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The need for bone tissue engineering has increased as the world population ages. The objectives of this study
were to (1) develop a novel human umbilical cord mesenchymal stem cell (hUCMSC)-encapsulating, fiber-
reinforced injectable calcium phosphate cement (CPCF) scaffold, and (2) investigate the effects of osteogenic
media delivery, preosteodifferentiation, and bone morphogenetic protein-2 (BMP-2) delivery on hUCMSC os-
teodifferentiation inside CPCF for the first time. CPCF was developed using calcium phosphate powders,
chitosan, and absorbable fibers. Four types of hUCMSC-encapsulating constructs were fabricated: control media
in alginate hydrogel microbeads in CPCF; osteogenic media in microbeads; preosteodifferentiation; and
recombinant human BMP-2 (thBMP-2) in microbeads. The hUCMSCs inside CPCF maintained good viability,
successfully differentiated into the osteogenic lineage, and synthesized bone minerals. The preoste-
odifferentiation method yielded high gene expressions of alkaline phosphatase, osteocalcin, collagen, and os-
terix, as well as alkaline phosphatase protein synthesis. The mineralization for the preosteodifferentiation
constructs exceeded those of the thBMP-2 group at 1-7 days, and was slightly lower than the thBMP-2 group at
21 days. Mineralization of the rhBMP-2 group was 12-fold that of the control constructs at 21 days. In conclusion,
although the BMP-2 delivery promoted osteodifferentiation, the preosteodifferentiation method and the oste-
genic media method with hUCMSCs in CPCF were also promising for bone regeneration. hUCMSCs may be an
effective alternative to the gold-standard bone marrow MSCs, which require an invasive procedure to harvest.
The novel injectable stem cell-CPCF construct may be useful in minimally invasive and other orthopedic
surgeries.

Introduction

THE NEED FOR bone repair arises from skeletal diseases,
congenital malformations, trauma, and cancer surgery.
Nearly 7 million people suffer bone fractures each year in the
United States, and musculoskeletal conditions cost $215 bil-
lion annually.'™ Stem cells offer immense potential for tissue
engineering.®” Although human bone marrow mesenchy-
mal stem cells (hBMSCs) are useful,*%* they require an in-
vasive procedure to harvest, and have lower self-renewal
potential with aging. Human umbilical cord MSCs
(hUCMSCs) had multipotent stem cell characteristics and

could differentiate into adipocytes, osteoblasts, chon-
drocytes, neurons, and endothelial cells.'®1¢ Umbilical cords
can provide an inexpensive cell source, without the invasive
procedure of hBMSCs. Studies showed that hUCMSCs be-
haved as primitive MSCs, exhibited a high plasticity and
developmental flexibility,'? and caused no immunorejection
in transplantation in a preliminary animal study."”
Scaffolds serve as a matrix for cell function while main-
taining the volume and supporting the external stresses.
hUCMSCs were cultured with polystyrene,'® polymer scaf-
folds,'® and calcium phosphates.'®”” Calcium phosphate
scaffolds are bioactive, mimic the bone minerals, and can
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bond to bone,*>* in contrast to bioinert implants that can

form undesirable fibrous capsules. However, for preformed
bioceramic scaffolds to fit into 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.> Pre-
formed scaffolds have other drawbacks, including the diffi-
culty in seeding cells deep into the scaffold, and inability for
injection in minimally invasive surgeries.* In contrast, cal-
cium phosphate cements (CPCs) can set in situ to form a
bioactive scaffold that bonds to bone.**™*’ The first CPC was
approved by the Food and Drug Administration in 1996 for
craniofacial repairs.24'28'29 For cell delivery, alginate hydrogel
beads were used to encapsulate cells in CPC to protect the
cells during the CPC mixing and setting reactions.”>* Once
the CPC had set, the beads could then dissolve and release
the cells throughout the CPC scaffold, while concomitantly
creating macroporosity.

Recently, an injectable, hUCMSC-encapsulating CPC
scaffold was developed with mechanical strength matching
that of cancellous bone.>> hUCMSCs were encapsulated into
alginate microbeads. The microbead-CPC paste was readily
injectable through a 10-gauge needle.*®> The hUCMSCs after
the injection had a viability similar to that without injec-
tion.>* The injectable, hUCMSC-encapsulating CPC is
promising for a wide range of load-bearing orthopedic ap-
plications. To enhance cell function, an important approach
is to deliver growth factors such as bone morphogenetic
protein-2 (BMP-2) with the stem cells. Previous studies
showed that BMP-2 enhanced osteogenic differentiation and
bone formation.>**” A second approach is to deliver the
osteogenic media, instead of BMP-2. Osteogenic media with
supplements, including dexamethasone, B-glycerophosphate,
and ascorbic acid, guided stem cells to differentiate down the
osteogenic lineage.'*'**** For delivery with cells in CPC,
the osteogenic media could be used to replace the saline in
forming the alginate microbeads. A third approach is to cul-
ture the hUCMSCs to undergo preosteogenic differentiation
in vitro first, and then incorporate the hUCMSC-microbeads
into the CPC paste. These three approaches have not been
investigated and compared for hUCMSC encapsulation and
delivery via CPC.

