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Biofunctionalized Calcium Phosphate Cement to Enhance
the Attachment and Osteodifferentiation of Stem Cells
Released from Fast-Degradable Alginate-Fibrin Microbeads

Hongzhi Zhou, D.D.S., Ph.D.;"* Wenchuan Chen, D.D.S., Ph.D.]
Michael D. Weir, Ph.D.;" and Hockin H.K. Xu, Ph.D.35

Stem cell-encapsulating microbeads could be mixed into a paste such as calcium phosphate cement (CPC), where
the microbeads could protect the cells from the mixing and injection forces. After being placed, the microbeads
could quickly degrade to release the cells throughout the scaffold, while creating macropores. The objectives of this
study were to (1) construct alginate-fibrin microbeads encapsulating human umbilical cord mesenchymal stem cells
(hUCMSCs) embedded in the surface of novel biofunctionalized CPC and (2) investigate microbead degradation,
cell release, and osteodifferentiation on CPC. Hydrogel microbeads were fabricated that encapsulated hUCMSCs at
1x10° cells/mL. CPC was biofunctionalized with fibronectin (Fn) and Arg-Gly-Asp (RGD). Four scaffolds were
tested: CPC control, CPC mixed with Fn, CPC mixed with RGD, and CPC grafted with RGD. The degradable
microbeads released hUCMSCs at 7 days, which attached to CPC. Adding Fn or RGD to CPC greatly improved cell
attachment. CPC grafted with RGD showed the fastest cell proliferation, with cell density being ninefold that on
CPC control. The released hUCMSCs underwent osteodifferentiation. Alkaline phosphatase, osteocalcin, collagen 1,
and runt-related transcription factor 2 (Runx2) gene expression increased by 10 to 30 fold at 7-21 days, compared
with day 1. The released cells on CPC synthesized bone minerals, with the mineralization amount at 21 days being
two orders of magnitude higher than that at 7 days. In conclusion, alginate-fibrin microbeads embedded in CPC
surface were able to quickly release the hUCMSCs that attached to biofunctionalized CPC. Incorporating Fn and
RGD into CPC greatly improved cell function, and CPC grafted with RGD had the fastest cell proliferation. The
released cells on CPC differentiated into the osteogenic lineage and synthesized bone minerals. The new bio-
functionalized CPC with hUCMSC-encapsulating microbeads is promising for bone regeneration applications.

Introduction tetracalcium phosphate and dicalcium phosphate anhydrous

and was referred to as CPC. CPC had excellent osteo-

TISSUE ENGINEERING employs stem cells and scaffolds to
repair and regenerate the lost or diseased tissues.'™* Bone
tissue engineering grew out of the increasing need for bone
repair due to skeletal diseases, congenital malformations,
trauma, and tumor resections.” Extensive studies have been
performed on stem cells and novel scaffolds for osteogenic
differentiation and bone regeneration.'”'® Alginate hydro-
gels were used as scaffolds because they could be cross-
linked under mild conditions without damage to the cells,
and they were highly hydrated with good biocompatibili-
ty."*!> Another class of scaffolds consisted of calcium phos-
phate cements (CPCs).1*"'8 One such cement consisted of

conductivity, was bioresorbable, and could be replaced by
new bone.'”?® Previous studies incorporated chitosan (CN)
and absorbable fibers to increase the load-bearing capability
of CPC.*"** In recent studies,”** cells were encapsulated in
alginate microbeads, and the microbeads were mixed into
CPC, which served as a moderate load-bearing scaffold for
cell delivery.*

Recently, stem-cell-encapsulating alginate microbeads
with sizes of several hundred micrometers were fabricated,
which were suitable for injection delivery.”® These microbeads
were mixed into the CPC paste, and the paste could be in-
jected and then set to form a scaffold without compromising
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the cell viability and function.”® The alginate microbeads
protected the cells from the mixing and injection forces as
well as the CPC setting reaction.”® After the CPC has set, it
is desirable for the microbeads to degrade quickly in order
to release the cells throughout the CPC scaffold, while
concomitantly creating macropores in CPC. However,
the alginate microbeads in these previous studies did not
degrade quickly.” Since the initial setting reaction of CPC
takes only several minutes, and complete setting takes
about a day, it is desirable for the microbeads to degrade in
a few days to release the cells to enhance cell function.
Partially oxidized alginate scaffolds degraded hydrolyti-
cally in several weeks to a few months.”® A recent study
showed that adding a small amount of fibrin dramatically
increased the degradation rate for the alginate microbe-
ads.*® The novel alginate-fibrin microbeads with sizes of
several hundred micrometers quickly degraded and re-
leased the cells in only several days.*®

In the previous study,* the microbeads were placed in the
tissue culture polystyrene (TCPS) wells without CPC. The
eventual goal is to mix the microbeads into CPC paste and to
investigate cell release and attachment inside the CPC scaf-
fold. However, once the CPC construct is fractured and
opened for examination, it would be difficult to image cell
attachment and viability on the tortuous and rough frac-
ture surfaces of CPC. Therefore, in the present study, the
surface of a fleshly mixed CPC paste was rendered flat, and
then the cell-encapsulating microbeads were placed on the
CPC paste and lightly pressed to be partially embedded into
the CPC paste. After CPC setting, the microbeads were
locked in the CPC surface. In the culture media, the mi-
crobeads gradually degraded and released the cells, which
attached to the flat CPC surface, allowing live/dead staining
and microscopic examination.

