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Abstract
Fibrous scaffolds are promising for tissue engineering because of the high surface area and fibrous
features mimicking the extracellular matrix in vivo. Calcium phosphate cements (CPCs) can be
injected and self-set in the bone defect. A literature search revealed no report on stem cell seeding
on CPC containing electrospun submicron fibers. The objective of this study was to investigate the
effects of electrospun fibers in CPC on mechanical properties and human umbilical cord
mesenchymal stem cell (hUCMSC) proliferation, osteogenic differentiation and mineralization for
the first time. Poly(D,L-lactide-co-glycolide) (PLGA) fibers were made via an electrospinning
technique to yield an average fiber diameter of 650 nm. The fibers were incorporated into CPC
consisting of tetracalcium phosphate, dicalcium phosphate anhydrous and chitosan lactate. Fiber
volume fractions were 0%, 2.5%, 5% and 10%. CPC with 10% fibers had a flexural strength that
was twice, and work-of-fracture (toughness) an order of magnitude, those of CPC without fibers.
hUCMSCs proliferated rapidly and synthesized bone minerals while attaching to the electrospun
fiber-CPC scaffolds. Alkaline phosphatase, osteocalcin, and collagen I expressions of hUCMSCs
were doubled, while mineralization was increased by 40%, when fiber volume fraction in CPC
was increased from 0% to 10%. The enhanced cell function was attributed to the high surface area
and biomimetic features of the fiber-CPC scaffold. In conclusion, incorporating submicron fibers
into CPC greatly improved the strength and toughness of CPC. Creating submicron fibrous
features in CPC was a useful method for enhancing the osteogenic differentiation and
mineralization of stem cells. The novel electrospun fiber-CPC-hUCMSC construct is promising
for stem cell delivery and bone tissue engineering.
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1. Introduction
The need for bone repair has increased as the population ages [1,2]. Seven million people
suffered bone fractures in 1998 in the U. S. [3,4]. In 1995, musculoskeletal conditions cost
the U. S. $215 billion [3]. These numbers are increasing rapidly as the life expectancy
increases [1]. Indeed, fractures in the elderly saw a marked increase in frequency and
severity [5]. Tissue engineering has the potential to meet this critical need [6-8]. Stem cell-
based therapies are being actively investigated [9-13]. Human bone marrow mesenchymal
stem cells (hBMSCs) have potential for bone regeneration. However, their harvest involves
an invasive procedure, and their proliferation and differentiation decrease due to aging
[14-16] and diseases such as osteoporosis and arthritis [17,18]. Human umbilical cord
mesenchymal stem cells (hUCMSCs) are more primitive than hBMSCs. Umbilical cords are
inexhaustible and can be collected at a low cost [19-22]. hUCMSCs were able to
differentiate into adipocytes, osteoblasts, chondrocytes, neurons, and endothelial cells
[19-26]. They exhibited a high degree of plasticity and developmental flexibility [21],
caused no immunorejection and were not tumorigenic in pilot animal studies [21,22].
hUCMSCs were recently combined with calcium phosphate cement scaffolds for bone tissue
engineering applications [27,28].

Electrospun fiber scaffolds have been shown to promote cell proliferation, differentiation,
and mineral synthesis [29-34]. Fibrous scaffolds mimic the topology present in vivo, where
cells reside in an extracellular matrix (ECM) composed of collagen fibers and nanoglobules
[35-37]. As a result, scaffolds with nanoscale or submicron features were shown to
significantly enhance cell function in vitro and tissue regeneration in vivo [38,39]. In
addition, incorporation of calcium phosphate minerals to the polymer fibers yielded
biomimetic scaffolds. For example, the incorporation of hydroxyapatite nanoparticles into
chitosan nanofibrous scaffolds led to more bone formation compared to that of pure chitosan
scaffolds [40].

Besides polymeric fibers, another important class of scaffolds for bone repair is calcium
phosphate (CaP) bioceramics, with similarity to bone minerals hence good biocompatibility
[41-44]. CaP implants are bioactive and can provide an ideal environment for cellular
reaction and colonization by osteoblasts in vivo, leading to a bone-implant bonding with a
functional interface [41-44]. Among CaP materials, calcium phosphate cements are highly
promising because they are injectable and can self-set in situ to provide intimate adaptation
to complex-shaped defects [45-50]. The first calcium phosphate cement (CPC) was
developed in 1986 [45] and was approved in 1996 by the Food and Drug Administration
(FDA) for repairing craniofacial defects in humans [47]. However, due to its brittleness and
low strength, CPC is “limited to the reconstruction of non-stress-bearing bone” [46,47].