Therefore, the objectives of this study were to investigate
the osteogenic differentiation and mineralization of
hUCMSCs encapsulated in the injectable CPC scaffold, and
compare the efficacy of osteogenic media delivery, pre-
osteodifferentiation, and BMP-2 delivery. It was hypothe-
sized that (1) the encapsulated hUCMSCs will undergo
osteogenic differentiation in CPC under all three treatments;
(2) mineralization via encapsulated hUCMSCs in all con-
structs will increase with time; (3) the hUCMSCs via the
osteogenic media method and the preosteodifferentiation
method will match the bone marker gene expressions and
mineralization via the BMP-2 method.

Materials and Methods
Fabrication of CPC composite scaffold

Tetracalcium phosphate (TTCP), Cas(PO,4),0, was syn-
thesized from a solid-state reaction between dicalcium
phosphate anhydrous (DCPA, CaHPO,) and CaCO;. TTCP
was ground to particles of 1-80 pm (median =17 pm). DCPA
was ground to particles of 0.4-3.0um (median=1.0 pm).
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TTCP and DCPA were mixed at 1:3 molar ratio to form the
CPC powder. A biopolymer, chitosan, was used to make the
CPC fas’c—setting.40 Chitosan and its derivatives are natural
biopolymers that are biodegradable and osteoconductive.*'
Chitosan lactate (Vanson) was mixed with water at a chitosan/
(chitosan + water) mass fraction of 15%.%> An absorbable
suture fiber (Vicryl, polyglactin 910; Ethicon) was used due
to its relatively high strength.*® The fiber was cut to a length
of 3 mm so that the CPC-fiber paste was injectable, following
a previous study.*® The materials were sterilized in an eth-
ylene oxide sterilizer (Andersen).*

Encapsulating hUCMSCs in alginate hydrogel beads

The harvest of hUCMSCs was approved by the University
of Kansas. The pregnancy was at least 37 weeks, the birth
weight of the baby was at least 6 pounds, and the cells were
harvested within 24h after the delivery. As described pre-
Viously,m'14 the cords obtained from an obstetrician were
incubated in hyaluronidase (MP Biomedical) and collage-
nase type I (Sigma) for 30 min at 37°C. Then, the vascular
tissue was removed, and the cords were minced and plated
in a modified Dulbecco’s modified Eagle’s medium for
1 week. The cord remnants were removed and the attached
cells were harvested. In a preliminary study, to ensure a
homogeneous population of stem cells, passage-4 cells were
characterized by flow cytometry to analyze specific surface
antigens of MSC lineage, including CD29, CD49e, CD73,
CD90, and CD105. The results confirmed that the hUCMSCs
had a purity of above 95%. For example, the prelimi-
nary study found that 98% of the cells were positive to
CD29. hUCMSCs isolated by the methods used herein have
been demonstrated to go down the osteogenic and chon-
drogenic lineages when stimulated with the appropriate
supplements.'*'®

The use of hUCMSCs was approved by the University of
Maryland. Cells were cultured in a low-glucose Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum and
1% penicillin/streptomycin (Invitrogen) (control media)."
At 80%-90% confluence, hUCMSCs were detached by trypsin
and passaged. Passage-4 hUCMSCs were used for the ex-
periments. The osteogenic media contained the control media
plus 100 nM dexamethasone, 10mM f-glycerophosphate,
0.05mM ascorbic acid, and 10nM 1a,25-dihydroxyvitamin
(‘Sigma).lé’32

Alginate is a natural polysaccharide extracted from
seaweed, is noncytotoxic, and can form a crosslinked gel
under mild conditions.” A 1.2% (mass) sodium alginate
solution was prepared by dissolving alginate (molecular
weight =75,000-220,000 g/mol; ProNova) in saline (155 mM
NaCl).3%3! hUCMSCs were encapsulated at 1 million cells/
mL of alginate solution.®® The alginate—cell solution was
loaded into a syringe that was placed into a syringe pump
and connected to a bead-generating device (Var J1; Nisco),
as described in a recent study.*® This produced microbeads
that gelled in a calcium chloride solution for 5min. These
cell-encapsulating microbeads had a median diameter of
207 pm.>®

CPC constructs to deliver hUCMSCs

The previous study only used saline to prepare the
hUCMSC-encapsulating alginate microbeads.* In the pres-
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ent study, four different types of hUCMSC-encapsulating,
microbead-CPC constructs were fabricated.

