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Abstract
The need for bone repair has increased as the population ages. The objectives of this study were to
(1) develop a novel biofunctionalized and macroporous calcium phosphate cement (CPC)
containing alginate-fibrin microbeads encapsulating human umbilical cord mesenchymal stem
cells (hUCMSCs); and (2) investigate hUCMSC proliferation and osteogenic differentiation inside
CPC for the first time. Macroporous CPC was developed using calcium phosphate powders,
chitosan, and gas-foaming porogen. Five types of CPCs were fabricated: CPC control, CPC +
0.05% fibronectin (Fn), CPC + 0.1% Fn, CPC + 0.1% Arg-Gly-Asp (RGD), and CPC + 0.1% Fn +
0.1% RGD. Alginate-fibrin microbeads containing 106 hUCMSCs/mL were encapsulated in the
CPC paste. After CPC had set, the degradable microbeads released hUCMSCs inside CPC.
hUCMScs proliferated inside CPC, with cell density at 21 d being 4-fold that at 1 d. CPC + 0.1%
RGD had the highest cell density, which was 4-fold that of CPC control. The released cells
differentiated into the osteogenic lineage and synthesized bone minerals. hUCMSCs inside the
CPC + 0.1% RGD construct had gene expressions of alkaline phosphatase (ALP), osteocalcin
(OC) and collagen I, which were twice those of CPC control. Mineral synthesis by hUCMSCs
inside the CPC + 0.1% RGD construct was 2-fold that in CPC control. RGD and Fn incorporation
in CPC did not compromise the strength of CPC, which matched the reported strength of
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cancellous bone. In conclusion, degradable microbeads released the hUCMSCs which proliferated,
differentiated and synthesized minerals inside the macroporous CPC for the first time. CPC with
RGD greatly enhanced cell functions. The novel biofunctionalized and macroporous CPC-
microbead-hUCMSC construct is promising for bone tissue engineering applications.
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porogen; fibronectin; RGD; bone tissue engineering

1. Introduction
Bone defects arise from skeletal diseases, congenital malformations, trauma, and tumor
resections [1,2]. Millions of bone fractures occur annually in the United States [3,4]. The
need for bone reconstruction is increasing as the population ages. Tissue engineering
approaches are promising alternatives to autogenous bone grafts. Studies have shown
exciting results on the use of scaffolds and stem cells for tissue regeneration [5–10]. Human
umbilical cord mesenchymal stem cells (hUCMSCs) could differentiate into adipocytes,
osteoblasts, chondrocytes, neurons, endothelial cells, etc. [11–15]. Umbilical cords provide
an inexpensive and inexhaustible stem cell source, without the invasive procedure of bone
marrow MSCs, and without the controversies of human embryonic stem cells (hESCs).
hUCMSCs appeared to be primitive MSCs with a high plasticity and developmental
flexibility, did not cause immunorejection in a preliminary study and were not tumorigenic
[14]. Recently, several studies examined hUCMSCs for bone tissue engineering [12,15,16].

Scaffold can serve as a template for cell attachment, differentiation and vascularization in
vivo, and then can degrade and be replaced by new bone. Calcium phosphate (CaP)
scaffolds mimic bone minerals and can bond to bone to form a functional interface [17–20].
Pre-formed CaP implants require machining to fit into a bone cavity. In contrast, calcium
phosphate cements can be injected or sculpted, and set in situ to form a scaffold with
intimate adaptation to neighboring bone [21–25]. They are promising for minimally-invasive
surgeries and filling into complex-shaped bone defects. One cement used dicalcium
phosphate and tetracalcium phosphate powders, and was referred to as CPC [26,27]. CPC
has been shown to possess excellent osteoconductivity and can be replaced by new bone
[27].

Recently, CPC composite scaffold was formulated as an injectable carrier for stem cell
delivery [16]. The method involves first encapsulating stem cells into hydrogel microbeads,
and then mixing the microbeads into the CPC paste. The purpose was to use the microbeads
to protect the cells from the paste mixing and injection forces. Once the CPC has set, the
microbeads could degrade to release the cells throughout the CPC scaffold, while
concomitantly creating macropores in CPC. A recent study showed that CPC containing
alginate microbeads was readily injectable, and the encapsulated cells had good viability
after injection [16]. However, the alginate microbeads were not degradable and did not
release the cells. Therefore, novel alginate-fibrin microbeads were developed that were fast-
degradable and could release the encapsulated cells at 4 days [28]. However, that study was
performed with the microbeads in the culture well, not inside the CPC scaffold. For the cells
inside CPC to survive, the CPC needs to have a high level of macroporosity to enable fluid
circulation that provides nutrition and oxygen.

