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Calcium titanate (CaTiO3) nanofibers with controlled micro-
structure were fabricated by a combination of sol–gel and
electrospinning approaches. The fiber morphology has been
found to rely significantly on the precursor composition. Al-
tering the volume ratio of ethanol to acetic acid from 3.5 to
1.25 enables the morphology of the CaTiO3 nanofibers to be
transformed from fibers with a circular cross section to
curved ribbon-like structures. Ibuprofen (IBU) was used as a

Introduction

Research on localized drug-delivery systems (LDDSs)
have received burgeoning attention and have advanced
rapidly in the last years due to their great potential to im-
prove human health. Compared with conventional forms
of drug dosage, LDDSs display many advantages including
greater efficacy and safety, controlled and prolonged release
time, and predictable therapeutic response.[1] More recently,
on the basis of the large surface area of nanofibers, the
sustained drug-release kinetics, and the nontoxic nature of
inorganic materials, inorganic nanofibers such as silica,[2]

bioactive glass,[3] and hydroxyapatite[4] have been widely in-
vestigated as candidates for modern LDDSs.

Calcium titanate (CaTiO3) is a well-known bioceramic.
It has been extensively used for orthopedic implants as a
coating material.[5] A CaTiO3 coating layer between tita-
nium substrate and hydroxyapatite has been demonstrated
to suppress the progression of hydroxyapatite dissolution in
acidic environment caused by osteoclastic bone resorption
in the body.[5c,6] In addition, the growth of apatite on Ca-
TiO3 is promoted in simulated body fluids.[7] The good sta-
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model drug to investigate the drug-loading capacity and
drug-release profile of the nanofibers. It was found that the
BET surface area and the pore volume decrease markedly
with the utilization of F127 surfactant. The nanofibers syn-
thesized without F127 surfactant present the highest drug-
loading capacity and the most sustained release kinetics.
This study suggests that calcium titanate nanofibers can offer
a promising platform for localized drug delivery.

bility and identified biocompatibility of CaTiO3 make it
possible to extend its applications in localized drug delivery.
To date, much effort has been devoted to the synthesis of
CaTiO3 micro-/nanostructures by methods such as a
PEG-200-assisted solvothermal procedure,[8] the sol–gel
method,[9] and hydrothermal methods.[10]

Electrospinning is a highly versatile method for prepar-
ing fibers with dimensions down to the nanometer range.
Electrospun nanofibers offer several advantages such as an
extremely high surface-to-volume ratio, tunable porosity,
and malleability to conform to a wide variety of sizes and
shapes.[11] With smaller pores and higher surface area than
regular fibers, electrospun fibers have been successfully ap-
plied in diverse fields including tissue engineering,[12] bio-
sensors,[13] filtration,[14] wound dressings,[15] drug deliv-
ery,[1a,1b,16] and enzyme immobilization.[17] The nanoscale
fibers are generated by the application of a strong electric
field to the polymer solution. Under a strong electric field,
a jet is formed and moves towards the grounded collector.
On the way to the collector, the solvent evaporates, and so-
lid fibers with diameters ranging from micrometers to na-
nometers precipitate on the collector. The electrospinning
technique has been utilized to synthesize dense and hollow
nanofibers of inorganic ceramics such as silica,[18] bioactive
glass,[3b] TiO2,[19] SnO2,[20] Al2O3,[21] In2O3,[22] and Ca-
TiO3.[23] Electrospinning has been proven to be a highly
successful technique for controlling the synthesis of one-
dimensional nanostructures.

CaTiO3 nanofibers doped with rare earth elements have
been synthesized by electrospinning for various optical ap-
plications.[24] However, to the best of our knowledge, there
is no report on electrospun CaTiO3 nanofibers for localized
drug-delivery applications. Therefore, in this work we fabri-
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cated nanoscale CaTiO3 drug carriers with a method based
on the electrospinning technique with subsequent heat
treatment. A surfactant-assisted sol–gel method was uti-
lized to realize the controllable synthesis of CaTiO3 nano-
fibers with use of Pluronic F127 as surfactant and by tuning
the experimental parameters. The drug-release properties of
the nanofibers were tested with ibuprofen (IBU) as a model
drug.