Hence, the objective of this study was to investigate stem
cell release from fast-degradable microbeads with attach-
ment and osteogenic differentiation on CPC. It was hy-
pothesized that (1) oxidized alginate-fibrin microbeads
embedded in the CPC surface will quickly release the stem
cells to attach to the CPC surface, (2) the released stem cells
on CPC can differentiate into the osteogenic lineage and
synthesize bone minerals in vitro, and (3) the proliferation
and osteogenic differentiation of the released stem cells will
be greatly improved via incorporation of biofunctional
agents in CPC.

Materials and Methods
Human umbilical cord mesenchymal stem cell culture

The use of human umbilical cord mesenchymal stem cells
(hUCMSCs) (ScienCell, Carlsbad, CA) was approved by the
University of Maryland. Cells were harvested from the
Wharton'’s Jelly in umbilical cords of healthy babies, using a
procedure described previously.”” Cells were cultured in a
low-glucose Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum and 1% penicillin—streptomycin (Invitro-
gen, Carlsbad, CA) (control media). hUCMSCs at 80%-90%
confluence were detached and passaged. Passage 4 cells
were used in this study. The osteogenic media consisted of
the control media plus 100nM dexamethasone, 10mM (-
glycerophosphate, 0.05 mM ascorbic acid, and 10nM 10,25-
Dihydroxyvitamin (Sigma, St. Louis, MO).?®
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Synthesis of hydrogel microbeads
with hUCMSC encapsulation

Alginate is noncytotoxic and can form an ionically cross-
linked network under mild conditions without damaging
the encapsulated cells.***° Alginate was oxidized to increase
its degradability. Oxidation was done using sodium peri-
odate at the correct stoichiometric ratio of sodium periodate/
alginate to have certain percentages of alginate oxidation.”
The percentage of oxidation (%) was the number of oxidized
uronate residues per 100 uronate units in the alginate
chain.® In the present study, alginate at 7.5% oxidation was
synthesized. The alginate oxidation followed previous pro-
cedures.” Briefly, 1% by mass of sodium alginate (ProNova,
Oslo, Norway) was dissolved in distilled water. About
1.51mL of 0.25M sodium periodate (Sigma) was added to
100 mL of alginate solution, which was stirred to react in the
dark at room temperature. At 24h, the oxidization reaction
was stopped by adding 1g of ethylene glycol and then 2.5¢g
of sodium chloride. Ethanol of 200mL was added to pre-
cipitate the product. The precipitates were re-dissolved in
100mL of water and precipitated with 200mL of ethanol.
The final product was freeze dried for 24 h, and used to make
the microbeads.

The oxidized alginate was dissolved in saline at a con-
centration of 1.2%.%° Fibrinogen from bovine plasma (Sig-
ma) was added at a concentration of 0.1% to the alginate
solution. hUCMSCs were added to the alginate-fibrinogen
solution at a density of 1x10° cells/mL. The alginate—cell
solution was loaded into a syringe that was connected to a
bead-generating device (Var J1; Nisco, Zurich, Switzerland).
Nitrogen gas was fed to the gas inlet and a pressure of 8 psi
was established to form a coaxial air flow to break up the
alginate droplets. To cross-link the microbeads, a solution
containing 125mL of 100mM calcium chloride plus 125
NIH units of thrombin (Sigma) was prepared. When the
alginate-fibrinogen droplets were sprayed into this solution,
calcium chloride caused the alginate to cross-link, while the
reaction between fibrinogen and thrombin produced fibrin.
This yielded hUCMSC-encapsulating, oxidized alginate-
fibrin microbeads. The entire process from preparing the
cell-alginate solution to the microbead collection took
~30min. Preliminary live/dead assay showed nearly 100%
live cells and few dead cells in the microbeads. A recent
study showed that the alginate-fibrin microbeads were
slightly elongated in shape.”® The measurement of 100 mi-
crobeads showed a length range of 87-580 pm (mean=335
pm), and the width range of 75-345 um (mean =232 um).>
These oxidized alginate-fibrin microbeads are referred to as
“microbeads.”

hUCMSC-encapsulating microbeads in CPC surface

The hydrogel microbeads could protect the encapsulated
cells from the CPC paste mixing forces and the setting re-
action. After CPC had set, the purpose was for the mi-
crobeads to quickly degrade and release the cells. To
examine this approach, the alginate-fibrin microbeads with
hUCMSC encapsulation were seeded into the surface layer of
the CPC paste.