Therefore, the objectives of this study were to: (1) Investigate hUCMSC-encapsulating
alginate-fibrin microbeads inside a macroporous CPC construct, and (2) examine cell release
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from the microbeads, and cell proliferation and osteogenic differentiation inside CPC. The
hypotheses were: (1) The alginate-fibrin microbeads would be able to quickly degrade and
release the hUCMSC inside CPC; (2) The released cells inside the macroporous CPC would
maintain good viability; (3) Incorporating biofunctional agents into CPC would greatly
enhance the released cell attachment to CPC, and enable the cells for osteogenic
differentiation and synthesis of bone minerals inside CPC for the first time.

2. Materials and methods
2.1. Fabrication of macroporous and biofunctionalized CPC scaffold

The CPC powder consisted of dicalcium phosphate anhydrous (DCPA: CaHPO4) and
tetracalcium phosphate (TTCP: Ca4[PO4]2O) mixed at a molar ratio of 1:1. The CPC liquid
consisted of chitosan lactate (Vanson, Redmond, WA) mixed with distilled water at a
chitosan/(chitosan + water) of 15% mass fraction. Chitosan was used because it could cause
fast-setting to the CPC paste and strengthen the CPC [16]. A degradable suture fiber (Vicryl,
Ethicon, Somerville, NJ), a copolymer of glycolic and lactic acids, was cut to 3-mm
filaments and used at a fiber volume fraction of 20% to reinforce the CPC [16].

A gas-foaming method was used to create macropores in CPC. Following a previous study
[29], sodium hydrogen carbonate (NaHCO3) and citric acid monohydrate (C6H8O7·H2O)
were added into CPC as the porogen. The acid-base reaction of citric acid with NaHCO3
produced CO2 bubbles in CPC, resulting in macropores. NaHCO3 was added to the CPC
powder, at NaHCO3/(NaHCO3 + CPC powder) mass fractions of 15%, based on a previous
study [30]. That previous study [30] did not investigate biofunctionalized CPC or osteogenic
differentiation of hUCMSCs inside CPC. The corresponding amount of C6H8O7·H2O was
added to the CPC liquid, to maintain a NaHCO3/(NaHCO3 + C6H8O7·H2O) mass fraction of
54.52% [29]. This yielded a macroporous CPC scaffold with a pore volume fraction of 73%
[30]. This scaffold had no biofunctional agent and is referred to as CPC control.

Two agents known for biofunctionalizing scaffolds and promoting cell adhesion were used:
Fibronectin derived from human plasma (Fn, Invitrogen, Carlsbad, CA), and tripeptide
Arginyl-Glycyl-Aspartic acid (RGD, Sigma, St. Louis, MO). Fn was dissolved in distilled
water. RGD was dissolved in 0.1 mol/L acetic acid. Each biofunctional agent stock solution
was mixed with the chitosan liquid, which was then mixed with the CPC powder. To
examine the effect of biofunctional agent content in CPC, final Fn mass fractions of 0%
(control), 0.05%, and 0.1% were used in CPC. To compare the efficacy of Fn with RGD,
RGD in CPC at 0.1% was used. To investigate the combined effect of Fn with RGD, 0.1%
Fn + 0.1% RGD was added to CPC.

Therefore, five types of scaffolds were tested: (A) CPC + 0% Fn (CPC control), (B) CPC +
0.05% Fn, (C) CPC + 0.1% Fn, (D) CPC + 0.1% RGD, (E) CPC + 0.1% Fn + 0.1% RGD.
CPC powder was mixed with chitosan liquid at a powder:liquid mass ratio of 2:1 [16]. For
cell experiments, the paste was placed into a well of a 6-well plate as described in Section
2.3. For mechanical testing, the paste was placed in 3 × 4 × 25 mm molds, incubated at 37
°C for 4 h in a humidor, then demolded and immersed in water at 37 °C for 20 h. Then the
specimens were fractured as described in Section 2.7.

2.2 hUCMSC culture
The hUCMSCs (ScienCell, Carlsbad, CA) were harvested from the Wharton’s Jelly in
umbilical cords of healthy babies [8]. In the present study, hUCMSCs from one donor were
used. The use of hUCMSCs was approved by the University of Maryland. hUCMSCs were
cultured in a low-glucose Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA) (control
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media). At 80–90% confluence, hUCMSCs were detached by trypsin-EDTA (Invitrogen)
and passaged. Passage 4 cells were used. The osteogenic media consisted of the control
media supplemented with 100 nM dexamethasone, 10 mM β-glycerophosphate, 0.05 mM
ascorbic acid, and 10 nM 1α,25-Dihydroxyvitamin (Sigma).

