 ± 99) cell/mm

2 
at 8 d. 

The fluorescence results of actin stress fibers are shown in Fig. 4.  Compared to the rigid 

CPC in (A), the red fluorescence intensified on (B) the non-rigid CPC-microbead, and (C) the non-

rigid CPC-microbead-fiber scaffold.  This indicates an increased number of actin stress fibers in the 

hUCMSCs.  The higher magnification in (D) shows numerous actin stress fibers.  In (E), the actin 

fiber fluorescence intensity, proportional to the amount of actin fibers, increased from rigid CPC to 

non-rigid CPC-microbead, and to non-rigid CPC-microbead-fiber scaffold (p < 0.05). 

 SEM micrographs of hUCMSC attachment on the scaffolds are shown in Fig. 5.  In (A), 

after 1 d, the cells attached and spread well on rigid CPC.  In (B) and (C), the cells attached to the 

non-rigid CPC-microbead-fiber construct.  “C” refers to the hUCMSCs, with cytoplasmic 

extensions “E” that anchored to the fibers “F”.  Higher magnification in (D) showed that the cells 

also anchored to the nano-sized apatite crystals that made up the CPC matrix.  Cells attained a 

normal polygonal morphology. 

 The osteogenic differentiation results are plotted in Fig. 6.  In (A), the ALP gene expression 

was minimal at 1 d, greatly increased at 4 d, then slightly decreased at 8 d.  At 4 d, the hUCMSCs 

of the non-rigid CPC-microbead-fiber construct had the highest ALP peak, followed by that of non-

rigid CPC construct, and then followed by rigid CPC; these three values were significantly different 

from each other (p < 0.05).  In (B), the OC gene expression peaked at 8 d.  At 8 d, the OC values of 

non-rigid CPC-microbead-fiber and the non-rigid CPC constructs were not significantly different 

from each other; both were higher than that of rigid CPC (p > 0.1).  In (C), the collagen I gene 

expression showed a similar trend as that of OC. 

 ARS stains calcium minerals into a red color.  In Fig. 7A, hUCMSCs were cultured in 

control media, and no red staining was found.  In Fig. 7B, hUCMSCs on TCPS in osteogenic media 
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showed significant mineral staining.  In (C), ARS staining yielded a red color for the CPC disk with 

no cells, because CPC consisted of hydrxyapatite minerals.  When hUCMSCs were seeded on (D) 

rigid CPC, (E) non-rigid CPC-microbead scaffold, and (F) non-rigid CPC-microbead-fiber scaffold, 

the red staining became progressively thicker and darker than that of CPC disk without cells.  There 

was a layer of new mineral matrix synthesized by the cells covering the disks.  The thick matrix 

mineralization formed in the cell-scaffold construct covered not only the top surface, but also the 

peripheral areas at the sides of the disk.  The data from the osteogenesis assay is plotted in (G).  The 

mineral synthesized by the hUCMSCs on the non-rigid CPC-microbead-fiber scaffold was 

significantly more than those of the other two constructs (p < 0.05). 

    

4. Discussion 

CPC bioceramic scaffolds are highly biocompatible, bioactive and osteoconductive, and 

hence are important for bone repairs [30-38].  However, bioceramics are brittle and typically 

fracture catastrophically after a small deformation strain.  The present study developed the first non-

rigid CPC-hydrogel microbead composite scaffold with a large strain-at-failure of 10.7%.  The 

micribeads could potentially encapsulate cells and growth factors to enhance bone regeneration.  In 

contrast, the rigid CPC had a strain-at-failure of only 0.05%, typical for brittle ceramics.  CPC is 

highly promising for bone repair because it can be injected and set in the bone cavity to provide 

intimate adaptation to the defects.  A non-rigid CPC can provide compliance for micro-motions 

within the tissue without fracture, and can be useful for applications such as periodontal bone repair 

and spinal fusion.  In our previous study, a non-rigid CPC was formulated but it did not contain 

hydrogel microbeads or absorbable fibers [45], and there had been no study on stem cell seeding on 

the non-rigid CPC.  In the present study, the addition of absorbable fibers increased the strength of 

the non-rigid CPC containing 50% by volume of alginate hydrogel microbeads.  The strength of 
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approximately 4 MPa of the construct approached the reported tensile strength of 3.5 MPa for 

cancellous bone [50].  To our knowledge, this is the first non-rigid calcium phosphate cement 

scaffold with hydrogel microbeads that matched the strength of cancellous bone.  Previous studies 

have developed injectable polymeric scaffolds for cell delivery.  A study reported that injectable 

polymeric carriers for cell delivery had a compressive strength of about 0.7 MPa and modulus of 