The CPC powder consisted of a mixture of tetracalcium
phosphate (TTCP), Cay(PO,4),0, and dicalcium phosphate
anhydrous (DCPA), CaHPO,. TTCP was synthesized from a
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solid state reaction between CaHPO, and CaCO; (Baker
Chemical, Phillipsburg, NJ) in a furnace at 1500°C for 6h.
The TTCP was then ground and sieved to obtain particles
with sizes ranging from about 1 to 60 um, with a median size
of 17 pm. DCPA was obtained commercially (Baker Chemi-
cal) and grounded to obtain particles of 0.4 to 3.0 pm, with a
median of 1.0 um. TTCP and DCPA were mixed at 1:3 molar
ratio to form the CPC powder. Type I bovine collagen fiber
(Sigma) was added to CPC at a mass fraction of 5%. CPC
liquid consisted of CN lactate (Vanson, Redmond, WA)
dissolved in water at a CN/(CN+water) mass fraction of
15%.”' CN and its derivatives are natural biopolymers that
are biodegradable and osteoconductive,” and can impart
fast-setting and high strength to CPC.** A CPC powder:lig-
uid mass ratio of 2:1 was used to form a flowable paste.”
The CPC paste was filled into a disk mold of 15-mm diam-
eter and 2-mm height, and the paste surface was flattened
with a glass slide. Then, 0.2mL of hUCMSC-encapsulating
microbeads was placed on the CPC paste and gently pressed
to be partially embedded into the paste. After incubating for
10 min in a humidor at 37°C and 100% humidity, the con-
struct was transferred into a six-well plate. Five microliters of

hUCMSCs
CPC
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osteogenic media was added into each well. The microbead—
CPC construct is schematically shown in Figure 1A.

Development of novel biofunctionalized CPC

Preliminary study indicated that after hUCMSCs were
released from the microbeads, cell attachment to CPC was
relatively poor. Therefore, biofunctional molecules were in-
corporated into CPC to improve cell attachment. Four
groups were tested: CPC control (no biofunctional agents),
CPC mixed with fibronectin (Fn), CPC mixed with RGD, and
CPC grafted with RGD.

Fn from bovine plasma (Sigma) was mixed with the CN
liquid, which was then mixed with CPC powder. Fn was
shown to improve cell attachment to scaffolds.*"** Based on
our preliminary study, 0.25 mg of Fn was mixed in each CPC
disk, which greatly enhanced cell function. A CPC disk used
1g of CPC paste; hence, the Fn concentration in CPC was
0.025% by mass. This biofunctionalized CPC is referred to as
“CPC-mixed-Fn.”

The tripeptide Arg-Gly-Asp (RGD) is an important func-
tional and cell-binding domain.***** RGD (Sigma) was

Alginate-fibrin microbead

FIG. 1. Human umbilical
cord mesenchymal stem cell
(hUCMSC)-encapsulating
alginate-fibrin microbeads
embedded partially into bio-
functionalized calcium phos-
phate cement (CPC) surface.
(A-D) Schematic illustrating
microbeads in CPC with cell
release at 1, 7, 14, and 21 days,
respectively. (E, F) Optical
photos of microbeads at 1 and
14 days, respectively. A blue
filter was used to enhance the
contrast and clarity of mi-
crobeads. At day 1, there was
no microbead degradation,
and the encapsulated cells
appeared as rounded dots. At
14 days, the microbeads de-
graded and the hUCMSCs
were released, showing cell
attachment with elongated
and spreading morphology.
Color images available online
at www liebertonline.com/tea
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mixed with the CN liquid, which was then mixed with CPC.
As for Fn, 0.25mg of RGD was mixed into each CPC disk,
yielding an RGD concentration of 0.025% by mass. This
biofunctionalized CPC is referred to as “CPC-mixed-RGD.”

For RGD grafting, oligopeptides with a sequence of (gly-
cine)4-arginine-glycine-aspartic acid-serine-proline (abbrevi-
ated as G4RGDSP) (Peptides International, Louisville, KY)
were covalently conjugated to CN and then mixed with CPC.
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in
combination with sulfo-N-hydroxysuccinimide (NHS) were
used as carboxyl-activating agents for the coupling of pri-
mary amines to yield amide bonds. Because EDC is a zero-
length cross-linker, polypeptide like G4ARGDSP with RGD as
the functional sequence is frequently used as cell adhesion
peptides for bioscaffold grafting by carbodiimide chemis-
try.2’4’35 Briefly, CN was dissolved in 0.1M MES buffer
(Sigma) at 1%. EDC (Sigma), Sulfo-NHS (Sigma), and
G4RGDSP peptide were added to CN at a molar ratio of
G4RGDSP/EDC/NHS=1/1.2/0.6, and allowed to react for
24h. The products were dialyzed against water using a cel-
lulose membrane (MWCO=25kDa) for 3 days and then
freeze dried. This resulted in the RGD-grafted CN, which
was dissolved in water at 15% to obtain the CN liquid. This
RGD-grafted CN liquid was mixed with CPC powder. The
same RGD concentration of 0.025% was used in CPC, taking
into account that the molecular weight (MW) of G4RGDSP is
759, and the MW of RGD is 346. This biofunctionalized CPC
is referred to as “CPC-grafted-RGD.” It should be noted that
RGD was grafted to the liquid portion (the CN) of CPC. RGD
was not grafted to the powder portion of CPC.