Type 1 is referred to as “Control,” in which the microbeads
were made by dissolving alginate in saline.*® The CPC
power, chitosan liquid, and fibers were mixed at a powder to
liquid mass ratio of 2:1 to form a pals’ce,33 which was then
mixed with the hUCMSC-encapsulating microbeads. The
microbead volume/entire specimen volume was 50%.% The
fiber volume fraction in CPC was 20% because a previous
study showed that CPC-microbead with 20% of fibers was
readily injected through a 10-gauge needle, whereas at 25%
fibers the paste was difficult to inject.>* The microbead and
fiber volume fractions were kept the same for all four types
of constructs. The CPC with chitosan and fibers is referred to
as “CPCE.” Each hUCMSC-CPCF construct was set in a well
of 12-well plates at 37°C for 30 min. The construct volume
was ~127 mm?®. Then, 2mL of the control media was added
to each well to submerge the construct. The Type 1 con-
structs received no osteogenic media or BMP-2.

Type 2 is referred to as “Osteogenic media in micro-
beads.” It used the osteogenic media, instead of saline, to
make the alginate solution. The osteogenic media—alginate—
hUCMSC solution was used to make the microbeads. The
purpose for the hUCMSCs in the microbeads filled with the
osteogenic media was to guide the cells for osteogenic
differentiation. If this method would be feasible in this
in vitro study, a future goal would be to deliver hUCMSCs
in CPC filled with the osteogenic media for bone regenera-
tion in an animal model. The hUCMSC-laiden microbeads
were mixed with CPCF and cultured in the control media
without osteogenic supplements, as described for Type 1.
The osteogenic differentiation of hUCMSCs for Type 2
would be caused only by the osteogenic media used to
fabricate the microbeads.

Type 3 was designated as “pre-osteodifferentiation.”
hUCMSCs were encapsulated in microbeads, as for Type 1.
The microbeads were first cultured in the osteogenic media
for 7 days, and then incorporated into CPCF. The constructs
were then cultured in the control media without osteogenic
supplements. The purpose was to investigate if the pre-
osteodifferentiation treatment was sufficient for the
hUCMSCs to continue to differentiate and synthesize bone
minerals while being encapsulated in CPCF.

Type 4 is referred to as “BMP-2 in microbeads.” Re-
combinant human BMP-2 (thBMP-2) (PeproTech), expressed
in Escherichia coli and with a molecular mass of 26 kDa, was
used. rhBMP-2 was added to the alginate—saline solution and
the microbeads were allowed to gel in the calcium chloride
bath for 5min. Once removed from the calcium chloride
bath, the microbeads were mixed with the CPCF paste, and
the cell culture experiment was started within 1h from the
alginate gelation. The thBMP-2 concentration was 5pg for
each construct in each well, with the construct volume
being ~127 mm® (9 mm diameter and 2 mm thickness). This
rhBMP-2 concentration is within the range of those used
in previous studies, for example, 5ug in an implant with
volume =75mm>* and 5pg in an implant volume of
135 mm?®.*> The constructs were cultured in the control media
without osteogenic supplements, so that the rhBMP-2 in the
microbeads would be responsible for the osteogenic differ-
entiation of the hUCMSCs, as determined in the experiments
below.
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Viability of encapsulated hUCMSCs

Each construct described above was cultured in the con-
trol media without osteogenic supplements. The medium
was changed every 2 days. After 1,7, and 14 days, the CPCF
constructs were carefully broken and the cell-encapsulating
microbeads were harvested, following previous studies.’>*
Cells were live/dead stained (Invitrogen) and viewed by
epifluorescence microscopy (TE2000S; Nikon). Three ran-
domly chosen fields of view were photographed for each
sample. Five samples (1 =5) yielded 15 photos for each type
of construct at each time point. The percentage of live cells
was P =Niive/ (NLive + Npeaq), where N ;ye =number of live
cells, and Npe,q =number of dead cells.*® In addition, the
live cell density, D, was calculated: D =N,/ A, where A is
the area of the view field in which Ni;,. was measured.