2.3. hUCMSC encapsulation
Alginate can form an ionically-crosslinked gel under mild conditions without harming the
cells, hence alginate microbeads were used to encapsulate cells [16,31]. The cell-
encapsulating microbeads were then incorporated into CPC. After the CPC has set, it is
desirable for the microbeads to quickly degrade and release the cells, so that the cells can
attach to CPC and proliferate inside the scaffold. However, preliminary study showed that
the alginate microbeads did not degrade in 4 weeks. Hence, a recent study synthesized
oxidized alginate-fibrin microbeads that could quickly release the cells in a few days [28].

Partially oxidizing the alginate enhanced its degradability [32]. The degree of oxidation (%)
was the number of oxidized uronate residues per 100 uronate units in the alginate chain. In
the present study, the reaction was done at the correct stoichiometric ratio of sodium
periodate to alginate to yield 7.5% of alginate oxidation. Following previous studies [28,32],
1% of sodium alginate was dissolved in water. Then, 1.51 mL of 0.25 mol/L sodium
periodate (Sigma) was added to 100 mL of alginate solution. After 24 h, the oxidization
reaction was stopped by adding 1 g of ethylene glycol and then 2.5 g of sodium chloride.
Then, 200 mL of ethanol was added to precipitate the product. The precipitates were re-
dissolved in 100 mL of water and precipitated with 200 mL of ethanol. The second
precipitates were collected and dissolved in 30 mL of water. The final product was freeze
dried for 24 h. This oxidized alginate was dissolved in saline at a concentration of 1.2%.
Fibrinogen (Sigma) was added at a concentration of 0.1% and incubated at 37 °C for 2 h to
yield the alginate-fibrinogen solution. hUCMSCs were added to this solution at a density of
1 million cells/mL. The solution was filled into a microbead synthesizer (Var J1, Nisco,
Switzerland) [16]. Alginate droplets were sprayed into a beaker with 125 mL solution
containing 100 mmol/L calcium chloride plus 125 U of thrombin (Sigma). Calcium chloride
caused the alginate to crosslink, while the reaction between fibrinogen and thrombin
generated the fibrin. This produced oxidized alginate-fibrin microbeads of about 300 μm in
sizes [28].

The hUCMSC-encapsulating microbeads were placed inside CPC, as schematically shown
in Fig. 1A. First, a layer of CPC paste of 0.3 g was placed on the bottom of a well of a 6-
well plate and the surface was made smooth and flat. Then, 0.3 g of microbeads was placed
on the CPC surface, and another 0.3 g of CPC paste was used to completely cover the
microbeads. The purpose of this setup was to provide a flat bottom surface of CPC, so that
the cells released from the microbeads could attach to the flat bottom CPC surface to enable
live/dead staining and microscopic analysis. Ideally, the microbeads should be randomly
mixed with CPC; however, subsequently breaking the CPC scaffold for analysis would
create rough and tortuous surfaces unusable for microscopic examination. In the setup in
Fig. 1A, the microbeads were completely wrapped inside CPC, enabling the test of cell
survival inside CPC, which relied on the macropores in CPC for access to fluids and
nutrition. This enabled the test of whether hUCMSCs inside the macroporous CPC could
remain viable and undergo osteogenic differentiation. The freshly placed CPC-microbead
construct was incubated at 37 °C for 30 min, then 8 mL of osteogenic media was added to
each well to submerge the construct, which was examined as described below. For each
experiment at each time point, five constructs were tested for each material (n = 5).

Chen et al. Page 4

Acta Biomater. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.4. Viability of hUCMSCs inside macroporous CPC
All of the following cell experiments used the osteogenic media. At culturing for 1, 7, 14
and 21 d, the constructs were carefully opened and gently washed with phosphate buffered
saline to remove macroscopic beads or bead remnants, because the focus was the cells on
the CPC surface, not the cells inside microbeads. Then, the bottom part of CPC was
immersed in a live/dead staining solution (Molecular Probes, Eugene, OR). The bottom
surface of CPC as shown in Fig. 1A was examined via epifluorescence microscopy (Eclipse
TE-2000S, Nikon, Melville, NY). The percentage of live cells, P, was calculated as: P = NL/
(NL + ND), where NL is the number of live cells, and ND is the number of dead cells. The
live cell density, D, was calculated as: D = NL/A, where A is the area of the view field in
which NL was measured. Three randomly-chosen fields of view were photographed for each
specimen. Five specimens (n = 5) yielded 15 photos for each material at each time point.

2.5. Osteogenic differentiation of hUCMSCs inside macroporous CPC
Section 2.4 showed that among the five types of constructs, CPC + 0.1% RGD had the
highest live cell density. Therefore, for osteogenic differentiation and mineral synthesis, two
types of hUCMSC-encapsulating constructs were tested: CPC control, and CPC + 0.1%
RGD. The purpose was to investigate if the cells released from the degradable microbeads
inside CPC would be able to undergo osteogenic differentiation, and if RGD incorporation
would have a significant effect when compared to CPC control with 0% RGD.

Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR, 7900HT,
Applied Biosystems, Foster City, CA) was used. The total cellular RNA of cells were
extracted with TRIzol reagent (Invitrogen) and reverse-transcribed into cDNA using a High-
Capacity cDNA Reverse Transcription kit. TaqMan gene expression kits were 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 level for each target gene was evaluated using the 2−ΔΔCt method [16,28]. The Ct
values of target genes were normalized by the Ct of the TaqMan human housekeeping gene
GAPDH to obtain the ΔCt values. The Ct of hUCMSCs cultured on tissue culture
polystyrene in control media for 1 d served as the calibrator [16,28].

ALP activity was measured using a colorimetric p-nitrophenyl phosphate (pNPP) assay
(Stanbio, Boerne, TX) [16]. ALP is an enzyme expressed by cells during osteogenesis and is
a well-defined marker for cell differentiation [7,10,12,15,16]. Two types of hUCMSC
constructs were tested: CPC control, and CPC + 0.1% RGD. At 1, 7, 14 and 21 d, the cell-
encapsulating microbeads were dissolved by 55 mmol/L sodium citrate tribasic solution
(Sigma) and lysates were assayed for ALP activity according to the manufacturer’s protocol.
Control serum (Stanbio) with a known concentration of ALP was used as the standard. A
microplate reader (M5 SpectraMax, Molecular Devices, Sunnyvale, CA) was used to
measure the absorbance at 405 nm, and the ALP was normalized by the DNA content. DNA
was quantified using a Quant-iT PicoGreen Kit (Invitrogen) following standard protocols
[16].

2.6. hUCMSCs mineralization inside macroporous CPC
After 1, 7, 14, or 21 d, the constructs were carefully opened, and the flat bottom surface was
fixed with 10% formaldehyde and stained with Alizarin Red S (ARS) (Millipore, Billerica,
MA). This stained calcium-rich deposits by the cells into a red color. An osteogenesis assay
(Millipore) was used to extract the stained minerals and measure the ARS concentration
[18]. CPC specimens with the same compositions and same treatment, but without
hUCMSCs, were measured as control. The control’s ARS concentration was subtracted from
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the ARS concentration of the corresponding CPC scaffold with hUCMSCs, to yield the net
mineral concentration synthesized by the cells [16,28].

2.7. CPC setting time and flexural testing
CPC setting time was measured using a previous method [33]. The CPC paste was filled into
a mold of 3 × 4 × 25 mm and placed in a humidor at 37 °C. At one minute intervals, the
specimen was scrubbed gently with figures until the powder component did not come off.
This indicated that the setting reaction had occurred sufficiently to hold the specimen
together. The time from the powder-liquid mixing to this point was measured as the setting
time.

A three-point flexural test was used to fracture the specimens on a Universal Testing
Machine (MTS, Eden Prairie, MN) using a span of 20 mm at a crosshead speed of 1 mm/
min. Flexural strength was calculated as S = 3FmaxL/(2bh2), where Fmax is the maximum
load on the load-displacement (F-d) curve, L is span, b is specimen width and h is thickness.
Elastic modulus was calculated as E = (F/d) (L3/[4bh3]).

2.8. Scanning electron microscopy and statistical analysis
A scanning electron microscope (SEM, JEOL 5300, Peabody, MA) was used to examine the
hUCMSC attachment on the bottom surfaces of CPC. Specimens with cells cultured for 7 d
were fixed with 1% glutaraldehyde, subjected to graded alcohol dehydrations, rinsed with
hexamethyldisilazane, sputter coated with gold, and examined in SEM.

One-way and two-way ANOVA were performed to detect significant (α = 0.05) effects of
the variables. Tukey’s multiple comparison procedures were used to group and rank the
measured values at a family confidence coefficient of 0.95.

3. Results
The schematic of CPC construct containing hUCMSC-encapsulating microbeads is shown in
Fig. 1A. Figs. 1B and 1C are optical photos of hUCMSC-encapsulating alginate-fibrin
microbeads cultured for 1 d and 7 d. At 1 d, the microbead was intact and not degraded, and
the encapsulated cells had a round shape. At 7 d, the microbeads degraded and the cells were
released, which showed an elongated or spreading morphology.