Live/dead assay of hUCMSCs from microbeads
and attachment on biofunctionalized CPC

The hUCMSC-encapsulating microbeads were embedded
into the surface of the four different types of CPC pastes. The
time periods for examination were 1, 7, 14, and 21 days, as
schematically shown in Figure 1A-D. For the live/dead
staining, each sample was incubated at 37°C for 10 min with
2mL Tyrode’s HEPES containing 2 pM calcein-AM and 2 uM
ethidium homodimer-1 (Molecular Probes, Eugene, OR).23
An epifluorescence microscopy (Nikon, Melville, NY) was
used to examine the samples. Three random fields of view
were imaged from each sample (six samples yielded 18
photos for each time point). The percentage of live cells was
P;=N;/(Np.+Np), where N =the number of live cells and
Np=the number of dead cells. Live cell density was D, =N/
A, where A is the area of the view field for Nj.

Osteogenic differentiation of released cells
on biofunctionalized CPC

The earlier experiments showed that CPC-grafted-RGD
had the best cell attachment and proliferation. Hence, CPC-
grafted-RGD was selected for osteogenic differentiation
experiments. Quantitative real-time reverse transcription—
polymerase chain reaction (QRT-PCR, 7900HT; Applied Bio-
systems, Foster City, CA) was used. Constructs were cultured
for 1, 4, 7, 14, and 21 days in osteogenic media. The total
cellular RNA of the cells was extracted with TRIzol reagent
(Invitrogen) and reverse-transcribed into ¢cDNA. TagMan
gene expression assay kits were used to measure the tran-
script levels of the proposed genes on human alkaline
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phosphatase (ALP; Hs00758162_m1), osteocalcin (OC;
Hs00609452_g1), collagen type I (Coll I; Hs00164004), runt-
related transcription factor 2 (Runx2; Hs00231692_m1), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Hs99999905). Relative expression for each gene was evalu-
ated using the 2-AAC, method.*® The C, values of target
genes were normalized by the C, of the TagMan human
housekeeping gene GAPDH to obtain the AC; values. The C;
of hUCMSCs cultured on TCPS in the control media for 1
day served as the calibrator.?>?%3¢

Mineral synthesis via hUCMSCs

Mineral synthesis via hUCMSCs released from the mi-
crobeads and proliferated on CPC-grafted-RGD was mea-
sured. The constructs were cultured in osteogenic media for
4,7,14, and 21 days (n=>5). Alizarin red S (ARS) staining was
then performed to visualize mineralization.”’ The CPC-
grafted-RGD samples seeded with hUCMSC microbeads
were washed with PBS, fixed with 10% formaldehyde, and
stained with ARS (Millipore, Billerica, MA) for 5 min, which
stained calcium-rich deposits made by the cells into a red
color. An osteogenesis assay kit (Millipore) was used to ex-
tract the stained minerals and measure the Alizarin red
concentration at OD405, following the manufacturer’s in-
structions. CPC samples without hUCMSCs were included
as control. The control samples were cultured in the same
manner for the same periods of time as the samples with
cells. The value from the corresponding control sample was
subtracted from the sample seeded with hUCMSCs to obtain
the net mineral synthesis by the cells. Time periods of up to
21 days were selected because in previous studies a great
increase in calcium content during in vitro cell cultures was
found between 12 and 21 days.”

Measurement of physical and mechanical properties

The pH of the CPC paste was measured for CPC control,
CPC-mixed-Fn, CPC-mixed-RGD, and CPC-grafted-RGD. A
pH meter (Excel XL25; Fisher Scientific) was used, and the
electrode was calibrated with three standard buffer solutions
at pH of 4, 7, and 10, respectively. To avoid CPC setting and
enable pH measurement, the pH of the cement paste was
measured in a slurry with a water:CPC paste mass ratio of
9:1, following a previous study.”® The pH was measured
every 30 min for 48 h. Three slurries were tested for each CPC
(n=3).

Cement setting time was measured using a method de-
scribed in a previous study.*® CPC paste was mixed at a
powder:liquid ratio of 2:1, filled into a mold of 3 x4 x25mm,
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, indicating that the
setting reaction had occurred sufficiently to hold the speci-
men together. The time measured from the powder-liquid
mixing to this point was used as the setting time (1=5).%

To measure porosity, CPC specimens of 3x4x25mm
were incubated at 37°C in distilled water for 24 days, and
then dried in a vacuum oven at 60°C for 24 h. CPC density, d,
was measured using the specimen weight divided by vol-
ume, following a previous s’cudy.39 Since all the CPC speci-
mens contained CN, the specimen was a composite of
hydroxyapatite (HA) and CN. Hence, the pore volume
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fraction was estimated as p=(dya+cn — 4)/dpa+cn, Where
dya+cn is the theoretical density of the fully dense HA-CN
composite.39 The density of fully dense HA is dy,=3.14g/
cm®* CPC contained 15% CN in the liquid, and dya+cn=
2.82g/cm?, as obtained in a previous study.* Therefore, the
measured density d leads to the calculation of the porosity p
(n=5). In addition, specimens of CPC control, CPC-mixed-
Fn, CPC-mixed-RGD, and CPC-grafted-RGD were sputter-
coated with gold and examined in a scanning electron
microscope (SEM; FEI Quanta 200, Hillsboro, OR). Both ex-
ternal surfaces and interior cross sections of CPC specimens
were examined.