It would be highly desirable to combine electrospun fibers with CPC for the best of both
worlds: The paste injectability, bioactivity and mechanical stiffness from CPC; and the high
surface area for cell attachment and fiber reinforcement from the electrospun fibers. While a
pile of fibers is soft and not load-bearing, once incorporated into a cement like CPC and the
paste is hardened, the electrospun fibers have the potential to toughen the otherwise brittle
CPC for load-bearing bone repairs. In previous studied, Vicryl suture fibers (polyglactin
910), which were poly(D,L-lactide-co-glycolide) (PLGA) fibers, were incorporated into CPC
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[51-53]. These suture fiber bundles had diameters of 322 μm [52] and 198 μm [53], which
were braided by single fibers of a diameter of 14 μm [53]. These fibers were much larger
than the submicron fibers from electropspining techniques. A literature search revealed only
one paper on the incorporation of electrospun fibers into CPC [54]. That study used poly(ε-
caprolactone) (PCL) and poly(L-lactic acid) (PLLA) fibers which significantly increased the
work-of-fracture and porosity of CPC. Cell seeding was not reported in that previous study.
Therefore, the effect of incorporating electrospun submicron fibers into CPC on the stem
cell proliferation and differentiation has not been reported.

Accordingly, the objective of this study was to incorporate electrospun submicron fibers into
CPC and investigate hUCMSC seeding on fiber-CPC constructs for the first time. It was
hypothesized that increasing the electrospun fiber volume fraction in CPC would (1)
increase the load-bearing capability of the CPC scaffold; and (2) enhance the hUCMSC
proliferation, osteogenic differentiation, and bone mineral synthesis on CPC.

2. Materials and methods
2.1. Development of electrospun fiber-CPC composite scaffolds

The CPC powder consisted of an mixture of tetracalcium phosphate (TTCP: Ca4[PO4]2O)
and dicalcium phosphate anhydrous (DCPA: CaHPO4). TTCP was synthesized using
equimolar amounts of DCPA and calcium carbonate (J.T. Baker, Philipsburg, NJ). The
reactant was ground to obtain TTCP particles of 1 to 80 μm, with a median of 17 μm. DCPA
was ground to obtain a median particle size of 1 μm. TTCP and DCPA powders were mixed
at a molar ratio of 1:1 to form the CPC powder. Chitosan lactate (VANSON, Redmond,
WA) was mixed with water at a chitosan/(chitosan + water) mass fraction of 15% to form
the CPC liquid. The incorporation of chitosan into CPC could not only impart fast-setting
and washout resistance to the CPC paste, but also improve the mechanical properties of CPC
[49,55]. All the scaffolds in the present study were made using the chitosan liquid.