0.008 GPa [51].  Other studies reported that hygrogels had a tensile strength of about 0.07 MPa and 

a modulus of 0.0001 GPa [52,53].  These novel materials are meritorious for stem cell delivery in 

non-load-bearing applications.  However, it was concluded that “Hydrogel scaffolds are used in 

nonload bearing bone tissue engineering.  … They do not possess the mechanical strength to be 

used in load bearing applications” [53].  In the present study, the non-rigid CPC-microbead-fiber 

construct is much stronger mechanically, and may be useful for stem cell delivery in a wide range 

of load-bearing maxillofacial and orthopedic applications.   

While hBMSCs are an important cell source for bone regeneration, their limitations include 

donor site morbidity, and lower self-renewal and differentiation potential with aging.  Recent 

studies demonstrated the promise of hUCMSCs, in which cells were cultured with tissue culture 

plastic, polymer scaffolds, and calcium phosphate scaffolds for tissue engineering [16-22].  While 

hUCMSC delivery via the regular rigid CPC-based scaffold was investigated [46], the present study 

investigated hUCMSC seeding on the non-rigid CPC scaffold.  hUCMSCs were able to adhere, 

spread and remain viable on the non-rigid CPC.  hUCMSCs anchored to the nano-sized apatite 

crystals and fibers in the non-rigid scaffold.  They proliferated rapidly on the scaffold, with the cell 

number increasing by 6-fold in 7 d.  The immunofluorescence experiment showed that actin stress 

fibers were numerous in the hUCMSCs attaching to the CPC-based scaffolds.  These actin stress 

fibers anchor to the cell membrane at locations that are frequently connected to the extracellular 

matrix or the scaffold substrate.  These connection sites are called focal adhesions [44].
 
 The 
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fluorescence intensity of the actin stress fibers of hUCMSCs on the non-rigid CPC-microbead-fiber 

scaffold was nearly 2-fold that of the rigid CPC.  The non-rigid CPC contained chitosan which the 

rigid CPC did not have.  It is possible that the chitosan and the fibers have enhanced cell 

attachment; further studies are needed to confirm and understand the mechanisms.     

The hUCMSCs successfully differentiated into the osteogenic lineage while attaching to the 

non-rigid scaffold.  ALP, OC, and collagen I gene expressions were shown in previous studies to 

play key roles in the osteogenic differentiation of MSCs [17-19,21,54-56].  The present study 

showed that these osteogenic markers were highly expressed by the hUCMSCs while anchoring to 

the non-rigid CPC.  ALP is an enzyme expressed by MSCs during osteogenesis and is a well-

defined marker for their differentiation [12,26,27].  Previous studies showed that the ALP gene 

expression was low at 1 d, peaked at 4 d, and then decreased at 8 d [48].  The OC expression 

showed a high peak at 8 d, which was slightly later than ALP peak at 4 d [48].  Our results for the 

hUCMSCs in the non-rigid CPC constructs are consistent with the previous results. 

The fiber-containing construct had higher ALP at 4 d than those without fibers.  The OC and 

collagen I expressions of hUCMSCs were also higher for the non-rigid CPC-microbead-fiber 

construct than those for the rigid CPC without fibers.  The Vicryl suture fiber used in the non-rigid 

construct consisted of individual fibers braided to form a bundle.  The individual fiber diameter was 

about 14 m.  The bundle had a diameter of about 300 m and it had a rough surface.  The rough 

surface of the non-rigid CPC-microbead-fiber construct likely facilitated the hUCMSC attachment 

and osteogenic differentiation.  For example, a recent study showed a 3-fold greater bone tissue 