CPC control

CPC-mixed-Fn

Live cells, 21 d Live cells, 14 d Live cells, 7 d Live cells, 1 d

Deadcells, 21d

FIG. 2.
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For mechanical testing, CPC bars of 3x4x25mm were
fabricated. A three-point flexural test was used to fracture
the specimens on a Universal Testing Machine (MTS, Eden
Prairie, MN) using a span of 20mm at a crosshead speed of
1mm/min. Flexural strength S=3FL/ (2bh?), where F is the
maximum load on the load-displacement (F-d) curve, L is
span, b is specimen width, and  is thickness. Elastic mod-
ulus E = (F/d) x (L /[4bh®]). Work-of-fracture (toughness) was
the area under the F-d curve divided by the specimen’s
cross-sectional area.*

One-way and two-way analysis of variance were per-
formed to detect significant effects of the variables. Tukey’s

CPC-mixed-RGD CPC-Grafted-RGD

: ..200 pm

Live/dead staining photos of hUCMSC-encapsulating microbeads in the CPC surface (A-T). The scaffold type is

listed on the top of each column: CPC control, CPC-mixed-Fn, CPC-mixed-Arg-Gly-Asp (RGD), and CPC-grafted-RGD. The
culture times are listed on the left side for each row: 1, 7, 14, and 21 days. The first four rows show live cells (stained green).
The last row shows dead cells (red). There were numerous live cells, and few dead cells. Incorporation of Fn and RGD into
CPC increased cell attachment and proliferation. CPC control had the least cells. CPC-grafted-RGD appeared to have the
most cells. Color images available online at www liebertonline.com/tea
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multiple comparison tests were used to compare the data at a
p-value of 0.95.

Results

Figure 1A-D shows the schematic of alginate-fibrin mi-
crobead partially embedded in CPC, illustrating microbead
degradation over time, and cell release onto CPC. Optical
photos of the microbeads are shown in Figure 1E and F, at 1
and 14 days, respectively. Microbeads degraded over time
and cells were released and attached to CPC at 7 days. Cells
inside the microbeads appeared as rounded dots in Figure
1E, while in Figure 1F the released cells had a spreading and
elongated morphology.

The live/dead staining photos are shown in Figure 2. CPC
control had limited amount of live cells. The released cells
did not attach well to CPC, and some cells likely were lost
during media change. CPC-grafted-RGD had the best cell
attachment and the fastest proliferation. There were few
dead cells (stained red), shown in Figure 2 (last row) for 21
days as an example.

Figure 3A and B plots the percentage of live cells and live
cell density, for the hUCMSCs released from the microbeads
and attached on CPC. In Figure 3A, CPC-mixed-Fn and CPC-
mixed-RGD had similar percentages of live cells (p>0.1).
CPC-grafted-RGD had the highest percentage of live cells
(p<0.05). In Figure 3B, the number of live cells per CPC
surface area (mm?) increased with increasing time due to
proliferation. At 21 days, compared with CPC control, the
live cell density was increased ninefold when the RGD was
grafted with CPC.

The RT-PCR results of CPC-grafted-RGD are plotted in
Figure 4A-D for ALP, OC, Coll I, and Runx2 gene expression.
All four markers reached much higher levels than day 1,
indicating successful osteogenic differentiation of the
hUCMSCs released from the microbeads and attached to the
CPC-grafted-RGD scaffold.

Figure 5 shows the mineralization results for hUCMSCs
released from the microbeads and attached to CPC-grafted-
RGD. Disks without cells were immersed as control for the
same time periods, with an example in Figure 5A at 21 days.
In Figure 5B, the disk with cells at 7 days stained red.
However, when the culture time was increased to 14 and 21
days (Fig. 5C and D, respectively), an additional red sub-
stance accumulated on the disks. The red staining became
thicker and denser over time, and the layer of new mineral
matrix synthesized by the cells covered the entire disk at 21
days (Figure 5D). The thick matrix mineralization by the
cells covered not only the top surface, but also the peripheral
areas of the scaffold at 21 days. The mineral concentration
via an osteogenesis assay is plotted in Figure 5E. The mineral
synthesis by the hUCMSCs released from microbeads and
attached to CPC-grafted-RGD was minimal at 4 and 7 days,
but greatly increased at 14 and 21 days (p <0.05).

Figure 6 shows the physical properties of CPC. In Figure
6A, CPC-grafted-RGD had significantly higher pH values
than the other materials (p<0.05). In Figure 6B, all the CPCs
had similar setting times of around 7 min (p>0.1). In Figure
6C and D, the CPC density and porosity were also not af-
fected by the incorporation of Fn and RGD (p>0.1), with a
pore volume fraction of ~52%. Representative SEM images
of CPC-grafted-RGD specimen surfaces are shown in Figure
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FIG. 3. Quantitative cell viability of hUCMSCs released
from the microbeads and attached to CPC. (A) Percentage of
live cells, and (B) live cell density. CPC-grafted-RGD had the
highest percentages of live cells. CPC-grafted-RGD had the
most live cell density per mm?. Each value is the mean of five
measurements, with the error bar showing one standard
deviation (mean+SD; n=5). Color images available online at
www liebertonline.com/tea
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6E and F, at low and high magnifications, respectively. Ar-
rows in Figure 6E indicate pores of sizes of a few tens of
microns. Higher magnification of CPC in Figure 6F revealed
numerous small pores of about one micron to several mi-
crons. SEM examination of other CPCs showed that all CPCs
had similar porous features in the external surfaces and the
interior cross sections.