Submicron fibers of poly(D,L-lactide-co-glycolide) (PLGA) at a poly(lactic acid) (PLA) to
poly(glycolic acid) (PGA) ratio of 50:50 were electrospun into a non-woven mat, based on
parameters from previous studies [56,57]. Briefly, a 10% by weight polymer solution of
PLGA (inherent viscosity = 0.8-1.2; PolySciences, Warrington, PA) was prepared in a
binary mixture of (1:3) dimethylformamide (DMF) and dichloromethane (DCM) (Sigma-
Aldrich) and allowed to dissolve for 24 h with constant stirring. The solution was placed
into a 10 mL syringe fitted with a 21-gauge needle. The syringe was fixed vertically into a
syringe pump 12.5 cm from an aluminum collecting plate. A voltage of 13 kV was applied
using a high voltage power supply (Gamma High Voltage, Ormond Beach, FL), with the
electric field existing between the aluminum collecting plate (cathode) and the needle tip
(anode). The polymer solution was pumped from the syringe at a flow rate of 0.6 mL/h and a
non-woven mat was formed on the collection plate. The fiber mat was cut into 3 mm × 3
mm squares using a sharp razor blade and a ruler, because a previous study showed that 3-
mm fibers mixed in the CPC paste was injectable through a 10-gauge needle [28]. In
addition, another previous study also cut the electrospun fibers into 3-mm dimensions for
use in calcium phosphate cement [54]. The CPC powder and chitosan liquid was mixed at a
mass ratio of 2:1. Then the fibers were mixed with CPC-chitosan paste to form a cohesive
paste. For each specimen, the mixing was done with a spatula on a flat glass slab. The fibers
were randomly mixed with the CPC paste for approximately half a minute, and then the
paste was placed into a stainless steel mold of 3 × 4 × 25 mm, following previous studies
[49,51,52]. The following fiber volume fractions (fiber volume/specimen volume) were
tested: 0%, 2.5%, 5%, and 10%. Fiber volume fractions larger than 10% were not used as
the paste was not flowable for injection applications. The specimens were incubated in a
humidor at 37 °C for four hours. While the initial setting of CPC-chitosan took about 7
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minutes [49], the 4-hour incubation was done for the CPC to develop sufficient strength to
withstand the forces needed to push the specimen out of the mold. The specimens were
demolded and immersed in a simulated physiological solution (1.15 mmol/L Ca, 1.2 mmol/L
P, 133 mmol/L NaCl, 50 mmol/L HEPES, buffered to a pH of 7.4) for 20 hours prior to
mechanical testing.

The electrospun fibers and scaffolds were sputter coated with gold and examined in a
scanning electron microscope (SEM, FEI Quanta 200, Hillsboro, OR). The fiber diameters
were measured, and the fiber distribution in CPC and bonding with CPC were examined.

2.2. Mechanical testing
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 [28]. Flexural strength, S = 3FmaxL/(2bd2), where Fmax is the maximum load on the
load-displacement (F-c) curve, L is span, b is specimen width, and d is specimen thickness.
Elastic modulus E = (F/c) (L3/[4bd3]). Work-of-fracture (toughness) is the area under the F-
c curve divided by the specimen's cross-sectional area.

2.3. hUCMSC viability on electrospun fiber-CPC scaffolds
hUCMSCs were obtained commercially (ScienCell, Carlsbad, CA). Cells were harvested
from the Wharton's jelly of umbilical cords of healthy babies born at normal term as
described previously [24,26]. 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, Catalog No. 11885-084) with 10% Dulbecco's phosphate-buffered saline (DPBS)
and 1% penicillin/streptomycin (PS) (Invitrogen, Carlsbad, CA) (control media). Passage 4
hUCMSCs were used. The osteogenic media contained 100 nM dexamethasone, 10 mM β-
glycerophosphate, 0.05 mM ascorbic acid, and 10 nM 1α,25-Dihydroxyvitamin (Sigma)
[28]. The osteogenic media was used for all the cell experiments, including the live-dead
assay, osteogenic differentiation, and mineral staining experiments. Following a previous
study [58], 150,000 cells were diluted into 2 mL of osteogenic media and added to each well
containing a CPC disk of 2 mm in thickness and 12 mm in diameter, using 24-well plates.
After 1, 4, and 8 days [58], the media was removed and the cells were washed in Tyrode's
Hepes buffer. Cells were live/dead stained and viewed by epifluorescence microscopy
(TE300, Nikon, Melville, NY). Three randomly-chosen fields of view were photographed
from each disk (five disks yielded 15 photos per material). The cells were counted. NLive is
the number of live cells, and NDead is the number of dead cells. The percentage of live cells,
P = NLive/(NLive + NDead). The live cell density, D, was the number of live cells divided by
the area, A: D = NLive/A [59].

2.4. Osteogenic differentiation of hUCMSCs on electrospun fiber-CPC scaffolds
Osteogenic differentiation of hUCMSCs attaching on fiber-CPC were measured using
quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR, 7900HT,
Applied Biosystems, Foster City, CA) [59]. The total cellular RNA of the cells were
extracted with TRIzol reagent (Invitrogen) and reverse-transcribed into cDNA using a High-
Capacity cDNA Archive 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 for each target gene was evaluated using the 2-ΔΔCt method [60]. 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 [28,58].
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2.5. hUCMSC mineralization on electrospun fiber-CPC scaffolds
hUCMSCs were seeded on CPC disks and cultured in osteogenic media for 7, 14 and 21 d.
The samples were then fixed with 10% formaldehyde and stained with Alizarin Red S
(ARS) (Millipore, Billerica, MA), which stained calcium-rich deposits by cells into a red
color. An osteogenesis assay (Millipore) was used to extract the stained minerals and
measure the Alizarin Red concentration following the manufacture's instructions. Control
scaffolds with the same compositions, but without hUCMSCs, were also measured at the
same time periods and received the same treatments except without the cells. The control's
Alizarin Red concentration was subtracted from the Alizarin Red concentration of the
corresponding scaffold with hUCMSCs, to yield the net mineral concentration synthesized
by the cells. The time periods of up to 21 d were selected because previous studies found a
large increase in calcium content during in vitro cell cultures from 12 d to 21 d [61].