Quantitative real-time reverse transcription
polymerase chain reaction measurement
of osteogenic differentiation

Quantitative real-time reverse transcription polymerase
chain reaction (RT-PCR, 7900HT; Applied Biosystems) was
used. Each type of construct was cultured for 1, 7, and 14
days. The total cellular RNA of the cells was extracted with
TRIzol reagent (Invitrogen) and reverse-transcribed into
cDNA using a High-Capacity cDNA Archive kit. TagMan
gene expression assay kits, including two predesigned spe-
cific primers and probes, were used to measure the tran-
scription levels of the proposed genes on human alkaline
phosphatase (ALP, Hs00758162_m1), osteocalcin (OC,
Hs00609452_g1), collagen type I (Hs00164004), osterix
(Hs00541729), and glyceraldehyde 3-phosphate dehydroge-
nase (Hs99999905). Relative expression for each target gene
was evaluated using the 2~ **<" method.*” Ct values of target
genes were normalized by the Ct of the TagMan human
housekeeping gene glyceraldehyde 3-phosphate dehydro-
genase to obtain the ACt values. The Ct of hUCMSCs cul-
tured on tissue culture polystyrene in the control media for
1 day served as the calibrator.?>*

Colorimetric assay of ALP activity

To measure the hUCMSC synthesis of the ALP protein, the
cell-encapsulating microbeads from CPCF were dissolved by
55mM sodium citrate tribasic solution (Sigma). A colori-
metric p-nitrophenyl phosphate (pNPP) assay (Stanbio) was
used to measure the ALP activity. A microplate reader (M5
SpectraMax; Molecular Devices) was used and the ALP was
normalized by the DNA content.”>** DNA was quantified
using the Quant-iT PicoGreen Kit (Invitrogen) following
standard protocols.***®

Staining of mineral synthesis
by the encapsulated hUCMSCs

Mineralization via the hUCMSCs was investigated at 1, 7,
14, and 21 days, since previous in vitro studies found a sig-
nificant increase in calcium content from 12 to 21 days.*
Xylenol orange, a fluorescent probe that chelates to calcium
and stains the mineral red, was used. Xylenol orange is not
harmful to cells; hence, staining can be performed on live
cells.*” Xylenol orange (Sigma) was dissolved in water to
make a 5 mM solution. Minerals synthesized by hUCMSCs in
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the microbeads harvested from the constructs were stained
and examined using phase-contrast and fluorescence images.
Three photos per specimen, with n =15, yielded 15 photos for
each type of construct at each time point. Following a pre-
vious study,*” the mineral area percentage was calculated as
Antineral/ ATotal, Where Apfineral 18 the area of mineralization
(red fluorescence), and Ao, is the total area of the field of
view of the image.

Statistical analysis

One-way and two-way analyses of variance were performed
to detect significant (oo = 0.05) effects of the variables. Tukey’s
multiple comparison procedures were used to group and rank
the measured values, and Dunn’s multiple comparison tests
were used on data with non-normal distribution or unequal
variance, both at a family confidence coefficient of 0.95.

FIG.1. Live/dead staining
of encapsulated human
umbilical cord mesenchy-
mal stem cells (hUCMSCs).
(A, B) Live cells encapsu-
lated in the control construct
at 1 and 14 days, (C) live
cells for the osteogenic
media group at 14 days,
(D) live cells for the
preosteodifferentiation
group at 14 days, (E) live
cells for the recombinant
human bone morphogenetic
protein-2 (rhBMP-2) group
at 14 days, and (F) dead
cells for the thBMP-2 group
at 14 days. Live cells were
stained green and were
numerous in all constructs.
Dead cells were stained red
and were relatively few in
all constructs. Color images
available online at www
liebertonline.com/tea.

Osteogenicmedia in
microbeads;14d *
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Results
Viability of encapsulated hUCMSCs

The live/dead staining photos of the encapsulated
hUCMSCs are shown in Figure 1. Live cells were stained
green and were numerous for all constructs. Dead cells were
stained red and were relatively few in all constructs, indi-
cating a good viability for the encapsulated hUCMSCs. Vi-
sual examination indicated that the live cell densities were
similar for the different types of constructs. Figure 2 shows
the quantitative cell viability results. The percentages of live
cells for all four types of hUCMSC-encapsulating constructs
at different time periods were not significantly different from
each other (p >0.1). This indicates that there was no signif-
icant decrease in the number of live cells, and no significant
increase in the number of dead cells over time. The live

+* 4 *BMP-2in microbeads, 14 d:

.,

BMP-2in microbeads, 14 d
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FIG. 2. Viability of the encapsulated hUCMSCs. (A) Per-
centage of live cells, and (B) live cell density. Each value is
the mean of five measurements with the error bar showing
one standard deviation (mean +SD; n=15). Constructs fab-
ricated with osteogenic media, preosteodifferentiation, and
rhBMP-2 incorporation all had good percentages of live cells
and cell density, similar to the control construct (p>0.1).
Color images available online at www liebertonline.com/tea.

cell density was also similar among the different groups
(p>0.1).