Figure 7A—-C plots the flexural strength, elastic modulus,
and work-of-fracture (toughness) of CPC composites. Mixing
Fn or RGD into CPC did not decrease the mechanical
properties of CPC, compared with that without bioactive
agents. CPC grafted with RGD had higher mechanical
properties than the other three materials (p <0.05).
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Discussion The fast-degradable microbeads of the present study were

This study showed that (1) hUCMSC-encapsulating algi-
nate-fibrin microbeads in the surface of biofunctionalized
CPC released the cells that attached to CPC and differenti-
ated down the osteogenic lineage and (2) incorporating
biofunctional molecules of RGD and Fn greatly improved the
cell function on CPC. The novel CPC-grafted-RGD construct
had the highest number of live cells, without comprising the
CPC mechanical properties. A literature search indicated that
microbeads of several hundred micrometers in size that
could quickly degrade and release the cells in a few days
were not available. Several studies reported larger fibrin
beads of about 3mm in diameter for cell encapsulation.***!
These beads are not suitable for injection because they are
larger than the needle sizes; for example, needles with gauge
sizes of 10, 12, 14, 16, and 21 have inner diameters of 2.69,
2.16, 1.60, 1.19, and 0.51 mm, respectively. One study re-
ported fibrin microbeads of 50-300pum in diameter pre-
fabricated in hot oil and then seeded with cells on the
surfaces,*? without cell encapsulation inside the microbeads.
Other studies developed alginate beads of 3.6- and 2.2-mm
diameters for cell encapsulation; these beads were not fast
degradable and the previous studies did not report cell re-
lease from these beads.?* Another study fabricated RGD-
modified alginate microbeads of 1mm in diameter, and the
authors did not report bead degradation or cell release.®® In
our previous s’cudy,23 alginate microbeads of 207 um were
developed to encapsulate cells, but the microbeads were not
degradable and no cell release was obtained. Therefore, cell-
encapsulating microbeads that could quickly degrade and
release the cells are unique.

fabricated by adding a small amount of fibrin into the oxi-
dized alginate. Oxidized alginate without fibrin was not fast
degradable. Fibrin is a natural fibrous protein involved in the
clotting of blood, via polymerization from fibrinogen and
thrombin into a mesh structure that can form a hemostatic
clot over a wound site. Previous studies developed fibrin as a
tissue substitute for bone, cartilage, and other tissue regen-
erations.** The alginate-fibrin microbeads of the present
study could be mixed with a CPC paste or a polymer paste
for injection delivery in minimally invasive procedures. The
paste could also be shaped to achieve contours for esthetics
in dental and craniofacial applications. Then, the paste
would harden to form a scaffold to support stresses and
guide tissue regeneration. The scaffold could provide me-
chanical support and a porous volume for cell attachment.
Once the scaffold is set, it is beneficial for the microbeads to
quickly degrade and release the cells inside the scaffold,
while the microbead degradation creates macropores.
Without cell release, the cells inside a hydrogel had contact
inhibition; therefore, the cell proliferation became arrested.®®
As a result, cells encapsulated in the microbeads had shapes
as rounded dots (Fig. 1E) with no proliferation. In contrast,
cells released from the microbeads could attach to the scaf-
fold and proliferate, as shown in Figure 1F and Figure 2. In
preliminary study, alginate microbeads showed no degra-
dation and negligible cell release at 21 days. The oxidized
alginate microbeads showed slight degradation and some
cell release at 21 days. In dramatic contrast, the oxidized
alginate-fibrin microbeads showed significant degradation
and cell release at 7 days. Therefore, adding fibrin to alginate
resulted in fast cell release from the microbeads, likely due to
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FIG. 5. Bone mineral synthesis by hUCMSCs released
from the microbeads and attached to the CPC-grafted-RGD
disks. (A) Disks without cells were immersed as control. (B)
Disk with cells at 7 days. (C) Disk with cells at 14 days. (D)
Disk with cells at 21 days. The red staining became much
thicker and denser over time, and the layer of new mineral
matrix synthesized by the cells covered the entire disk at 21
days. (E) Cell-synthesized mineral concentration was mea-
sured by the osteogenesis assay. Each value is mean+SD;
n=>5. Values with dissimilar letters are significantly differ-
ent (p<0.05). Color images available online at www
liebertonline.com/tea