Live/dead images of the bottom surface of CPC are shown in Fig. 2A–J. There was an
increase in cell number from 1 d to 21 d. CPC + 0.1% RGD had the most cells. The effect of
biofunctional agents was shown more clearly at a higher magnification in (K) for CPC
control, and (L) for CPC + 0.1% RGD. The cells appeared as round dots in (K) because they
were encapsulated in the microbeads. The spreading cells in (L) indicate that they were
released and attached to the surface of CPC + 0.1% RGD. Some cells near the surface of the
microbeads migrated out of the microbeads and onto the CPC surface by 1 d. The number of
spreading cells increased with increasing time from 1 to 21 d. Among the different
constructs, CPC with Fn and RGD had more attaching cells than CPC control, and CPC with
0.1% RGD had the most amount of attaching cells. At 7 d, microbead remnants were present
on the CPC surfaces. At 14 d, there were much less microbead remnants. At 21 d, very few
microbead remnants could be found, and only small amounts of fine pieces of microbead
remnants could be found in the CPC surfaces under the microscope. SEM examination
verified that cells attached to CPC. A representative example in (M) for CPC + 0.1% RGD
showed that the cell adhered to CPC and developed cytoplasmic extensions (arrows).

Fig. 3 plots (A) the percentage of live cells, and (B) live cell density (mean ± sd; n = 5).
CPC with 0.1% Fn had a higher cell density than that with 0.05% Fn (p < 0.05). CPC +

Chen et al. Page 6

Acta Biomater. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



0.1% RGD had the highest cell density. For CPC + 0.1% RGD, the cell density increased by
4-fold from 1 to 21 d due to proliferation. At 21 d, the cell density on CPC + 0.1% RGD was
about 4 times that of CPC control.

The RT-PCR results for hUCMSCs released from the microbeads and attached to CPC are
plotted in Fig. 4. hUCMSCs inside CPC showed osteogenic differentiation, indicated by
ALP, OC and collagen I exhibiting peak gene expressions, which were much higher than the
1 d expressions (mean ± sd; n = 5). For each marker, CPC biofunctionalized with RGD had
higher peaks than that for CPC control (p < 0.05). These data demonstrate that adding RGD
increased the osteogenic gene expressions of the hUCMSCs inside the CPC scaffold.

The synthesis of ALP protein by hUCMSCs inside the macroporous CPC was measured.
The ALP activity is plotted in Fig. 5 (mean ± sd; n = 5). ALP protein synthesis peaked at 14
d for CPC control and CPC + 0.1% RGD. The ALP peak for CPC + 0.1% RGD was twice as
high as that of CPC control (p < 0.01). Regarding culture time, the ALP activity at 14 d was
18-fold of that at 1 d for CPC + 0.1% RGD.

Mineral synthesis by hUCMSCs inside the constructs is shown in Fig. 6. ARS staining of
CPC showed a red color. In (A) to (F), there was a dark red staining of minerals synthesized
by the cells, which accumulated on CPC. The mineral staining was thicker and denser on
CPC + 0.1% RGD than that on CPC control. A layer of matrix mineralization by the cells
covered the entire bottom surface of CPC + 0.1% RGD at 21 d. Data from the osteogenesis
assay are plotted in (G) (mean ± sd; n = 5). At 21 d, the mineral amount on CPC + 0.1%
RGD was 2-fold that on CPC control. Hence, hUCMSCs inside CPC differentiated into the
osteogenic lineage and mineral synthesis was increased via RGD.

Fig. 7 shows that adding RGD and Fn to biofunctionalize the CPC did not compromise the
setting time and mechanical properties of CPC (mean ± sd; n = 6). The gas-foaming
macroporous CPC with 0.1% RGD had a setting time of (12.3 ± 0.3) min, a flexural strength
of (4.2 ± 0.7) MPa, and an elastic modulus of (820 ± 110) MPa.

4. Discussion
CPC is a promising carrier for injectable delivery of stem cells and growth factors in
moderate load-bearing areas for bone regeneration. The injectability of CPC containing cell-
encapsulating microbeads and fibers was shown in a previous study [16]. The microbeads
protected the cells from the paste mixing and injection forces, with cell viability after
injection being similar to that before injection. The CPC paste can form intimate adaptation
to complex-shaped bone defects and bond to neighboring bone to form a functional
interface. The good mechanical properties as shown in the present study could enable stem
cell delivery in moderate load-bearing repairs. For example, in mandibular and maxillary
ridge augmentation, CPC could be molded to the desired shape for esthetics, and then set to
form a macroporous scaffold containing stem cells for bone regeneration. These implants
would be subjected to early loading by provisional dentures. Therefore, the macroporous
CPC scaffold needs to be resistant to flexure. In addition, the CPC paste could be used in
major reconstructions of the maxilla or mandible after trauma or tumor resections, which
would require the CPC to be fracture resistant. CPC could also be used in the support of
metal dental implants or augmentation of deficient implant sites where mechanical
properties are important. It should be noted that to repair large defects, mechanical strength
is only one factor to consider. Other factors such as vascularization are also critically
important for success [34,35], and further study should investigate the incorporation of
endothelial cells and growth factors into CPC scaffold to promote angiogenesis. The
macroporous CPC of the present study possessed better mechanical properties than other
injectable carriers for cell delivery. For example, previous studies reported that an injectable
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polymeric carrier for cell delivery had a strength of 0.7 MPa [36], and hydrogels had
strengths of about 0.1 MPa [37,38]. These systems are promise for non-load-bearing
applications. However, their strengths are much lower than the reported strength of about
3.5 MPa for cancellous bone [39]. The macroporous CPC + 0.1% RGD with a strength of
4.2 MPa matched that of cancellous bone, and hence may be a promising injectable scaffold
for stem cell encapsulation in orthopedic and craniofacial applications.