Osteogenic differentiation of encapsulated hUCMSCs

The ALP, OC, collagen I, and osterix gene expressions
measured by RT-PCR are plotted in Figure 3. In Figure 3A,
the ALP gene expression for the control hUCMSCs (Type 1)
was low from 1 to 14 days. For hUCMSCs in osteogenic
media in microbeads in CPCF (Type 2), the ALP was low at 1
day, but increased greatly at 7 days, and then decreases at 14
days (p<0.05). For the preosteodifferentiated hUCMSCs
(Type 3), the ALP showed a high peak at 1 day, because
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these cells were precultured in osteogenic media for 7 days
before encapsulation. The rhBMP-2 containing constructs
(Type 4) showed a peak in ALP expression similar to that of
Type 2.

In Figure 3B-D, the OC, collagen I, and osterix expressions
showed similar trends as ALP. The osteogenic media group
and the thBMP-2 group showed high expressions at 7 days,
whereas the preosteodifferentiation group showed a high
peak at 1 day. The ALP peak values were not significantly
different among the three groups (p > 0.1). The OC, collagen,
and osterix peaks were higher for the preosteodifferentiation
group than the other groups (p <0.05).

The ALP activity via the pNPP assay is plotted in Figure 4.
The control showed low ALP from 1 to 14 days. hUCMSCs of
the osteogenic media group had a large increase in ALP at 7
days, then a further increase at 14 days (p <0.05). For the
preosteodifferentiated group, the ALP activity was relatively
high at 1 day, further increased at 7 days, then decreased at
14 days. The thBMP-2 group had an ALP activity that was
the highest at 14 days, similar to the osteogenic media group.

Mineral synthesis by the encapsulated hUCMSCs

Typical mineral staining photos of the encapsulated
hUCMSCs are shown in Figure 5. Minerals emitted red
fluorescence when stained with xylenol orange. The control
had little mineral staining from 1 to 21 days. For the osteo-
genic media group, mineral staining was minimal at 1 day,
similar to the control. The mineral staining at 1 day was more
for the preosteodifferentiation group and the rhBMP-2
group. For the osteogenic media group, the preosteo-
differentiation group, and the rhBMP-2 group, mineral
staining increased from 1 to 21 days.

The mineral area percentage is plotted in Figure 6. Except
for the control, all other constructs had a significant increase
in mineralization area with time. At 1-7 days, the pre-
osteodifferentiation group had the most minerals, followed
by the rhBMP-2 group. At 14 days, the rhBMP-2 group
matched the preosteodifferentiation group, and at 21-day
exceeded the preosteodifferentiation group (p <0.05). The
values were significantly different from each other at 21 days
(p<0.05). The preosteodifferentiation group had more
mineral than the osteogenic media group from 1 to 21 days
(p<0.01). At 21 days, the rhBMP-2 group had mineraliza-
tion that was 12-fold that of the control group, and nearly
twice that of the osteogenic media group.

Discussion

The present study investigated the osteogenic differentia-
tion and mineralization of encapsulated hUCMSCs, and
compared the osteogenic media in microbeads, pre-
osteodifferentiation, and rhBMP-2 in microbeads in CPCF for
the first time. While the use of hUCMSCs for tissue regen-
eration is still in its early stage, as a future strategy, both
autologous hUCMSCs and hUCMSCs from a donor have the
potential. For autologous applications, the future could hold
great promise for those who have stored their cords at birth.
For allogenic uses, tissue typing as is done with organ
transplant could likely be performed when hUCMSC banks
become more common in the future. In a previous study,
CPCF with 50% hUCMSC-encapsulating microbeads and
20% fibers was able to be injected through a 10-gauge needle,
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FIG. 3. Osteogenic gene expressions measured by real-time reverse transcription polymerase chain reaction. (A) Alkaline
phosphatase (ALP), (B) osteocalcin (OC), (C) collagen type I, and (D) osterix gene expressions. Each value is mean + SD;
n=>5. hUCMSCs had high expressions of all four markers. The osteogenic media group and rhBMP-2 group peaked at 7 days.
The preosteodifferentition group peaked at 1 day, because the cells were precultured in osteogenic media for 7 days before
incorporation into fiber-reinforced injectable calcium phosphate cement (CPCF). The encapsulated hUCMSCs in constructs
with osteogenic media, preosteodifferentiation, and thBMP-2 incorporation all successfully differentiated into the osteogenic
lineage. Color images available online at www .liebertonline.com/tea.

