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ABSTRACT: Currently, the main drawback of ceramic scaffolds used
in hard tissue regeneration is their low mechanical strength. Stabilized
zirconia, especially the tetragonal 3% yttrium-stabilized zirconia
(YSZ) phase, has been considered as a bioinert ceramic material
with high mechanical strength. In the present work, flexible
nanofibrous YSZ scaffolds were prepared by electrospinning. The
obtained scaffolds showed remarkable flexibility at the macroscopic
scale, while retaining their stiffness at the microscopic scale. The
surface nanoroughness of the scaffolds could be tailored by varying
the heat treatment method. Our results demonstrate that the
osteogenic differentiation and mineralization of seeded human
mesenchymal stromal cells were supported by the nanofibrous YSZ
scaffolds, in contrast to the well-known bioinert behavior of bulk YSZ.
These findings highlight that flexible ceramic scaffolds are an
appealing alternative to the current brittle ceramics for bone tissue regeneration applications.

KEYWORDS: flexible ceramic scaffolds, electrospinning ceramic, surface roughness, human mesenchymal stromal cells,
osteogenic differentiation

Bioceramics have been widely used for several decades to
repair bone damage,1−3 since they are promising
materials due to their similarity to bone in terms of

chemical properties.4−7 Within the area of bioceramics, a clear
distinction is made between bioinert and bioactive materials.
Bioinert ceramics can be defined as those that do not bond with
the surrounding tissues nor induce a cell response. Examples of
bioinert materials are alumina and yttria-stabilized zirconia
(YSZ).2,3 Conversely, bioactive ceramics are materials that can
actively induce a specific cell response (e.g., cell differentiation)
and, in some cases, are resorbable. These materials include
hydroxyapatite (HA), β-calcium phosphates, and bioactive
glasses.1−3 One of the major limitations of ceramic scaffolds for
hard tissue regeneration is that they suffer from low mechanical
strength, which may facilitate fragile failure when implanted.4,6,8

Among the aforementioned bioceramic materials, zirconia has
the highest mechanical strength, especially the 3% yttrium-
stabilized tetragonal zirconia (YSZ) phase.9,10

The scaffold’s microstructure also plays a crucial role.
Microporosity provides a large surface area for cell adhesion,
thus improving the biological response.11 However, the
scaffolds’ mechanical properties are negatively affected.4,7

Porosity reduces the mechanical strength of materials.7

Tailor-made design of the nanoarchitecture of porous
biomaterials may help to overcome these issues.9,12−14 A
recent study demonstrated a nanoarchitectured aluminosilicate
ceramic with improved ductility and flexible recovery after
compressive stresses.12 Nanofiber mats of titania, silica, and
zirconia with enhanced flexibility have also been reported.13−20

To fabricate scaffolds with fiber dimensions on the nano- to
microscale mimicking the features of the natural extracellular
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matrix (ECM), electrospinning has been used broadly to
fabricate scaffolds for regenerative medicine.21−23 Cells respond
to chemical and physical stimuli from their neighboring cells as
well as from the surrounding fluid and ECMs.24 The
characterization and control of surface properties, such as
surface roughness, can therefore be used to optimize cell
attachment, proliferation, and differentiation.
In this article, we propose the fabrication of a flexible YSZ

nanofiber material for bone tissue engineering. Recently, YSZ-
based fibers have been fabricated by electrospinning for various
application, such as fuel cells25 and filtration,18 but their use in
the biological and biomedical field has not been explored to our
knowledge. Herein, we introduce flexible YSZ ceramic
nanofibers in the field of regenerative medicine. The YSZ
fibers typically have lengths of the order of meters, instead of
just a few millimeters as reported earlier,25 and a high
gravimetric density. The sintering temperature that we
employed to densify the ceramic nanofibers was much lower
than in earlier studies,25 so that sintering between fibers was
avoided, which contributed further to their flexibility and
retention of mechanical properties upon cyclic deformation.
Indeed, these YSZ ceramic nanofibers have remarkable
flexibility compared to traditional bioactive ceramics, and
their surface nanoroughnesses can be tailored for cellular
response. Interestingly, in contrast to the well-known bioinert
behavior of bulk YSZ, nanofiber meshes support in vitro
osteogenic differentiation and mineralization of human
mesenchymal stromal cells (hMSCs). This is the first study
showing that flexible YSZ ceramic fibers with tailored surface

nanoroughness can conduct osteogenic differentiation of
hMSCs. The flexibility of the scaffold helps to overcome the
problem of the fragile fracture that is characteristic for
traditional bioceramic scaffolds. Therefore, it provides a
complement to the currently available library of bioactive
ceramic materials for bone tissue regeneration.