Stem cell encapsulation and delivery in CPC has three main challenges. First, the CPC needs
to be macroporous to provide fluid circulation and nutrition to the cells in the scaffold. In a
previous study [30], in CPC without the gas-foaming porogen, the percentage of live cells
was only 49%. In contrast, with the incorporation of 15% gas-foaming porogen in CPC, the
percentage of live cells was increased to 85%. This resulted from the increase in pore
volume fraction from the intrinsic porosity of 47% for CPC without additional porogen, to
73% for CPC by adding porogen [30]. That previous study did not investigate osteogenic
differentiation inside CPC or the functionalization of CPC via Fn and RGD.

The second challenge is for the microbeads inside CPC to quickly degrade to release the
cells inside CPC. The initial setting of CPC takes several minutes, and the complete setting
reaction takes about a day. After the CPC has set, it is desirable for the microbeads to
quickly degrade and release the cells, so that the cells can attach to CPC and proliferate,
while the microbead degradation creates additional macropores in CPC. However, alginate
hydrogels take weeks to months to degrade. In a previous study [28], alginate microbeads
with 7.5% oxidation were still intact after 21 d. However, the addition of a small amount of
fibrin dramatically increased the microbead degradation. The alginate-fibrin microbeads
degraded and released the cells starting at 4 d [28]. That study was performed with
microbeads on tissue culture polystyrene, and not encapsulated inside CPC.

The third challenge is that the cells released from the microbeads need to attach to CPC and
be able to proliferate. Cell attachment is an important regulator of many cellular functions,
such as viability, proliferation, migration, and differentiation. However, preliminary study
showed that the released cell attachment inside CPC was relatively poor. This is consistent
with previous studies showing that human stem cell attachment to CPC was relatively poor
[40,41]. Therefore, there is a need to improve cell attachment to CPC.

The present study addressed these three challenges. The following results were achieved for
the first time: (1) The alginate-fibrin microbeads quickly released the hUCMSCs inside
CPC; (2) the released cells maintained good viability inside the gas-foaming microporous
CPC; (3) functionalization of CPC via Fn and RGD greatly enhanced the attachment and
proliferation of the released hUCMSCs inside CPC; (4) the released hUCMSCs
differentiated down the osteogenic lineage and synthesized bone minerals. For CPC with Fn
and RGD, microscopic examination of live/dead stained CPC surfaces revealed mostly cells
with a spreading morphology at 7–21 d, indicating that they were released from the
microbeads and attached to CPC. The majority of the microbeads had degraded and the
majority of the encapsulated cells had been released by 14 and 21 d. In Fig. 3B, for CPC
with RGD and Fn from 7 to 21 d, the majority of the cells in the live cell density
measurement were cells with a spreading morphology. This indicates that these were cells
released from the microbeads and attached to the surface of the CPC scaffold, which was
confirmed by SEM observations. Macroporous CPC using gas-foaming porogen provided
media access to the cells inside the scaffold, manifested by good cell viability and fast
proliferation. The microbeads inside CPC degraded within 7 d and released the cells to
attach to CPC. Cells inside the hydrogel showed as round dots, with no spreading and no
proliferation. In contrast, the cells released from the microbeads attached to CPC, showed a
healthy spreading morphology, and quickly proliferated. Furthermore, in previous studies,
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Fn and RGD were used to promote cell adhesion to biomaterials including pre-formed
calcium phosphates [42,43]. However, there has been no report on incorporating Fn and
RGD into CPC.

Fn, a member of the family of adhesive matrix glycoproteins, is a major component of the
extracellular matrix (ECM) and plays a key role in cell adhesion, growth, migration and
differentiation [44–47]. The Fn molecule consists of repeating globular domains with
specific cell-binding sites for interactions with transmembrane receptor proteins called
integrin. In addition to integrin, Fn also binds to ECM components such as collagen, fibrin
and heparan sulfate proteoglycans. Fn improved cell spreading, attachment and proliferation
on many biomaterials, including ceramics, bioactive glasses, polymers and hydrogels [44–
47]. In the present study, a larger number of hUCMSCs spread out and attached to CPC +
0.1% Fn, than CPC + 0.05% Fn and CPC control. Therefore, Fn enhanced the cell adhesion
to the CPC, whereas cells could float away from the CPC surface if Fn was not present.