without compromising hUCMSC viability.> Injectable scaf-
folds for cell delivery are advantageous because they can
shorten the surgical time and minimize the damaging effect
of large muscle retraction, thereby reduce postoperative pain
and scar size. They may also achieve rapid recovery and
reduce cost.* Novel injectable hydrogel and polymer carri-
ers developed in previous studies were important for cell
delivery4'50; however, they cannot be used in load-bearing
repairs. For example, it was concluded that hydrogels do not
possess the mechanical strength to be used in load-bearing
applications.” Mechanical properties are important for the
regeneration of load-bearing tissues such as bone, to with-
stand stresses to avoid scaffold fracture, and to maintain the
structure to define the shape of the regenerated tissue. The
previous injectable polymeric and hydrogel carriers for cell

delivery had strengths of 0.1-0.7MPa.”> The injectable
hUCMSC-CPC construct containing 50% by volume of algi-
nate hydrogel microbeads and 20% fibers had a flexural
strength of (4.0+0.8) MPa. Although it was lower than the
(10.6 +=1.9) MPa for the CPC with 20% fibers without the
microbeads, it matched the reported tensile strength of
3.5MPa for cancellous bone.®® Literature search indicated
that this was the first injectable stem cell-encapsulating
construct that matched the strength of cancellous bone.®
The present study investigated the hUCMSC delivery
via CPCF using three fabrication methods: osteogenic media
in the hUCMSC-microbeads; preosteodifferentiation of
hUCMSC-microbeads; and rhBMP-2 incorporation in the
hUCMSC-microbeads. The microbeads were mixed with
CPCF and cultured in the control media, without osteogenic
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FIG. 4. ALP activity measured by the colorimetric p-
nitrophenyl phosphate (pNPP) assay. Each value is mean +
SD; n=5. The ALP activity was increased by 30-40-fold
compared to the control cells, indicating osteogenic differen-
tiation of the encapsulated hUCMSCs in constructs with
osteogenic media, preosteodifferentiation, and rhBMP-2 in-
corporation. Note that after cell encapsulation in alginate
microbeads in CPCF, all the constructs were cultured in the
control media without the addition of osteogenic supplements.
Color images available online at www liebertonline.com/tea.

supplements. Therefore, the subsequent osteogenic differen-
tiation and mineralization of the encapsulated hUCMSCs
would be related to these three fabrication methods, and not
due to further external osteogenic stimulation. The following
is the rationale for this design. During in vitro culture, the
hUCMSC construct can be immersed in osteogenic media to
induce osteogenic differentiation. However, when delivering
the hUCMSC construct for bone regeneration, the construct
will not be immersed in osteogenic media in vivo all the time.
It may not absorb sufficient growth factors from the neigh-
boring tissues, due to the age of the patient or local in-
flammation. Therefore, it would be important for the
cell-encapsulating construct to be able to have osteogenic
differentiation and synthesize the bone matrix on its own,
even in the absence of an external infusion of osteogenic
factors. The present study showed that all three fabrication
methods yielded hUCMSC constructs that successfully os-
teodifferentiated and synthesized bone minerals, while being
cultured in the control media without further osteogenic
supplements. In contrast, the control constructs had minimal
expression of bone markers and made little mineral. These
results indicate that all three fabrication methods for the
hUCMSC-CPCF constructs may be feasible to promote bone
regeneration in vivo, and warrant further animal study.