RESULTS AND DISCUSSION

The ceramic nanofibers were fabricated by electrospinning with
a mixture of a YSZ precursor and polyvinylpyrrolidone (PVP).
Subsequently, the resulting fiber mats were annealed by means
of conventional or microwave-assisted heating in static air at
850 °C for 2 h using different heating rates (i.e., to burn out the
organic phases and for crystalline phase formation). The
obtained nanofibers had a diameter of 530 ± 120 nm (Figure
S1), and the fiber mats had a thickness of approximately 120
μm. A scanning electron microscopy (SEM) image of the
material is shown in Figure 1A. The YSZ nanofiber mats
exhibited extraordinary flexibility not often demonstrated for
pure ceramic materials. It behaved as a paper-like material
(Figure 1B and Video S1). The material could achieve total
deflection (180° bending) without mechanical failure. More-
over, the deflection could be cycled at least 1000 times without
breaking the material when a three-point bending test was
performed. To the best of our knowledge, the fabrication of
ceramic nanofiber mats with such high flexibility and good
fatigue behavior has not been reported until now. The flexibility
of electrospun silica-based mats has been attributed to the
amorphous nature of the material, which is therefore more

Figure 1. Flexibility of YSZ nanofiber mats. (A) SEM images of a YSZ nanofiber mat; scale bar is 20 μm. (B) Pictures of the YSZ mat showing
its flexibility and fire resistance ceramic nature. (C) Mechanical properties of a nanofiber mat by microindentation (at macroscopic scale), a
single nanofiber by three-point bending using AFM (at microscopic scale and bulk YSZ (taken from literature).27−29 (D) Schematic overview
of a three-point bending test on a single nanofiber using AFM. (E) Schematic illustration of a three-point bending fatigue test on the nanofiber
mat. (F) Representative histogram of 200 cycles of the three-point bending fatigue test on a YSZ nanofiber mat in which the force was
monitored as a function of time. Error bars represent standard deviation of the mean. The statistical significance was determined using a one
way ANOVA test, where ***p < 0.001.
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robust than crystalline materials.14,26 However, that hypothesis
does not explain the behavior of the crystalline YSZ nanofibers
reported here (X-ray diffractograms showing crystalline nature
are shown in Figure S2). Park et al. hypothesized that the
flexibility of crystalline TiO2 was the result of the physical
entanglement as single nanofibers are brittle.13 However, we
observed that also single nanofibers were able to withstand a
high degree of deflection (Video S2). Probably due to the long
length of the nanofibers, the mechanical energy could be
dissipated under the elastic deflection. The coherence of fibers
mats composed of long fibers is better than that of fiber mats
composed of an assembly of fiber fragments. Moreover, the
sintering temperature of 850 °C that we employed is much
lower than in earlier reports on YSZ nanofibers where a
temperature of 1500 °C was used.25 As a result, our YSZ fibers
densified but did not sinter together, which contributes to their
freedom of movement and thus to their flexibility and makes
them less susceptible to fatigue-like phenomena. The flexibility
of the mat was further quantified by microindentation tests.
The Young’s modulus of the material was 1.11 ± 0.24 MPa,
more than 5 orders of magnitude lower than that of bulk YSZ
(Figure 1C), which is in the range of 178−222 GPa according
to literature data.9,27−29 We also measured the mechanical
properties of single nanofibers by a three-point bending test
using atomic force microscope (AFM) (Figure 1D). The
measured apparent Young’s modulus of a single fiber was 30 ±
3 GPa, and a high deflection angle could be achieved. The
apparent Young’s modulus of single fibers was several orders of
magnitude higher than the macroscopic mat, but still a factor of
7 lower than bulk YSZ (Figure 1C). This result is in accordance
with other studies on electrospun ceramic nanofibers, which
report similar decreases in Young’s modulus when measured via
a three-point bending test using AFM.30,31 The diameter and
mechanical properties of the nanofibers at the different length
scales did not vary significantly with the annealing treatment
(Figure S3).
A special setup was designed to perform a three-point

bending fatigue test on the mat (Figure 1E). The experiment
consisted of 200 cycles of 45° deflection, while the applied
force was monitored (Figure 1F). The sample did not break,
and to our surprise we observed a slight increase of the force
necessary to deflect the sample. Chen et al. reported slipping of
individual nanofibers under tensile stress.18 It may be possible
that such a phenomenon occurs during deflection, gradually
leading to a rearrangement of the fibers with an increasing
number of cycles, ultimately resulting in a slightly stiffer
material.
Moreover, the nanofibers mat offered a very low density, in

the range of 0.06−0.09 g/cm3. Based on SEM observations, i.e.,
the absence of pores and grain boundaries, each individual fiber
can be considered as nearly dense. The Young’s moduli of the
nanofiber mats and individual fibers were plotted vs the density,
as shown in Figure 2. For comparison, the values of other
traditional materials were also plotted. It can be seen that the
ceramic nanofibers mat behaved like a foam in terms of stiffness
and density. This means that it is lighter and more flexible than
other polymers, ceramics, and porous ceramics. Nevertheless,
individual nanofibers offer stiffness values close to ceramics and
typical of porous ceramics or metals, 5 orders of magnitude
stiffer than the mat.
The surface morphology and grain size of the fibers were

modified by annealing the samples under different conditions.
The green fiber mats were annealed in a conventional oven