Another approach is to present cells with recognition motifs such as small immobilized
peptides [48]. RGD, a tripeptide originally identified as the sequence within Fn that
mediates cell attachment, has been found in numerous other proteins. RGD has a widespread
distribution throughout the organism, the ability to address many cell adhesion receptors,
and a strong impact on cell anchoring, behavior and survival. As a result, RGD is by far the
most effective and most frequently-used peptide sequence to stimulate cell adhesion. Indeed,
RGD has been applied on many biomaterials such as glass, polymers and ceramics to
improve cell adhesion [49–54].

The present study showed that CPC biofunctionalized with RGD greatly enhanced
hUCMSC attachment and proliferation inside CPC. Many cells in CPC + 0.1% RGD at 1 d
showed a healthy spreading morphology (Fig. 2L), while cells in CPC control remained as
green dots (Fig. 2K). A previous study demonstrated that it took 4 d for the microbeads to
significantly degrade [28]. Therefore, the cell attachment and spreading on CPC in Fig. 2L
was not due to microbead degradation. Instead, it was likely because that, for the microbeads
on the bottom surface of CPC + 0.1% RGD, the cells in the microbeads near the bottom
surface migrated out of the microbeads and attached to CPC with RGD. Our preliminary
study indicated that the cells liked to migrate toward an area that contained RGD. For
example, in preliminary study, RGD was incorporated into the microbeads; however, this
hindered the cell release from the microbeads, as the cells stayed inside the microbeads
where the RGD was present. Furthermore, the present study showed that CPC
biofunctionalized with RGD was more effective than CPC with Fn in promoting a spreading
cell morphology and cell proliferation. Interestingly, the CPC + 0.1% Fn + 0.1% RGD
construct had a lower cell density than that of CPC + 0.1% RGD. A previous study
suggested that there were interactions between Fn and RGD that inhibited cell attachment to
hydroxyapatite [55]. This is because the potency of RGD could be affected by its steric
conformation and surrounding sequences [56]. The binding between RGD and its ligands,
the integrin on cell surfaces, is similar to the relationship between the key and the lock.
Therefore, when the conformation of RGD changed, the activity of RGD decreased. In the
present study, the finding that there was less cell adhesion to the Fn + RGD construct than to
the RGD construct, suggests that there were likely interactions between Fn and RGD that
affected their steric conformations and reduced cell attachment. Further study is needed to
investigate this issue.

hUCMSCs released from the microbeads inside CPC differentiated into the osteogenic
lineage. Previous studies showed that gene expressions of ALP, OC, and Coll I played key
roles in the osteogenic differentiation of MSCs [10,12,57,58]. As an enzyme expressed by
MSCs during osteogenesis, ALP is a well-defined marker for differentiation. During

Chen et al. Page 9

Acta Biomater. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



osteogenic differentiation of the MSCs, the gene expression of ALP is first upregulated at
the early stage of osteogenic differentiation. Then, as the cascade of events for the
differentiation continues, other markers such as OC and Coll I become upregulated, while
the ALP is decreased [16,59]. This is consistent with the present study showing that ALP
peaked earlier than OC and Coll I. In addition, the present study showed higher osteogenic
gene expressions for CPC with RGD than that without RGD. Regarding the mechanism for
RGD-driven enhancement of osteogenesis, the RGD used in the present study was soluble in
0.1 mol/L acetic acid but insoluble in water. Hence, the RGD stock solution was prepared
with 0.1 mol/L acetic acid and then mixed into CPC. After the CPC had set, RGD was
distributed throughout the CPC scaffold volume including the surface. The majority of the
RGD likely remained in the CPC and did not dissolve into the culture media because the
RGD was insoluble in water. The ligation between the cell integrin and the RGD on the CPC
surface was likely responsible for the enhanced cell attachment to CPC. This in turn could
activate certain signaling pathways and increase the osteogenesis. The mechanism of RGD
enhancing osteogenesis is interesting and requires further investigation. Our observation that
RGD promoted osteogenic gene expression is consistent with previous studies using
different substrates and cells [60,61]. The higher bone markers for CPC + 0.1% RGD were
consistent with the mineral results, which showed that hUCMSCs in CPC + 0.1% RGD
synthesized twice as much mineral as that in CPC without RGD. These results show that the
gas-foaming CPC paste with alginate-fibrin microbeads could be a promising system to
deliver stem cells, and RGD incorporation into CPC could greatly enhance the function
hUCMSCs inside CPC. The present study used hUCMSCs from one donor. Further study
should use hUCMSCs from several different donors and investigate the effects of different
donors on cell proliferation and osteogenic differentiation for bone tissue engineering.
Further study is also needed to evaluate the hUCMSC-encapsulating macroporous CPC-
RGD construct for bone regeneration in an animal model.