The hUCMSCs encapsulated in the CPCF constructs
maintained their viability. A previous study showed that
without the encapsulation in the hydrogel microbead carrier,
cells in direct contact with freshly mixed CPC paste died.*'
Although that study used MC3T3-E1 mouse osteoblasts and
not human MSCs (hMSCs), it demonstrated the need to use
hydrogel encapsulation to protect the cells. The present
study used hydrogel microbead encapsulation and achieved
a good cell viability, yielding the percentage of live cells of
being around 70%-80%, which is consistent with previous
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studies on cell encapsulation in hydrogels.””* Although the
encapsulated hUCMSCs were alive, they did not proliferate
from 1 to 14 days, as indicated by cell counting in Figure 2B.
This is also consistent with previous studies.”**> The MSCs
are anchorage-dependent and need a bioactive surface to
attach and spreacl.54 In previous studies, investigators
modified the hydrogels with RGD peptides to promote cell
attachment and function.>**>°° However, whether the gel
was inert or bioactive, there was evidence that the hMSCs
did not proliferate while being encapsulated, although they
did attach and spread in bioactive gels. This is likely because
that the cells were packed in the gel and were contact-
inhibited; hence, the proliferation became arrested.”® The
alginate hydrogel of the present study was not modified with
RGD peptides because the purpose of using the alginate
microbeads was to protect the hUCMSCs from the CPC paste
mixing force and setting reaction. Once the CPC has set in a
day, it is biocompatible and supports hUCMSC attachment
and viability.33 Therefore, it would be desirable for the mi-
crobeads in the CPC to dissolve away in a few days and
release the cells in CPC, while concomitantly creating mac-
ropores in CPC. Since the eventual goal was for the alginate
microbeads to degrade in several days, peptide modification
of the alginate was not attempted in the present study. The
alginate hydrogel microbeads of the present study were not
degradable, to facilitate the harvest of the microbeads with
hUCMSCs for analysis. Once the method of osteodiffer-
entiation is established through this study, a future study
should develop degradable alginate microbead-CPCF con-
struct, and investigate bead degradation and hUCMSC re-
lease and function in CPCF.

The methods of guiding the MSCs for osteogenic differ-
entiation include the use of growth factors such as BMP-2
and other agents.>*”***” For example, the combined deliv-
ery of angiogenic and osteogenic factors enhanced MSC
osteodifferentiation and bone regeneration in animal mod-
els.***” Other in vitro studies showed that osteogenic media
containing dexamethasone, B-glycerophosphate, and ascor-
bic acid reliably guided MSCs to differentiate into the oste-
ogenic lineage.'*'®*® For example, dexamethasone was
shown to be an effective factor leading to the osteodiffer-
entiation of hMSCs.* Although several meritorious studies
examined growth factor delivery via CPCs to enhance bone
regeneration,”***>° they did not investigate stem cell
encapsulation and delivery via CPCs.

In the present study, osteogenic media delivery (Type 2),
preosteodifferentiation (Type 3), and rhBMP-2 delivery
(Type 4) all succeeded in hUCMSC differentiation and min-
eralization, while being encapsulated in CPCF in control
media. For the thBMP-2 containing constructs, because the
hUCMSCs and the rhBMP-2 were encapsulated in the same
alginate microbeads, the cells were exposed to the thBMP-2
in the microbeads. Hence, it would be preferable for the
rhBMP-2 to stay in the constructs to have an effect on the
cells, rather than being released away from the construct. A
preliminary experiment used an enzyme-linked immuno-
sorbent assay and measured the thBMP-2 release from the
CPC-microbead construct. The cumulative percentage of
rhBMP-2 release (mass of released rhBMP-2/mass of rhBMP-
2 incorporated into the construct) was (2.3 +£1.0)% at 1 day,
(7.54+0.9)% at 10 days, and (8.8 +3.0)% at 20 days. There-
fore, the majority of rhBMP-2 was retained in the construct
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FIG.5. Xylenol orange staining photos of mineralization via the encapsulated hUCMSCs. (A) The control, (B) the osteogenic
media group, (C) the preosteodifferentiation group, and (D) the thBMP-2 group, each cultured for 1-21 days. There was little
mineral staining from 1 to 21 days for the control. For the osteogenic media group, preosteodifferentiation group, and rhBMP-2
group, mineral staining increased significantly from 1 to 21 days. Color images available online at www liebertonline.com/tea.

where the hUCMSCs were encapsulated. This is consistent
with the hUCMSCs in the rhBMP-2 group showing suc-
cessful osteogenic differentiation. Two other points should
be discussed here. First, the osteogenic media group and
the thBMP-2 group showed peaks in ALP, OC, collagen I,
and osterix at 7 days, whereas the markers for the pre-
osteodifferentiation group peaked at 1 day. This is likely
because for the preosteodifferentiation group, the encapsu-
lated hUCMSCs in the microbeads were precultured in the
osteogenic media for 7 days before being incorporated into
CPC. The second point is that the ALP activity in Figure 4
peaked at a later time that the ALP gene expression peak in
Figure 3A. ALP is an enzyme expressed by MSCs during
osteogenesis and is a well-defined marker for their differ-
entiation.”>?> During osteogenic differentiation for the MSCs,
the genetic expression of ALP is first upregulated at the early
stage of differentiation. This upregulation sets off a cascade
of events that then lead to the production of the ALP protein.
The ALP gene expression was measured by the RT-PCR
method. The latter event, that is, the synthesis of ALP pro-

tein, was measured by the pNPP assay. Therefore, the ALP
gene expression increased at 7 days, whereas the ALP ac-
tivity increased at 14 days for the osteogenic media group
and the rhBMP-2 group. The ALP activity for the pre-
osteodifferentiation group peaked at 7 days, which plus the
7 days of preculture in the osteogenic media, was also equal
to 14 days. This is consistent with previous studies which
showed that the ALP activity peaked at 14 days.*