(CO) at 1 or 5 °C/min heating rate and in a microwave oven
(MW) at 5 °C/min or by rapid thermal annealing (i.e., thermal
shock). Rapid thermal annealing (RTA) is a method in which
the MW is preheated to 850 °C prior to placing the sample in
the oven. The samples annealed in the CO showed rougher
surface morphologies than the samples annealed in the MW
even at the same heating rate, as shown by SEM (Figure 3A)
and AFM (Figure 3B) analysis. This was further confirmed by
the statistical analysis performed on the roughness data (Figure
3C). However, varying the heating rate did not result in
significant differences among samples that were annealed by the
same heating mechanism. The samples annealed in the CO at 1
and 5 °C/min had roughnesses of 0.8 ± 0.3 and 0.7 ± 0.2 nm,
respectively. Both samples annealed in the MW had a
roughness of 0.4 ± 0.1 nm. The heating mechanism had a
significant influence on surface roughness. Samples annealed at
5 °C/min in a CO had a rougher surface than the samples
annealed in a MW at the same heating rate (0.7 ± 0.2 nm vs 0.4
± 0.1 nm). These results were consistent with the surface
morphologies in SEM images (Figure 3A). However, it is noted
that the roughness with AFM is measured in the out-of-plane
direction, whereas the SEM images shows in-plane features of
surface morphology. Different grain sizes were observed for
each heating rate (Figure 3D), as calculated from the full width
at half-maximum (fwhm) in the XRD patterns (Figure S2).
Samples annealed in the CO at 1 °C/min had the largest grain
size (24 ± 1 nm). Samples annealed in the CO and MW at 5
°C/min had intermediate grain sizes of 22 ± 1 and 18 ± 1 nm,
respectively. The sample annealed in the MW using RTA had a
much smaller grain size of 9.5 ± 0.1 nm. The samples annealed
using lower heating rates showed larger grain sizes, irrespective
of the heating mechanism. This can be attributed to the longer
effective sintering times at high temperature under such
conditions. The heating mechanism also affected the grain
size. The samples annealed at 5 °C/min in a CO had a larger
grain size than the samples annealed in a MW at the same
heating rate. YSZ has previously been reported to exhibit
enhanced sintering behavior under microwave radiation

Figure 2. Plot of Young’s modulus vs density. The nanofiber mat
and single nanofiber are compared with other traditional materials.
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heating.32,33 Xie et al. reported smaller and more uniform grain
sizes when YSZ was sintered in a MW, which is in accordance
with our data (Figure 3D).33 The YSZ nanofibers presented
here have a different surface nanostructure than any previously
reported YSZ topography. They are nearly one-dimensional
objects in a porous matrix, which affects the heat transport and
crystallization rates. Nevertheless, the smoothening of the
surface, when annealed using a MW, can be attributed to a step-
bunching effect (i.e., aggregation of the ceramic steps),34

sudden shrinkage and densification,32 and/or improved oxygen
transport.35

To elucidate the performance of our nanofibrillar YSZ in
bone tissue regeneration, hMSCs were grown on samples
annealed at 5 °C/min using both CO and MW heating. We
chose these samples as they have the same temperature profile
during annealing, grain sizes in the same order of magnitude,
and similar fiber diameter distributions, yet different surface
roughness. Recent studies revealed the importance of nanoscale
and submicron-sized topographic cues to modulate fundamen-
tal cell behavior, including proliferation, migration, and
differentiation.36−38 We hypothesized, therefore, that the
nanofibrous structure and the different surface roughness of
YSZ scaffolds may confer bioactive cues to an otherwise
biologically inert ceramic material. Such topographical cues
would ultimately result in varying cell morphology and,
consequently, in different cell activities. The bioactivity of
hMSCs on ceramic scaffolds was investigated by monitoring the
cell viability, cellular morphology, cellular metabolism, alkaline
phosphatase (ALP) activity, and gene expression in basic
culture medium (BM) and osteogenic culture medium (OM) at

days 7 and 14. Polystyrene tissue culture plates were used as a
positive control (data not shown). The production of
mineralized matrix was investigated after culturing cell-scaffold
constructs in mineralization culture medium (MM) up to 28
days. Here, different culture media were chosen to investigate
the influence of YSZ scaffolds on the osteogenesis potential of
hMSCs in the presence or absence of osteoinducting soluble
factors. BM is a maintenance medium that does not trigger the
osteogenic differentiation of hMSCs.39,40 On the other hand,
OM induces osteogenic differentiation of hMSCs, whereas MM
supports osteogenic differentiation and promotes the formation
of mineralized matrix.39,41

To evaluate the viability of hMSCs on YSZ nanofibrillar
scaffolds, a live/dead assay was performed after 3 days of
culture. The fluorescence microscopy images of both live and
dead cells on scaffolds are shown in Figure S4. All investigated
scaffolds showed a high rate of viable cells, which indicates no
cytotoxic effects derived from the developed YSZ nanofibrillar
scaffolds.
The cell morphology on YSZ scaffolds was investigated by