5. Conclusion
This study developed a biofunctionalized and macroporous CPC with excellent stem cell
proliferation, osteogenic differentiation and bone mineral synthesis inside CPC for the first
time. The novel alginate-fibrin microbeads degraded quickly and released the cells inside
CPC to attach to CPC. hUCMSCs maintained good viability inside the macroporous CPC.
Incorporation of Fn and RGD into CPC greatly enhanced cell attachment, with RGD
yielding the highest cell density, which was 4-fold that of CPC control. Osteogenic
differentiation was enhanced via RGD in CPC, exhibiting high gene expressions of ALP,
OC and collagen I, as well as a high ALP activity. hUCMSCs inside CPC synthesized bone
minerals, and cell mineralization was doubled via RGD in CPC. Mechanical strength of
macroporous CPC was not degraded with RGD addition, and matched the reported strength
of cancellous bone. In conclusion, the macroporous and biofunctionalized CPC was a
promising carrier for stem cell delivery, and the alginate-fibrin microbeads could protect the
cells and then quickly release the cells inside CPC. The novel CPC-RGD-microbead
construct with hUCMSC encapsulation greatly enhanced cell proliferation, differentiation
and mineral synthesis, and hence is promising for orthopedic and craniofacial applications.
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Fig. 1.
hUCMSC-encapsulating microbeads in CPC. (A) Schematic of microbeads inside CPC. (B,
C) Optical photos of hUCMSC-encapsulating microbeads at 1 d and 7 d. A blue filter was
used to enhance the contrast of the microbeads. Arrows in B indicate that at 1 d, the
microbead was intact and not degraded, and the encapsulated cells appeared as round dots.
Arrows in C indicate that at 7 d, the cells were released from the degrading microbeads and
had an elongated or spreading morphology.
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Fig. 2.
Live/dead staining. (A–L) Live cells were stained green and were numerous. Dead cells
were stained red and were very few (not included). There was an increase in cell numbers
from 1 d to 21 d, with CPC + 0.1% RGD having the most cells. (K–L) Higher magnification
in (K) for CPC control at 1 d, and (L) for CPC + 0.1% RGD at 1 d, showing improved cell
attachment with a spreading morphology due to RGD in CPC. (M) Representative SEM
image attaching to the bottom surface of CPC + 0.1% RGD with long cytoplasmic
extensions (arrows). This example was cultured for 7 d. Other culture times had similar cell
attachment and cytoplasmic extensions.
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Fig. 3.
Viability and proliferation of hUCMSCs released from microbeads inside CPC scaffolds:
(A) Percentage of live cells, and (B) live cell density. Each value is mean ± sd; n = 5. Values
with dissimilar letters are significantly different (p < 0.05).
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Fig. 4.
RT-PCR results for osteogenic differentiation of the released hUCMSCs: (A) ALP, (B) OC,
and (C) Collagen I gene expressions. Each value is mean ± sd; n = 5. In each plot, values
with dissimilar letters are significantly different (p < 0.05).

Chen et al. Page 18

Acta Biomater. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
ALP activity of hUCMSCs inside macroporous CPC control and CPC + 0.1% RGD
scaffolds (mean ± sd; n = 5). Values indicated by dissimilar letters are significantly different
(p < 0.05). The ALP protein synthesis peaked at 14 d for both types of constructs. However,
the ALP peak for CPC + 0.1% RGD was 2-fold that of CPC control (p < 0.01), indicating
that RGD incorporation in CPC scaffold enhanced the osteogenic differentiation of
hUCMSCs.
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Fig. 6.
Mineral synthesis by hUCMSCs inside the constructs. (A–F) ARS staining of minerals
synthesized by hUCMSCs inside CPC. The left label indicates the construct type. The top
indicates culture time. CPC matrix was stained a red color. With the released hUCMSCs
synthesizing a bone mineral matrix, the staining became a thicker and darker red. There was
a layer of new mineral matrix synthesized by the cells covering the CPC, and this new
matrix was thicker on CPC + 0.1% RGD than that on CPC control. The mineral data from
the osteogenesis assay are plotted in (G) (mean ± sd; n = 5). Values with dissimilar letters
are significantly different (p < 0.05).
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Fig. 7.
Setting time and mechanical properties of CPC (mean ± sd; n = 5). (A) CPC setting time,
(B) flexural strength, and (C) elastic modulus. In each plot, values with the same letter are
not significantly different (p > 0.1).
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