The mineralization was higher for the preosteo-
differentiation group at 1-7 days. However, it was matched
at 14 days, and surpassed at 21 days, by the thBMP-2 group.
BMP-2 was a potent osteogenic factor.>**” The Food and
Drug Administration approved the use of rhBMP-2 in 2002
and the creation of a Humanitarian Device Exemption for
rhBMP-7 in 2004, and thus began the era of rhBMPs for use
in spine fusion.”” In the present study, the thBMP-2 group
had the highest mineralization at 21 days than all other
groups. Animal study is needed to examine if this translates
into more bone regeneration via th-BMP-2 delivery with the
hUCMSC-CPCF construct. Perhaps a drawback of thBMPs is
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FIG. 6. Percentage of the stained mineral area via encap-
sulated hUCMSCs. Except for the control, all other constructs
had a significant increase in mineral area percentage with
time. Each value is mean +SD; n=>5. After the hUCMSCs
were encapsulated in alginate microbeads in CPCF, they
were cultured in the control media without osteogenic sup-
plements. Hence the mineralization was due to the osteo-
genic media in the microbeads, the preosteodifferentiation
treatment, or the rhBMP-2 in the microbeads, when the
hUCMSCs were encapsulated. Color images available online
at www liebertonline.com/tea.

the cost, currently at about $1300 for 100 ug of rhBMP-2. In
contrast, the cost of osteogenic supplements to make the
osteogenic media for cell culture was about $4.50 per 500 mL
of the osteogenic media. Indeed it was stated that “Given the
limited access (with only two companies producing ap-
proved BMPs) as well as their relatively high cost, there has
been renewed interest in promoting less expensive and po-
tentially unvalidated alternative bone-graft substitutes.”””
This is consistent with another study that also cited “the high
production cost of BMP” as a major obstacle to its commer-
cialization for clinical applications.”® The present study
showed that the preosteodifferentiation method and the
osteogenic media delivery with hUCMSCs in microbeads in
CPCF yielded high gene expressions for ALP, OC, collagen I,
and osterix, as well as ALP protein synthesis. Further,
the hUCMSC mineralization via the preosteodifferentiation
method exceeded those of the rhBMP-2 group at 1 and
7 days, and was only slightly lower than the thBMP-2 group
at 21 days. Therefore, the preosteodifferentiation method and
the osteogenic media delivery with hUCMSCs in microbeads
in CPCF, which did not use rhBMP-2, warrant further in-
vestigation to compare with the thBMP-2 method for bone
regeneration in animal models.

Conclusions

The present study investigated hUCMSC delivery via
novel injectable calcium phosphate-fiber (CPCF) scaffolds for
bone engineering. The effects on osteodifferentiation and
mineralization via osteogenic media delivery, preosteo-
differentiation, and rhBMP-2 delivery in microbeads in CPCF
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were determined for the first time. All three methods yielded
hUCMSC constructs that underwent osteogenic differentia-
tion and synthesized bone minerals, while being cultured in
control media without osteogenic supplements. The pre-
osteodifferentiation method yielded high expressions for
ALP, OC, collagen I, and osterix, as well as ALP protein
synthesis. Mineralization for the preosteodifferentiation con-
structs exceeded those of the rhBMP-2 group at 1 and 7 days,
whereas the rhBMP-2 group had the highest mineralization at
21 days. These results indicate that all three fabrication
methods for the hUCMSC-CPCF constructs may promote
bone regeneration in vivo, and warrant further animal study.
The osteogenic media delivery and the preosteodifferentiation
method with hUCMSCs in microbeads may be promising al-
ternatives to the use of thBMP-2 in delivering stem cells in
CPCF. These results support the use of hUCMSCs as a low-
cost alternative to the gold-standard hBMSCs, which require
an invasive procedure to harvest. The injectable, stem cell-
encapsulating CPCF scaffold may be useful in minimally in-
vasive and other orthopedic and craniofacial applications.
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