SEM (Figure 4A−C). The cell cytoskeleton was further
assessed by staining with phalloidin for actin filaments (Figure
4D−F), and the average surface area for single cell was
quantified (Figure 4G). Cells on CO annealed scaffolds had a
higher cell area compared to MW annealed scaffolds, which
could be correlated to the difference in surface roughness of the
nanofibers. When comparing to bulk YSZ (having a roughness
of 19 ± 0.94 nm which is typical for a smooth bulk ceramic
surface), no significant difference in the average cell area was
found, possibly due to the combined effect of surface roughness

Figure 3. Effect of annealing procedure on the fiber surface morphology. (A) SEM images of YSZ nanofibers; the scale bar is 200 nm. (B)
AFM images of YSZ nanofibers; the scale bar is 100 nm. (C) Roughness data extracted from AFM scans. (D) Grain sizes of the fibers
calculated from the fwhm of the (111) peak of the XRD patterns. Error bars represent standard deviation of the mean. The statistical
significance was determined using a one way ANOVA test, where **p < 0.01 and ***p < 0.001.
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and nanoscale fibrous structure. It is worthy to mention that the
difference in surface roughness between YSZ nanofibers and
bulk YSZ illustrates that the outer dimensions of fibers and bulk
material differ and also their surface morphologies.
Cell metabolic activity, which is indirectly related to cell

viability, was determined using a PrestoBlue assay. The
metabolic activity of hMSCs showed a similar profile in BM
and OM (Figure S5). Bulk YSZ scaffolds had a significantly
higher metabolic activity than all nanofibrous scaffolds, which
could be due to the higher differentiation of hMSCs on
nanofibrous scaffolds compared to bulk YSZ. Similar
phenomena have been reported previously by Yuejun and his
colleagues.42 They found that hMSCs had higher metabolic
activity on stiffer PDMS than the soft one, while a higher
differentiation activity of hMSCs was observed on soft PDMS
compared to a stiffer one. In addition, no significantly different
metabolic activity was observed between CO and MW annealed
scaffolds. This indicates that the surface roughness differences
did not affect the cellular metabolism in the present work.
Polymerase chain reaction (PCR) was used to quantify the

expression of a panel of osteogenic genes (Figures 5C and S6).
Gene expression of Runt-related transcription factor 2
(RUNX2) was significantly higher for CO and MW annealed
scaffolds compared to bulk YSZ in both culture media. RUNX2

is considered as a focal point for integration of a variety of
signals affecting the differentiation process of hMSCs into
osteogenesis in the early stage, because it stimulates other
downstream osteo-related genes such as osteopontin (OPN),
osteocalcin (OCN), bone sialoprotein (BSP), and type I
collagen.43 Collagen type I alpha 1 (COL1A1) is fundamental
for the development of the bone cell phenotype. It is actively
expressed in the first proliferation period and then gradually
down-regulated during subsequent osteoblast differentiation.44

hMSCs cultured on annealed nanofibrous scaffolds showed
higher expression of COL1A1 compared to bulk YSZ disks in
both culture media. This is also associated with a significantly
higher up-regulation of OCN and BSP on the nanofibrillar
scaffolds in BM compared with bulk YSZ disks (Figure S6).
Furthermore, the rougher meshes supported further enhanced
OCN and BSP gene expression than the smoother ones, thus
suggesting the possible role of surface topography on inducing
hMSCs osteogenic differentiation, as also supported by other
studies.45,46 OPN was only significantly up-regulated on
nanofibrillar scaffolds at day 7 in OM, while no beneficial
effect of surface topography or nanofibrillar cues was observed
for OCN or BSP in OM both at day 7 and at day 14. Since one
of the routes for hMSCs differentiation toward the osteogenic
lineage passes through endochondral development,47,48 the

Figure 4. Characterization of cell morphology and actin cytoskeleton organization of hMSCs after 3 days of culture in BM. Representative
SEM images of hMSCs on (A) microwave annealed (MW 5 °C/min) nanofiber scaffolds, (B) conventional oven annealed (CO 5 °C/min)
nanofiber scaffolds, and (C) YSZ bulk disk scaffolds. Representative images of actin cytoskeleton organization of hMSCs on (D) microwave
annealed (MW 5 °C/min) scaffolds, (E) conventional oven annealed (CO 5 °C/min) scaffolds, and (F) YSZ bulk disk scaffolds (actin
filaments labeled with phalloidin are shown in green and nuclei labeled with DAPI are shown in blue). (G) Quantification of projected cell
area on the investigated scaffolds. The statistical analysis was determined using two-tailed Student’s t test, and *p < 0.05 was considered as
significant difference. The scale bars in (A−C) and (D−F) are 10 and 50 μm, respectively.
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down-regulation of OCN and BSP on nanofibrous scaffolds in
comparison with their bulk disks could be also attributed to a
higher hypertrophic differentiation of hMSCs, and therefore a
less mature osteogenic differentiation, on bulk disks due to their
smooth surface properties in combination of medium stimuli.
The smooth surface properties will affect the cell-to-material
adhesion force and could have consequently influenced cell fate
as well.49 We also observed the expression of bone
morphogenetic protein 2 (BMP2), which is known to be
stimulating hMSCs along the osteogenic lineage.50 BMP2 had a
higher expression in all tested media on both nanofibrillar
scaffolds compared to bulk YSZ except for day 7 in OM.
Altogether, the ceramic nanofibrous scaffolds supported the
osteogenic gene expression in both BM and OM, thus
suggesting a possible role of the nanofibrillar cues inherently
built in the YSZ meshes in contributing to hMSCs osteogenic
differentiation. In addition, the varying surface roughness
resulting from the different fiber annealing processes showed
a net beneficial effect in the case of OCN and BSP genes, which
occurred only for the rougher nanofibrous scaffolds obtained by
employing conventional heating. It is also worth mentioning