ingrowth in defects containing carbon-nanotube nanocomposite scaffold, compared to control 

polymer scaffolds without nanotubes [57].  The previous study attributed this large increase to the 

high surface area and roughness, which may have enhanced cell attachment and stimulated the cells 

to synthesize the extracellular matrix [57].  Furthermore, the non-rigid CPC without fibers also had 
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higher ALP, OC and collagen I expressions than the rigid CPC.  Hence, it is possible that the 

incorporation of chitosan, which the rigid CPC did not contain, may have also contributed to the 

osteodifferentiation of the cells on the non-rigid CPC [58].  The ARS mineral staining became a 

darker and thicker red when the non-rigid CPC contained fibers, compared to that without fibers.  

The hUCMSCs of the non-rigid CPC-microbead-fiber scaffold synthesized much more bone 

minerals than that of the rigid CPC.  These results indicate that the non-rigid CPC-microbead-fiber 

scaffold seeded with hUCMSCs may be a promising construct for bone tissue engineering.  Further 

animal studies are needed to investigate its bone regeneration efficacy. 

 

5. Conclusions 

This study developed a novel non-rigid CPC-hydrogel construct, and investigated hUCMSC 

proliferation, osteodifferentiation and mineral synthesis on non-rigid CPC for the first time.  The 

non-rigid calcium phosphate-hydrogel scaffold had a strain-at-failure exceeding 10%; in contrast, 

rigid CPC fractured at a strain of 0.05%, typical for brittle bioceramics.  The non-rigid CPC could 

provide the needed compliance for micro-motions within the tissues and yet have load-supporting 

strength, with applications such as periodontal bone repair, alveolar bone augmentation, and spinal 

fusion.  The strength of the non-rigid scaffold matched that of cancellous bone.  hUCMSC density 

on non-rigid CPC increased by 5 fold in 7 days.  hUCMSCs on the non-rigid CPC-microbead-fiber 

construct had higher ALP, OC and collagen I expressions than those on conventional rigid CPC.   

hUCMSCs synthesized much more bone mineral on the non-rigid CPC-microbead-fiber scaffold 

than rigid CPC.  The non-rigid, high-strain CPC with excellent hUCMSC proliferation, 

differentiation and mineral synthesis is promising for bone tissue engineering. 
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Figure captions 

[1] Mechanical behavior of group 1.  (A) Conventional rigid CPC fractured catastrophically.  

(B) Non-rigid CPC-microbead scaffold showed a transition to a tough and non-catastrophic 

fracture mode.  (C) Typical load-displacement curves.  (D) Flexural strength, (E) work-of-

fracture (toughness), (F) elastic modulus, and (G) strain-at-failure.  Each value is the mean 

of five measurements with the error bar showing one standard deviation (mean ± sd; n = 5).  

[2] Mechanical properties of group 2.  (A) Non-catastrophic failure of the fiber-reinforced non-

rigid CPC scaffold.  (B) Maximum flexural strength, (C) work-of-fracture, and (D) elastic 

modulus, vs. fiber volume fraction.  Each value is mean ± sd; n = 5.   

[3] Live/dead results of hUCMSCs for group 3.  (A-C) Live cells were stained green and were 

numerous on all materials.  (D-F) hUCMSCs proliferated and increased in cell density by 8 

d.  (G) Percentage of live cells.  (H) hUCMSCs proliferation, with cell density increasing by 

5-6 fold in 7 d on all three constructs.  Each value is mean ± sd; n = 5.   

[4] Fluorescence of actin stress fibers inside the hUCMSCs adhering on the scaffolds.  (A) 

Rigid CPC, (B) non-rigid CPC-microbead scaffold, and (C) non-rigid CPC-microbead-fiber 

scaffold.  (D) Higher magnification showing examples of actin stress fibers.  (E) Actin stress 

fiber fluorescence intensity (mean ± sd; n = 5).  These three values are significantly different 

from each other (p < 0.05). 