-

two reasons. First, because fibrin has a porous fibrous
structure, adding fibrin appeared to loosen the alginate
structure, resulting in mechanically weaker microbeads that
were readily degradable.26 Second, fibrin was known to en-
hance cell attachment and proliferation.** Microscopic ex-
amination suggested that the cells inside the alginate-fibrin
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microbeads were spreading and proliferating. This would
increase the internal pressure in the microbeads, thus accel-
erating the breakdown of microbeads. It should be noted that
the present study embedded the microbeads into the CPC
paste surface. The microbeads degraded and released the
cells. The cells attached to the flat CPC surface, which en-
abled live/dead staining and yielded well-focused images.
In clinical applications, the microbeads would be randomly
mixed with the CPC paste, and the cells would be released
within the CPC scaffold. Therefore, the CPC scaffold needs
to have highly interconnected macroporosity to provide fluid
circulation. The CPC scaffolds had a porosity of 52% (Fig.
6D). This was the intrinsic porosity of CPC, due to powder-
liquid mixing that could trap air bubbles, and the water in
the paste creating porosity in the set CPC. Further study
should incorporate porogens and resorbable fibers into CPC
to create interconnected macropores with stem cell release
within the CPC scaffold.

When the hUCMSCs are released from the microbeads, it
is desirable for them to attach to CPC and proliferate.
However, preliminary study showed that the released cell
attachment to CPC was not robust, which is consistent with
previous studies showing poor human stem cell attachment
to CPC.***” Therefore, there was a need to biofunctionalize
CPC. Both Fn and RGD are known to be effective in im-
proving cell attachment. These biofunctional molecules have
been used in polymeric and pre-formed calcium phosphate
scaffolds.>**'” However, to date there has been no report
on incorporating Fn or RGD into injectable CPC paste.

Since RGD peptides (R: arginine; G: glycine; D: aspartic
acid) were found to promote cell adhesion in 1984, nu-
merous materials have been RGD functionalized.>*?* #4952
RGD is the principal integrin-binding domain present in
extracellular matrix proteins, including Fn, vitronectin, fi-
brinogen, osteopontin, and bone sialoprotein. One advantage
of RGD is that its functionality is usually maintained in
biomaterial processing and sterilization steps without pro-
tein denaturation. Another advantage is that the synthesis of
RGD is relatively simple and inexpensive. The third advan-
tage is that RGD can be readily coupled to biomaterial sur-
faces in controlled densities and orientations to enhance and
guide cell function. In vitro studies demonstrated that RGD-
functionalized polymers improved cell attachment, growth,
and biological function.”**>? In vivo investigations showed
the capability of RGD-modified polymers for enhancing
bone healing.”>** In addition, studies reported the Fn en-
richment of scaffolds, including HA, showing better prolif-
eration of osteoblasts, which were higher in the group
enriched with the highest concentration of Fn.??*>>°

In the present study, mixing 0.25 mg of Fn or RGD in each
CPC disk with about 0.9g of CPC paste resulted an Fn or
RGD concentration of ~0.03% by mass. The greatest increase
in live cell density was achieved when the RGD was grafted
to CN, and the CN liquid was then mixed with CPC. In
previous studies, physical adsorption of RGD on the surface
of HA scaffolds was a common method.””® In comparison,
chemically bonding the RGD with the scaffold showed much
better anti-washout capability.****° In fabricating the CPC-
mixed-RGD scaffold, the RGD was first mixed with the CN
liquid. The CN-RGD liquid was then mixed with the CPC
powder, and the paste was hardened. This process provided
mechanical interlocking of RGD molecules in the CPC. While
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FIG. 6. Physical properties of CPC.
(A) pH of CPC paste slurry. The results
shown are the mean of three measure-

ments (n=3). The error bars were
omitted for clarity, and were around
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2% to 5% of the mean values. (B) CPC
setting time. (C) CPC density. (D) CPC
pore volume fraction. For B-D, each
value is mean+SD; n=5. In each plot,
values with the same letters are not
significantly different (p>0.1). (E, F)
Representative SEM images of CPC-
grafted-RGD specimen surfaces. Ar-
rows indicate the pores. All four CPCs
had similar porous features in both the

some RGD in the set CPC may still leach out during culture
media change, this method is expected to retain RGD better
than the method of simply coating RGD onto the external
surface of a pre-fabricated implant. Further, for CPC-grafted-
RGD, by bonding and immobilizing the RGD-sequence-
containing peptides with CN that was then mixed with
CPC, the loss of RGD was minimized. This was likely re-
sponsible for the better cell attachment and higher live cell
density on the CPC-grafted-RGD scaffold, compared with
CPC-mixed-RGD.

The hUCMSCs that migrated out of the microbeads and
attached to CPC-grafted-RGD were differentiated down the
osteogenic lineage. RT-PCR showed that the ALP peaked at 7
days, while OC peaked at a later time of 21 days. ALP is an
enzyme expressed by MSCs during osteogenesis and is a
well-defined marker for their differentiation.'"*>?%¢! At the
early stage of osteogenic differentiation, the ALP is first up-
regulated.*® Then, as the cascade of events for differentiation
continues, other markers—such as Runx2, OC, and Coll I—
become upregulated, while ALP decreased.*® The observa-

external surfaces and the interior cross
sections. SEM, scanning electron
microscope. Color images available
online at www.liebertonline.com/tea