that there were different trends in OM compared to BM, which
might suggest that the differentiation of hMSCs in the present
study was not only due to surface roughness but also to other
physical stimuli cues such as surface topography, porosity, and
physical cues associated with the nanoscale nature of the
fibrillar meshes. Further studies should aim at clarifying the
specific role of each of these material properties on cell
differentiation and the consequent osteoinductive nature of
such nanofibrillar scaffolds, in addition to the osteoconductive
properties here observed, both in vitro and in vivo.
At a protein level, the up-regulation of ALP activity is a

common marker considered for the early stage of osteo-
genesis.43 In BM, no significant differences were observed in
ALP activity (Figure 5A). On the other hand, the ALP activity
increased between day 7 and day 14 in OM and was
significantly enhanced for CO annealed scaffolds compared to
both MW annealed scaffolds and bulk YSZ (Figure 5B). These
results indicate that the topographical properties of nanofibers,
including larger surface area, higher porosity, and fibrous
morphology, play a positive role in the osteogenic process of
hMSCs. Similar results to our findings have been reported by

Figure 5. (A and B) ALP activity and (C) gene expression analysis from hMSCs cultured on conventional oven annealed (CO 5 °C/min),
microwave annealed (MW 5 °C/min), and YSZ bulk disk scaffolds. ALP activity of hMSCs cultured in (A) BM and (B) OM at days 7 and 14
(the final ALP activity level was shown after normalizing to DNA amount). (C) Gene expression analysis for COL1A1, BMP2, and RUNX2 at
days 7 and 14 in BM and OM (the final gene expression level was presented after normalizing to day 7 bulk YSZ). Error bars represent
standard deviation of the mean. *p < 0.05, **p < 0.01, ***p < 0.001.
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Hae-Won Kim and colleagues51 who used bone marrow-
derived stem cells to investigate the osteogenic potential of
newly developed glass fibers. Their results demonstrated that
bioactive glass nanofibers showed a stronger ALP staining with
respect to glass disks.
The ultimate deposition of a calcium-containing bone-like

mineralized matrix is an index of extended osteogenic
maturation of hMSCs. Mineralization was stained with alizarin
red S after 28 days of culture (Figures 6 and S7). When hMSCs
were cultured on scaffolds in BM, little mineralized ECM was
produced, and no apparent differences were observed among
the different scaffolds. In MM, a robust mineralized matrix was
observed on bulk YSZ discs, while a strikingly significant
increase in the amount of mineralized matrix was observed on
the nanofibrous scaffolds. Quantification of the calcium
deposits corroborated the staining results, showing significantly
enhanced calcium deposition on both fiber scaffolds compared
to the bulk YSZ discs (Figure 6B). Here, the rougher CO
annealed scaffolds resulted in a further enhancement of calcium
content compared to the MW annealed scaffolds. This result is
similar to the finding by Takeuchi and his co-workers, who
demonstrated that osteoblasts show a higher rate of matrix

mineralization on rougher titanium surfaces.52 A recent study
showed that hMSCs cultured on calcium phosphate cements
had a mineral concentration of about 1 mM per scaffold at day
21.53 Compared to this study, our nanofibers annealed in a
conventional oven had almost 3-fold higher mineral concen-
tration. However, when comparing to other studies, care should
be taken as different cell donors, time point, and cell seeding
density have been used.

CONCLUSIONS

In summary, new flexible nanofibrous YSZ scaffolds that display
multiscale mechanical properties were successfully fabricated by
electrospinning. Their surface roughness can be tailored by
employing different heat treatment methods. Our results
demonstrate that the osteogenic differentiation and mineraliza-
tion of seeded human mesenchymal stromal cells were
supported by the nanofibrous structure of YSZ scaffolds, in
contrast to the well-known bioinert behavior of bulk YSZ.
These flexible scaffolds can therefore present an appealing
alternative to current brittle ceramics for bone regeneration
applications.