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, 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.

3. Results
Fig. 1 shows SEM micrographs of the electrospun PLGA fibers at (A) low, and (B) high
magnification. The fibers were long and continuous, and were generally separate from each
other. Occasionally, fibers appeared to be fused at the intersections (arrow in B). The
diameters were measured for 120 fibers. The diameters ranged from about 300 nm to 900
nm, with an average diameter of 650 nm.

The mechanical properties vs. the electrospun fiber volume fraction in CPC are plotted in
Fig. 2. In each plot, values indicated with dissimilar letters are significantly different from
each other (p < 0.05). In (A), the flexural strength (mean ± sd; n = 6) at 10% fibers was 2-
fold that of CPC control without fibers. Work-of-fraction was increased by an order of
magnitude when the fiber content was increased from 0% to 10%. Elastic moduli in (C)
were not significantly increased due to fiber addition (p > 0.1), as the PLGA fibers were
flexible and not stiff.

The fractured bars were viewed via SEM on their cross sections to examine the interior of
the specimens. Fig. 3 shows SEM micrographs of typical CPC cross-sectional surfaces with
fiber volume fractions of (A) 0%, (B) 2.5%, (C) 5%, and (D) 10%. In the CPC without
fibers, the micron-sized and submicron-sized pores were the intrinsic porosity because the
chitosan liquid contained water. The fiber density in the CPC noticeably increased with
higher fiber content. The fibers appeared to be mingled well with the CPC paste, with CPC
separating the neighboring fibers, and with fibers orienting in different directions. There
appeared to be fiber-CPC bonding, manifested by numerous CPC remnants (arrows) that
were still attaching to the fibers after the fibers were pulled out of the CPC matrix when the
bar was fractured.

Live/dead photos of hUCMSCs on fiber-CPC are shown in Fig. 4. Live cells were stained
green and were numerous. Dead cells were stained a red/orange color and were few (arrows
indicate examples). Comparing 1 d with 8 d, it is obvious that the hUCMSCs on fiber-CPC
had greatly proliferated. For CPC with different fiber volume fractions, it can be seen that
CPC with 10% fibers had more cells than CPC without fibers.

Fig. 5 plots (A) the percentage of live cells P, and (B) the live cell density D. In (A),
increasing the culture time from 1 d to 8 d increased P from 79% to 97% (p < 0.05). In (B),
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increasing the fiber content in CPC increased the cell density. At 4 d, the cell density on
CPC with 5% and 10% fibers was higher than that without fibers (p < 0.05). At 8 d, the cell
density on CPC with 10% fibers was higher than all other values (p < 0.05). The hUCMSC
proliferation increased D, from about 100 cells/mm2 at 1 d to 700 cells/mm2 at 8 d (p <
0.05). This indicates a 7-fold increase in hUCMSC density in a week.

The osteogenic differentiation results are plotted in Fig. 6. ALP at 8 d was higher for
hUCMSCs on CPC with fibers than that without fibers (p < 0.05). OC was the highest for
CPC with 10% fibers at 1 d and 4 d, than all other groups. At 8 d, OC was higher for
hUCMSCs on CPC with fibers than that without fibers (p < 0.05). Collagen I was higher
with 5% and 10% fibers than that without fibers, at both 4 d and 8 d. Therefore, adding
PLGA fibers to CPC increased the osteogenic gene expressions of the hUCMSCs.