[5] SEM of hUCMSC attachment on scaffolds.  (A) hUCMSC attachment on rigid CPC 

construct at 1 d.  (B) and (C) hUCMSC anchorage and spreading on the non-rigid CPC-

microbead-fiber construct.  “C” refers to the hUCMSCs.  Cells developed long cytoplasmic 

extensions “E” that anchored to the fibers “F”.  (D) Higher magnification of cell attaching to 

the nano-apatite crystals in CPC.  hUCMSCs attained a normal polygonal morphology.   
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[6] hUCMSC osteogenic differentiation.  (A) Alkaline phosphatase activity (ALP) gene 

expression.  (B) Osteocalcin (OC) expression.  (C) Collagen type I expression.  ALP was 

minimal at 1 d, peaked at 4 d, then decreased at 8 d.  OC and collagen I peaked at 8 d.  

hUCMSCs on non-rigid CPC-microbead-fiber construct had higher ALP, OC and collagen I 

expressions than those on conventional rigid CPC.  Each value is mean ± sd; n = 5.  

[7]  Alizarin Red S (ARS) staining of bone mineralization.  It stains calcium minerals into a red 

color.  (A) hUCMSCs on TCPS in control media at 14 d.  (B) hUCMSCs on TCPS in 

osteogenic media at 14 d.  (C) CPC disk with no cells.  (D) Rigid CPC, (E) non-rigid CPC-

microbead scaffold, and (F) non-rigid CPC-microbead-fiber scaffold.  D-F were seeded with 

hUCMSCs and cultured in osteogenic media for 14 d.  (G) Mineral concentration measured 

via the osteogenesis assay (mean ± sd; n = 5).  hUCMSCs synthesized more mineral on the 

non-rigid CPC-microbead-fiber scaffold than that of the other two constructs (p < 0.05). 
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Figure 2

(A)

Displacement (mm)

0

2

4

6

1 2 3

L
o

a
d

 (
N

)

10 20 30 40

Fiber Volume Fraction (%)

0

1

2

3

4

5

F
le

x
u

ra
l S

tr
e

n
g

th
 (M

P
a

) 
 (B)

Fiber Volume Fraction (%)

W
o

rk
-o

f-
F

ra
c
tu

re
 (
J
/m

2
)

100

200

300

400

500

600

700

0 10 20 30 40

(C)
E

la
s
ti
c
 M

o
d

u
lu

s
 (

G
P

a
)

0.1

0.2

0.3

0.4

0.5

0 10 20 30 40

Fiber Volume Fraction (%)

(D)

0

0 0

0

 

 

 



 

27 

 

Figure 3
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Figure 4
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Figure 6

Day 1 Day 4 Day 8

C
o

l I
 G

e
n

e
 E

x
p

re
s
s
io

n
 (
fo

ld
 c

h
a

n
g
e

)
A

L
P

 G
e

n
e

 E
x
p

re
s
s
io

n
 (
fo

ld
 c

h
a

n
g
e
)

0

2

4

6

8

10

12
Rigid CPC

Non-rigid CPC-

microbead

Non-rigid CPC-

microbead-f iber

(A)
O

C
 G

e
n

e
 E

x
p

re
s
s
io

n
 (
fo

ld
 c

h
a

n
g
e
)

Day 1 Day 4 Day 8
0

2

4

6

8

10

12

Day 1 Day 4 Day 8

0

2

4

6

8

10

12

14

16

18

(B)

(C)

Rigid CPC

Non-rigid CPC-

microbead

Non-rigid CPC-

microbead-f iber

Rigid CPC

Non-rigid CPC-

microbead

Non-rigid CPC-

microbead-f iber

 



 

31 

 

(A) (B)

100 µm

1 mm

(C) (D)

(F)(E)

0

0.5

1.0

1.5

C
e

ll
s

 o
n

 r
ig

id
 C

P
C

C
e

ll
s

 o
n

 n
o

n
-r

ig
id

C
P

C
-m

ic
ro

b
e

a
d

C
e

ll
s

 o
n

 n
o

n
-r

ig
id

C
P

C
-m

ic
ro

b
e

a
d

-f
ib

e
r

h
U

C
M

S
C

-S
y
n
th

e
s
iz

e
d

M
in

e
ra

l C
o

n
c
e

n
tr

a
ti
o

n
  (

m
M

)

(G)

Figure 7
 