Figure 6. Calcium mineralization on conventional oven annealed (CO 5 °C/min), microwave annealed (MW 5 °C/min), and YSZ bulk disk
scaffolds. (A) The formation of mineralized extracellular matrix was stained with alizarin red S after 28 days of culture in BM and MM (the
scale bar represents 1 mm). (B) Quantitative analysis of the mineral deposits per scaffold by alizarin red S staining at day 28. Error bars
represent standard deviation of the mean. ***p < 0.001.
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EXPERIMENTAL PROCEDURES
Electrospinning. Zirconium n-propoxide (Alfa Aesar, Lancashire,

U.K.) and yttrium acetate hexahydrate (Alfa Aesar, Lancashire, U.K.)
were dissolved in n-propanol (Sigma-Aldrich) in a 97:3% molar ratio.
Then, polyvinylpyrrolidone (PVP) (MW 1.3 kg/mol, Sigma-Aldrich, St.
Louis, U.S.A.) was added to the solution and left stirring overnight to
ensure complete dissolution of the PVP. The solution preparation was
performed in a nitrogen atmosphere. Subsequently, the solution was
placed into a syringe, which was later connected to Teflon tubing with
a 0.8 mm needle and placed in the needle holder of the
electrospinning setup. The flow rate was set at 1 mL/h, the air gap
was 20 cm, the voltage was 15 kV, and the temperature and the relative
humidity were set to 25 °C and 30%, respectively.
Thermal Annealing. The YSZ-PVP fibers were annealed to burn

out the organic phase and to obtain a pure YSZ crystalline phase. The
samples were annealed either in a CO (Carbolite, Hope Valley, U.K.)
or a MW (Milestone MicroSynth, Shelton, U.S.A.) at different heating
rates. The samples annealed in the CO were heated at 1 and 5 °C/min
to 850 °C. The samples annealed in the MW were either heated at 5
°C/min to 850 °C or by RTA. RTA consisted on placing the sample
directly in a preheated MW at 850 °C, and after annealing the samples
were cooled to room temperature (rt) without a temperature program.
Fiber Morphology and Diameter. The fiber morphology was

studied by a Zeiss Merlin (Oberkochen, Germany) scanning electron
microscope at high magnification. The fiber diameter was determined
from low-magnification SEM pictures. The imaging was done at 1.4
keV. Fifty measurements were performed per micrograph and per
sample, respectively.
Phase Identification and Crystallite Size. The crystallinity and

phase purity of the samples were studied by X-ray diffraction in the 2θ
range between 10° and 100° using a PANAlytical X’Pert (Almelo, The
Netherlands), with a step size of 0.015° and 8 s per step. The
crystallite size was estimated using the Scherrer equation from the
fwhm of the (111) peak. The Scherrer equation is presented in eq 1:

τ λ
β θ

= K
cos (1)

where τ is the crystallite size, K is the dimensionless shape factor, λ is
the X-ray wavelength, β is the fwhm of the peak, and θ is the Bragg’s
diffraction angle.
Macroscopic Mechanical Properties. The mechanical properties

of the ceramic nanofiber mats (n = 3) were measured by means of
microindentation. A Piuma microindenter (Optics 11, Amsterdam,
The Netherlands) equipped with a tip with a radius of 37.5 μm and a
spring constant of 199 N/m was utilized. Twenty-five points were
scanned throughout 2500 μm2 for each sample.
Microscopic Mechanical Properties and Surface Morphol-

ogy. The microscopic mechanical properties were measured by a
three-point bending test on a single nanofiber, as previously reported
elsewhere.30,31 A polycarbonate substrate with 90 μm wide channels
was used as a substrate to suspend the fibers. An atomic force
microscope (Bruker Icon, Massachusetts, U.S.A.) equipped with a
ScanAsyst-AIR (Bruker, Massachusetts, U.S.A.) tip was used to
measure the force/displacement curves of the fiber. The tip had a
spring constant of 0.4 N/m and a resonance frequency of 70 kHz. The
apparent Young’s modulus was calculated with the Euler/Bernulli
beam theory (eq 2) using the average fiber diameter obtained from
SEM:

π
* = ⎜ ⎟⎛

⎝
⎞
⎠E

F
d

L
rD12

3

4 (2)

Here E* is the apparent Young’s modulus, F/d is the slope of the force
displacement curve, L is the gap distance, and D is the fiber diameter.
The fiber surfaces were also scanned using the same tip in tapping
mode to obtain surface morphology data. The roughness values (Rq)
were obtained by analyzing the AFM topography data using the
Gwyddion software package (version 2.31).
Fatigue Test. A three-point bending fatigue test was performed on

the ceramic nanofiber mats (n = 3). This version of the three-point

bending test was especially designed for the experiment and consisted
of (1) a plate with a well-defined gap, on which the sample was
suspended on, and (2) a knife, which applied a force to deflect the
sample. The gap was 2 mm wide, and the knife was 0.5 mm thick. The
width of the sample was kept constant at 10 mm. The plate and knife
were set on a rheometer (Anton Paar Physica MCR 501, Graz,
Austria), which measured the force displacement curves at a speed of
50 μm/s.

The sample’s deflection was calculated assuming a trigonometric
system between the sample, knife, and gap. Thus, if the displacement
of the knife is known, the deflection angle may be calculated using half
of the gap distance. This is exemplified in Figure S8.