The ARS staining of mineralization by the hUCMSCs are shown in Fig. 7. There was little
mineralization by the cells at 7 d. The ARS mineral staining yielded a bright red color for
the CPC matrix, as the CPC was made up of hydroxyapatite minerals. The “no cell” control
disks were also incubated in the medium for the same time periods up to 21d and received
the same treatment except without the cells. Their images (not included) were very similar to
those with cells at 7 d with 0% fibers and 2.5% fibers in Fig. 7. The cell mineralization
increased at 14 d and 21 d. At the same time period, the mineralization increased with higher
fiber volume fraction in CPC. This was manifested by the staining becoming thicker and
denser, and the amount of cell deposits increasing with culture time and fiber content. Data
from the osteogenesis assay are shown in the plot. The mineral amount increased with
culture time (p < 0.05), and with fiber content (p < 0.05). At 14 d and 21 d, the mineral
amounts for CPC with fibers were higher than that without fibers (p < 0.05). At 21 d, the
mineral amount with 10% fibers was higher than that with 2.5% fibers (p < 0.05). Hence,
hUCMSCs seeded on fiber-CPC scaffolds were differentiated into the osteogenic lineage,
and cell mineralization was enhanced by incorporating PLGA fibers into CPC.

4. Discussion
The present study represents the first report on stem cell seeding on CPC containing
electrospun submicron fibers. The effects of fiber volume fraction in CPC on cell
proliferation, osteogenic differentiation, and mineralization were determined. Previous
studies were performed on electrospun fibers for tissue engineering because fibrous
scaffolds mimic the collagen fiber-containing extracellular matrix (ECM) [29-37]. Many
studies focused on electrospun polymeric fibers such as microporous, non-woven poly
(epsilon-caprolactone) (PCL) [29,35], poly(lactic acid) (PLA)-gelatin, and electrospinning
of collagen onto starch-based fiber meshes [36]. Other studies developed bioceramic/
polymer composite fibers to combine the bioactivity and hydrophilicity of bioceramics
[31,33,34,40] with the toughness of polymers. Examples include hydroxyapatite-chitosan
fibers [40], poly[bis(ethyl alanato)phosphazene]-hydroxyapatite fibers [31], and
hydroxyapatite-collagen-chitosan fibers [33]. The addition of a bioceramic component such
as CaP to the polymer fibers induced better cell proliferation and enhanced mineralization
and alkaline phosphatase activity (ALP) [32], and resulted in more new bone formation in
animal models [34]. This is likely because adding calcium phosphate minerals to the fibers
yielded a biomimetic matrix, as the bone ECM consists of submicron fibrous features as
well as calcium phosphate minerals.

Injectable CPCs are a promising matrix for the development of scaffolds with submicron
fibrous features, as various compositions and amounts of fibers can be readily mixed into the
CPC paste. The CPC provides bioactivity while the fibers provide reinforcement and
increased surface area to enhance cell attachment. Indeed, in a recent study, reinforcement
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via electrospun fibers increased the work-of-fracture of a calcium phosphate cement by an
order of magnitude [54]. In the present study, the flexural strength of the CPC containing
10% fibers was 2-fold that without fibers, while the work-of-fracture was increased by
nearly 10-fold. A previous study reported that an injectable polymeric carrier for cell
delivery had a compressive strength of about 0.7 MPa [62]. Other studies reported that
hygrogels for cell delivery had a tensile strength of about 0.07 MPa [63,64]. While these
novel materials are promising for tissue engineering, it was rightfully concluded that
“Hydrogel scaffolds are used in nonload bearing bone tissue engineering. … They do not
possess the mechanical strength to be used in load bearing applications” [64]. In
comparison, the electrospun fiber-CPC at 5-10% fibers had flexural strengths of 7-10 MPa,
which are more than an order of magnitude higher than the reported injectable polymers and
hydrogels for cell delivery. Therefore, the fiber-CPC scaffold may be useful for stem cell
delivery in a wide range of load-bearing orthopedic and craniofacial applications. Previous
studies showed that the PLGA suture fibers could provide the needed early-strength to the
CPC implant for approximately one to two months, and then the fibers degraded [49,52,53].
The fiber degradation increased the porosity in the CPC scaffold which could enhance cell
infiltration and tissue ingrowth [49,52]. Further study is needed to investigate the
degradation of the electrospun PLGA fibers in a CPC scaffold in vivo.