tion that a bone marker expression increased with time,
reached a peak, and then decreased with time is consistent
with previous studies. For example, one study showed that
the ALP peaked at 8 days and then decreased at 16 days.®!
Another study demonstrated that the ALP peaked at 4 days,
and then decreased at 8 days.* In the present study, the ALP
peaked at 7 days and then decreased; Runx2 peaked at 14
days and then decreased. The sequence that certain bone
markers peaked earlier than other markers is also consistent
with previous studies. For example, a study reported that the
OC peaked at 8 days, later than ALP that peaked at 4 days,
indicating that OC was upregulated at a later stage than
ALP.>® This sequence agrees with the present study, where
the ALP peak was earlier than the OC peak. It should be
noted that while there exists a sequence for the osteogenic
differentiation stages, the exact peaking time appeared to
vary with the construct culture conditions. In the present
study, it may have taken a longer time for the hUCMSCs to
express peaking values for the bone markers than previous
studies. This is because the hUCMSCs were encapsulated in
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dissimilar letters are significantly different (p<0.05). Color
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microbeads, and it took time for the microbeads to degrade
and for the cells to attach to the CPC-grafted-RGD scaffold.
In addition, ARS staining revealed a thick layer of mineral
made by cells at 14 and 21 days that covered the CPC-
grafted-RGD disks. Hence, the hUCMSC-CPC-grafted-RGD
construct is promising for bone tissue engineering. Umbilical
cords are inexhaustible and can be collected at a low cost.

ZHOU ET AL.

hUCMSCs can be harvested without the invasive procedure
needed for bone marrow MSCs, and are promising for re-
generative medicine.'****%? Previous studies showed that
hUCMSCs had excellent potential for bone engineer-
ing.?**®% The present study confirmed the potential of
hUCMSCs, and showed that the hUCMSCs released from
fast-degradable microbeads in CPC had excellent prolifera-
tion with osteogenic differentiation and mineral synthesis.

RGD grafting could affect the mechanical properties of
the biomaterial. In a previous study, RGD, YIGSR (Tyr-Ile-
Gly-Ser-Arg), and IKVAV (Ile-Lys-Val-Ala-Val) were con-
jugated with cross-linked poly(ethylene glycol) hydrogels.®*
Grafting with ligands significantly affected the properties of
the hydrogels.* In another report, rheological analysis of
RGD-conjugated CN-pluronic hydrogels showed that the
RGD-conjugated hydrogels had higher storage modulus of
about 100kPa.®® This was a substantial increase, as the
storage moduli of hydrogels without RGD were about
10kPa.%*® These previous results are consistent with the
present study that showed that RGD grafting increased the
mechanical properties of CPC. There has been no report on
adding RGD to CPC, and the reason for the mechanical
property increase needs further investigation. It was no-
ticed that the RGD-functionalized CN solution was signif-
icantly stickier than the other CN solutions in the present
study. The stickier RGD-functionalized CN may have acted
as a good gelling agent to bind the CPC components to-
gether to form a strong scaffold. Figure 6A showed that the
CPC paste using RGD-grafted CN had a higher pH than the
other CPC pastes. Further study is needed to understand
why RGD grafting increases the pH of CPC paste and the
mechanical properties of CPC, and whether pH and me-
chanical properties are related. For CPC-grafted-RGD, the
RGD was covalently bonded to CN, which was then mixed
with CPC. Previous studies showed that the incorporation
of CN shortened the setting time of CPC, avoided CPC
paste washout, and increased the CPC strength.’® The
present study showed that another function of CN was that
it served as a vehicle to incorporate RGD into CPC.
Therefore, RGD grafting with CN-CPC scaffold not only
enhanced cell attachment and proliferation, but also im-
proved the scaffold mechanical properties. Further studies
should investigate how to translate these improvements
into bone regeneration in an animal model.

Conclusions

hUCMSC-encapsulating alginate-fibrin microbeads were
embedded on the surface of novel biofunctionalized CPC,
and the cell release from microbeads and attachment to
CPC were investigated. Biofunctionalized CPCs were de-
veloped that greatly enhanced the attachment of the re-
leased hUCMSCs. The new CPC-grafted-RGD showed the
fastest cell proliferation and highest live cell density, which
was nearly an order of magnitude higher than that of CPC
control without biofunctional molecules. Bone marker ex-
pression of hUCMSCs on CPC-grafted-RGD increased by
10 to 30 fold at 7-21 days, compared with control at day 1.
The released cells on CPC-grafted-RGD synthesized bone
minerals, with a new mineral layer accumulating on the
scaffold. hUCMSC mineralization increased by two orders
of magnitude from 7 to 21 days. This study showed the
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promise for alginate-fibrin microbeads in CPC to fast de-
grade and release the cells, and for CPC-grafted-RGD to
enhance cell function and bone regeneration. For potential
applications, the microbeads could be mixed with the CPC
paste and the paste can be injected or placed into a bone
defect. After setting, the microbeads could quickly degrade
and release the cells throughout CPC scaffold, while creat-
ing macropores to enhance cell migration and tissue in-
growth. Future study needs to investigate the in vivo bone
regeneration via the construct of cell-microbeads and bio-
functionalized CPC in an animal model.
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