Cell Culture. Preselected hMSCs (donor no. 8001L) were isolated
from human bone marrow by the Institute of Regenerative Medicine
(Texas A&M University, Temple, Texas), which provide standardized
preparations of MSCs for research use under the auspices of an NIH/
NCRR grant (P40 RR 17447-06).54,55 Briefly, mononuclear cells were
separated using density centrifugation and plated to obtain adherent
hMSCs. The cells were harvested around a confluence of 60−80%,
after which they were considered as passage zero (P0). The P0 cells
were further expanded and harvested to obtain passage 1 (P1). To
obtain sufficient cells for scaffold-based experiments, hMSCs (P1)
were expanded in T-300 flasks at a density of 3 × 105 cells/cm2 and
cultured in BM, consisting of α-MEM (Gibco), 10% fetal bovine
serum (Lonza), 2 mM L-glutamine (Gibco), 0.2 mM ascorbic acid
(Sigma), 100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco).
The cells were harvested at approximately 80−90% confluence for
further subcultures.

Cell Seeding on Scaffolds. The ceramic scaffolds were cleaned
using oxygen plasma cleaning (Harrick Plasma PDC-002) for 10 min
at high power and subsequently punched out into discs to fit inside a
24-well plate. Rubber O-rings (Eriks B.V., The Netherlands) were
inserted into the well to hold the substrate on the bottom. The
ceramic scaffolds were sterilized in 70% (v/v) ethanol for 15 min each
time for 3 times. After sterilization, the scaffolds were rinsed with PBS
for 5 min each time for 3 times and immersed in BM at 37 °C
overnight before cell seeding. Ceramic scaffolds were seeded at a
density of 2 × 104 cells/cm2 and cultured in an incubator with 5% CO2
humid atmosphere at 37 °C for up to 14 days in OM and in both BM
and MM for 28 days. BM is considered a normal growth medium,
which cannot induce osteogenic differentiation nor form a mineralized
matrix.39,41 OM consisted of BM supplemented with 10−8 M
dexamethasone to induce osteogenic differentiation of hMSCs, and
the MM consisted of OM supplemented with β-glycerophosphate to
support the osteogenic differentiation39,41 and promote the formation
of a mineralized matrix. The culture medium was refreshed every 2
days.

Live and Dead Assay. To determine the cell viability on scaffolds,
a live/dead assay (Life Technologies) was performed. After washing
the scaffolds twice with PBS, they were incubated for 30 min with a
mixture of PBS solution containing ethidium homodimer (red
fluorescent)/calcein AM (green fluorescent) at rt following the
manufacturer’s protocol. Scaffolds were washed three times with PBS
before imaging with a fluorescence microscope (Nikon, Eclipse E600
and Nikon DS-Filc camera).

SEM Analysis. After 3 days of culture, the medium was removed,
and the scaffolds were washed two times with PBS and fixed in a 10%
formalin solution for 2 h. After rinsing with PBS, the scaffolds were
dehydrated with ethanol series (50%, 70%, 80%, 90%, 96%, and
100%). The scaffolds were further processed by critical point drying
(Balzers CPD-030). The dried samples were sputtered with gold
(Cressington) and imaged with a XL-30 ESEM-FEG SEM (FEI,
Eindhoven, Netherlands).

Fluorescence Microscopy. At day 3, samples for phalloidin
staining were fixed with 4% (v/v) paraformaldehyde (Sigma-Aldrich)
in PBS, left overnight at 4 °C, and subsequently washed 3 times with
PBS. Afterward, the cell membrane was permeabilized with 0.5%
TritonX-100 solution for 10 min at 4 °C and washed with PBS again.
A 1% BSA in PBS solution was added for 2 h to block nonspecific
binding. After withdrawing the BSA solution, phalloidin (Alexa Fluor
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488, Invitrogen; excitation/emission: 495/518 nm) with a dilution
(1:40) in 1% BSA/PBS was applied for 25 min at rt in the dark and
rinsed 3 times with PBS. For nuclei staining, DAPI (1:100) in PBS was
applied for 15 min at rt in the dark. The samples were observed under
a fluorescence microscope (Eclipse E600, Nikon) equipped with
proper filter. The average surface area for single cells was determined
by the software CellProfiler 2.1.1 (Broad Institute, Cambridge, U.S.A.).
The surface area in each of at least 10 cells within an image for a total
of six images per sample were quantified. All these images were from
the same experiment.
Cell Metabolic Activity. The cell metabolic activities on days 7

and 14 were assessed using a PrestoBlue Cell Viability Reagent (Life
technologies), according to the manufacturer’s protocol. Briefly, a
cultured medium was replaced with a medium containing 10% (v/v)
PrestoBlue reagent, and cells were incubated for 1 h at 37 °C.
Fluorescence was measured at 590 nm on a PerkinElmer Victor3 1420
multiple plate reader. Three separate experiments (n = 3) and two
replicates each were performed.
ALP Activity. The relative ALP activity was measured by

chemoluminescence with a CDP-star kit (Roche Life Science),
according to the manufacturer’s instruction. Briefly, cell-scaffold
constructs were washed 3 times with PBS and stored at −80 °C for
at least 24 h. After thawing, the constructs were treated with 250 μL
cell lysis buffer at a pH of 7.8 (composed of 0.1 M KH2OPO4, 0.1 M
K2HPO4, and 0.1% Triton X-100) for 1 h at rt. Cell lysates (50 μL)
were transferred to Eppendorf tubes and stored at −20 °C for ALP
assay. The remainder of the remaining cell lysates (200 μL) was used
for DNA assay. For ALP analysis, 10 μL of cell lysates were transferred
in duplicate to a well of a 96-well plate. Subsequently, 40 μL of CDP-
star were added, and plates were incubated for 15 min at rt. The plates
were measured on a Multilabel reader (Victor3 1420, PerkinElmer,
U.S.A.). Three separate experiments (n = 3) and two replicates each
were performed. The results of ALP activity were presented after
normalization to DNA quantity per scaffold.
Quantification of DNA Amount. Cell lysates remainder, (200