Besides improving the strength and toughness, incorporating electrospun submicron fibers
into CPC was demonstrated to increase stem cell proliferation, osteogenic differentiation
and mineralization, for the first time. hUCMSCs attaching to the CPC with 10% fibers had
ALP, OC and collagen I gene expressions about 2-fold those on CPC without fibers. Cell
mineralization was increased by about 40% when the fiber volume fraction in CPC was
increased from 0% to 10%. In our previous study using the same hUCMSCs from the same
commercial source, the substance synthesized by hUCMSCs, similar to those deposited on
the surfaces of the disks in Fig. 7, were collected and examined via x-ray diffraction (XRD)
[59]. The XRD pattern of the hUCMSC-synthesized substance matched that of a known
hydroxyapatite control, confirming that the cell-synthesized substance was an apatitic
mineral [59]. In addition, the cell-synthesized substance was dissolved in an acetic acid
solution which was measured via a spectrophotometric method. This yielded a Ca/P molar
ratio of 1.35 [59]. This ratio was consistent with the previously-reported Ca/P ratios ranging
of about 1.39 and 1.41 for minerals deposited by rat dental pulp cells [65].

The mechanism of the observed enhancement in cell function is likely related to the
increased surface area and roughness of the fibrous scaffolds. A recent study showed a 3-
fold greater bone tissue ingrowth in defects containing carbon-nanotube nanocomposite
scaffold, compared to control polymer scaffolds without nanotubes [38]. These results
suggest that nanotubes may render nanocomposite scaffolds bioactive assisting osteogenesis
[38], which was related to the nanostructure with a high surface area and roughness. This in
turn enhanced cell attachment, and might also absorb more proteins and bioactive molecules
in vivo to stimulate the cells and accelerate the synthesis of an ECM. This is consistent with
another study, which showed that cells on chitosan nanofibers exhibited better viability and
adhesion, and secreted 1.5-2 fold more proteins, than cells on regular chitosan film without
nano-features [39]. Therefore, for the present study, it would be interesting to estimate the
specific surface area of the electrospun fibers. For fibers with a length much larger than the
diameter (e.g., 3 mm fiber length vs. 650 nm diameter), the cross sectional area at the two
ends of a single fiber can be neglected, and the fiber surface area A = πD · L, where D is
fiber diameter and L is fiber length. For a pile of such fibers, the fiber specific surface area
(the total fiber surface area divided by the total fiber mass) is S = 4/(D · ρ), where ρ is fiber
density (mass/volume). Therefore, the specific surface area is inversely proportional to the
fiber diameter. Assume that the PLGA fibers in the previous studies [52,53] and the PLGA
fibers in the present study have approximately the same density, then Selectrospun/Ssuture =
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Dsuture/Delectrospun = 462. Selectrospun is the specific surface area of the electrospun fibers of
the present study with diameter Delectrospun of 650 μm (= 0.65 μm). Ssuture is the specific
surface area of the suture fiber bundle of previous studies with diameter Dsuture of
approximately 300 μm. Hence, the electrospun fibers of the present study had a specific
surface area 462-fold that of the previous suture fibers. Furthermore, the suture bundle was
braided using single fibers of a diameter of Dsingle = 14 μm. Hence, Selectrospun/Ssingle =
Dsingle/Delectrospun = 22. The electrospun fibers of the present study had a specific surface
area that was 22-fold that of the single fiber inside the suture. Therefore, the electrospun
submicron fibers of the present study had a specific surface area that was orders of
magnitude higher than previous PLGA fibers used in CPC [52,53]. Hence, the mechanism
for enhancing the hUCMSC function in the present study was likely that the high surface
area of the electrospun submicron fibers enhanced the hUCMSC spreading and viability,
resulting in a higher proliferation and cell density (Fig. 5B). Furthermore, the fibers mimic
the fibrous topology of the extracellular matrix in vivo, which may have contributed to the
increased osteogenic gene expressions and mineralization for the hUCMSCs (Figs. 6 and 7).
While incorporating fibers into CPC was advantageous, the mixing of CPC paste with fibers
was relatively easy when using a CPC powder to liquid ratio of 2 to 1, which formed a
flowable paste. A previous study showed that the composite mechanical properties were not
significantly different from each other when the fiber-CPC mixing was performed by three
different operators: one with extensive mixing experience, one with a little mixing
experience, and one with no mixing experience [66]. Further animal study is needed to
investigate if the hUCMSC-fiber-CPC construct would generate more new bone tissue than
that without the electrospun fibers.