μL) as mentioned above, were further digested for 16 h at 56 °C with
200 μL Tris/EDTA buffer containing 1 mg/mL proteinase K (Sigma-
Aldrich), 185 μg/mL iodoacetamine (Sigma-Aldrich), and 10 μg/mL
Pepstatin A (Sigma-Aldrich). The quantification of the total amount of
DNA was performed using the CyQuant DNA assay (Molecular
Probes, Eugene, U.S.A.) according to the manufacturer’s manual.
Briefly, a 40 μL aliquot of lysate was pipetted in duplicate into a black
96-well plate, followed by addition of 40 μL RNase (1000×) in NaCl-
EDTA buffer composed of component B (20×) and incubated for 1 h
at rt. Subsequently, 80 μL of Gr-dye solution was added and incubated
for 15 min. The measurements were performed on a spectropho-
tometer reader (Victor3 1420, PerkinElmer, U.S.A.) at an excitation
wavelength of 480 nm and an emission wavelength of 520 nm. Three
separate experiments (n = 3) and two replicates each were performed.
Gene Expression Analysis. Total RNA was isolated from samples

at days 7 and 14 using a combination of TRIzol with a
NucleoSpinRNAII isolation kit (Bioke). Briefly, the scaffolds were
washed three times with PBS, and 1 mL of TRIzol was added for each
sample. Then, 0.2 mL of chloroform was added, and the samples were
centrifuged for 15 min at 12,000 RCF (relative centrifugal force). The
aqueous phase containing RNA was transferred to a new Eppendorf
tube, mixed with an equal volume of 75% (v/v) ethanol, and loaded

onto an RNA binding column of the isolation kit. After a series of
purification procedures, the RNA was resuspended in RNASE-free
water. RNA concentration and purity were measured by using an ND
1000 spectrophotometer (Nanodrop Technologies, U.S.A.). Finally,
cDNA was synthesized using iScript (Bio-Rad, Veenendaal, The
Netherlands) according to the manufacturer’s protocol. Quantitative
PCR was performed using SYBR-green supermix (Bio-Rad). Four
separate experiments (n = 4) were performed. Cycling parameters for
quantitative PCR were as follows: initial denaturation for 10 min at 95
°C, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. The
sequences of the analyzed primers are shown in Table 1. Cycle
threshold (CT) values were normalized to the housekeeping gene
B2M, and the results of gene expression were calculated as 2−ΔCT.

Alizarin Red S Staining and Quantification. After 28 days of
culture, samples were washed with PBS, fixed with 10% formalin for 1
h, and then subsequently with PBS and twice with distilled water. A
freshly filtered 2% aqueous alizarin red S solution (pH 4.2) was
applied to scaffolds for 2 min, after which the excess solution was
washed off with distilled water. The quantification of orange-red
coloration of alizarin red S was carried out as in previous studies.43,56

Briefly, constructs were transferred to a microcentrifuge tube before
removing excess water. A 10% acetic acid solution was added, and
samples were shaken for 30 min at rt. After vortexing for 30 s, the
solution was centrifuged for 15 min at 20,000 RCF, and the
supernatant phase was removed to a new 1.5 mL microcentrifuge
tube. A 10% ammonium hydroxide solution was added dropwise to
neutralize the acid. Aliquots of the supernatant phase were measured
in triplicate at 405 nm in a 96-well plate using opaque-walled,
transparent-bottomed plates (Fisher Lifesciences). Three separate
experiments (n = 3) and two replicates each were performed. Scaffolds
without seeding cells were used as control.

Statistics. All data points are expressed as mean values ± standard
deviation. Statistical analysis was carried out using GraphPad Prism
5.01 (GraphPad software, San Diego, U.S.A.) for windows. The
statistical differences were determined by using two-way analysis of
variance (ANOVA), followed by a Tukey’s posthoc test unless
otherwise mentioned. A value of p < 0.05 was considered statistically
significant.
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Table 1. Sequences of Primers Used in PCR

gene forward primer 5′ to 3′ reverse primer 5′ to 3′
BMP-2 ACTACCAGAAACGAGTGGGAA GCATCTGTTCTCGGAAAACCT
BSP CCCCACCTTTTGGGAAAACCA TCCCCGTTCTCACTTTCATAGAT
OPN CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT
OCN TGAGAGCCCTCACACTCCTC CGCCTGGGTCTCTTCACTAC
ALP ACAAGCACTCCCACTTCATC TTCAGCTCGTACTGCATGTC
RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA
COL1A1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
B2M ACAAAGTCACATGGTTCACA GACTTGTCTTTCAGCAAGGA
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