5. Conclusions
This study incorporated electrospun submicron PLGA fibers into a self-setting CPC and
investigated stem cell proliferation and osteogenic differentiation on fiber-CPC for the first
time. Increasing the fiber volume fraction increased the hUCMSC proliferation, osteogenic
expressions and mineralization. The electrospun fibers increased the flexural strength of
CPC by 2-fold, and toughness by an order of magnitude. The strength of fiber-CPC was an
order of magnitude the reported strengths of polymers and hydrogels for cell delivery. When
the fiber volume fraction in CPC was increased from 0% to 10%, the ALP, OC and collagen
I expressions of hUCMSCs were doubled, while mineralization was increased by nearly
40%. The related mechanism was attributed to the high surface area and biomimetic features
of the electrospun fiber-CPC scaffold. Therefore, imparting submicron-scale fibrous features
to CPC, via the incorporation of electrospun fibers, appeared to be a useful method to
enhance the osteogenic differentiation and mineralization of stem cells. The strong and
tough fiber-CPC-hUCMSC construct with excellent proliferation and osteogenic
differentiation may be useful for a wide range of load-bearing orthopedic applications.
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[1].
Typical SEM micrographs of submicron PLGA fibers electrospun in this study, shown at
(A) low, and (B) high magnification. The fibers were mostly continuous and separate from
each other. Arrows in (B) indicate occasional fibers that appeared to be fused at the
intersections. These fibers were of poly(D,L-lactide-co-glycolide) (PLGA) at a poly(lactic
acid) (PLA) to poly(glycolic acid) (PGA) ratio of 50:50.
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[2].
Mechanical properties vs. electrospun fiber volume fraction in CPC. (A) Flexural strength,
(B) work-of-fraction (toughness), and (C) elastic modulus. Each value is the mean of six
measurements with the error bar showing one standard deviation (mean ± sd; n = 6). In each
plot, values indicated with dissimilar letters are significantly different from each other (p <
0.05). For example, “a” is not significantly different from “ab” (p > 0.1); however, “a” is
significantly different from “bc” and “c” (p < 0.05).
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[3].
SEM of electrospun fiber-CPC specimen surfaces with fiber volume fractions of (A) 0%,
(B) 2.5%, (C) 5%, and (D) 10%. The electrospun PLGA fibers were mixed well with the
CPC paste. CPC appeared to be bonded onto the fiber surfaces. Arrows indicate the CPC
materials that were adherent on the fiber surfaces.
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[4].
Live/dead assay photos of hUCMSCs on electrospun fiber-CPC scaffolds. The time periods
are listed on the top of the figure. The PLGA fiber volume fractions in CPC are listed on the
left side. Live cells were stained green and were numerous. Dead cells were stained a red/
orange color and were few (arrows indicate examples).
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[5].
hUCMSC viability on electrospun fiber-CPC scaffolds. (A) Percentage of live cells, P. (B)
Live cell density, D. Each value is mean ± sd; n = 5. In each plot, values indicated with
dissimilar letters are significantly different from each other (p < 0.05). The legend in the plot
indicates the PLGA fiber volume fraction in CPC.
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[6].
Osteogenic differentiation of hUCMSCs on electrospun fiber-CPC: (A) ALP, (B) OC, and
(C) collagen I gene expressions, measured by the RT-PCR method. Each value is mean ± sd;
n = 5. In each plot, values indicated with dissimilar letters are significantly different from
each other (p < 0.05). The legend in the plot indicates the PLGA fiber volume fraction in
CPC. Adding submicron PLGA fibers to CPC significantly increased the osteogenic gene
expressions of the hUCMSCs.
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[7].
hUCMSC mineralization while attaching on the electrospun fiber-CPC scaffolds. The photos
are for hUCMSC seeding on the fiber-CPC, with fiber volume fractions listed at the left
side, and culture time listed on the top. The data from the osteogenesis assay are shown in
the plot (mean ± sd; n = 5). In each plot, values indicated with dissimilar letters are
significantly different from each other (p < 0.05). The mineral amount increased with culture
time, as well as with the fiber volume fraction in CPC.
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