Results and Discussion

Electrospinning Synthesis Process and Phase Structure

A schematic diagram of the electrospinning procedure of
CaTiO3 nanofibers is shown in Figure 1. The setup has
three components: a high-voltage power supply, a metallic
needle, and a grounded collector (Figure 1a). The needle is
connected to a syringe in which the precursor solution is
filled. With use of a syringe pump, the solution is fed
through the needle at a controllable rate. When a high volt-
age is applied, the pendant droplet of the precursor solution
at the tip of the needle becomes highly electrified, and the
induced charges get evenly distributed over the surface. As
a result, under the coulombic force exerted by the external
electric field and the electrostatic repulsion between the sur-
face charges, the droplet is distorted to a hemispherical ob-
ject and is elongated to form a conical shape known as the
Taylor cone.[25]

In our study, when the applied voltage and flow rate were
set at 9.8–10.6 kV and 0.5 mL/h, respectively, a stable cone-
shaped electrospinning jetting mode was achieved and
maintained, as captured by a speed camera (Figure 1c).
Subsequently, the jet that is highly stretched and elongated
under the electric field results in the formation of con-
tinuous fine fibers owing to the blending instability.[26]

When the process parameters were set outside this range,
an unstable jetting mode (Figure 1b) or a multijetting mode
(Figure 1d) were obtained, as a result of which non-uniform
fibers were formed.

Figure 2a shows the thermogravimetric differential scan-
ning calorimetry (TG-DSC) curves of the as-spun fibers
during the calcination process by heating known quantities
of fibers at a step rate of 10 °C/min in air. An increase from
ambient temperature (25 °C) to 157.2 °C, which resulted in

Figure 2. (a) TG-DSC curves of as-spun CaTiO3 nanofibers and (b) XRD patterns of CaTiO3 nanofibers annealed at 700 °C.
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Figure 1. (a) Schematic diagram of electrospinning setup. (b–d) The
high-speed camera image of the jet during electrospinning at dif-
ferent voltages. The scale bar is 1 mm.

about 9.89% weight loss in the TG curve, was accompanied
with a weak broad endothermic peak at 74.58 °C due to the
evaporation of residual solvent. Between 157.2 and
329.92 °C, about 69.61% weight loss was observed with two
exothermic peaks at 219.01 and 312.66 °C, which are attrib-
uted to the decomposition of nitrates and the degradation
of polyvinylpyrrolidone (PVP).[27] PVP degradation pro-
ceeds by two mechanisms involving both intramolecular
and intermolecular transfer reactions.[28] Between 329.92
and 550 °C, there was about 4.31 % weight loss with an exo-
thermic peak at 463.15 °C, which is the result of oxidation
of carbon and carbon monoxide released by the decomposi-
tion of tetrabutyltitanate and PVP.[27,29] No further signifi-
cant weight loss was observed above 600 °C, indicating that
the pyrolysis process was complete and the perovskite Ca-
TiO3 phase was formed.

Figure 2b shows X-ray diffraction (XRD) patterns of the
fibers annealed at 700 °C, well-defined diffraction peaks at
(110), (111), (112), (210), (103), (022), (220), (204), (224),
and (110) were detected, all of which were indexed to the
orthorhombic phase of CaTiO3 (JCPDS No. 82–0228). No
diffraction peaks from impurities were observed. This sug-
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gests that the fibers have crystallized in the pure ortho-
rhombic CaTiO3 phase, which is in agreement with TG-
DSC results.

Effect of Precursor Composition on the Fibers

In the preparation of the CaTiO3 precursor sol, acetic
acid retards the hydrolysis of titanium and stabilizes the sol
for electrospinning. In addition, acetic acid can also absorb
the moisture in the air, which decelerates the evaporation of
the solvents and may induce a negative influence on the fine
fiber morphology. Thus, it is of great importance to control
the volume of acetic acid in the precursor solution. The
influence of the ratio of ethanol to acetic acid on the fiber
morphology was investigated experimentally, and sols with
five different volume ratios of ethanol to acetic acid (1.25,
2, 3, 3.5, and 4) were prepared and electrospun, while keep-
ing the other parameters constant. All the above as-spun
CaTiO3 nanofibers were calcined at 700 °C to eliminate
PVP, surfactant, and solvent. As shown in the scanning
electron microscopy (SEM) images (Figure 3), CaTiO3

nanofibers obtained at different ratios presented different
morphologies. When the volume ratio was set at 4, a white
precipitate formed, and the precursor solution became un-
stable. When the ratio was set at 3 and 3.5, the nanofibers
presented a mean diameter of about 106 and 114 nm,
respectively, and when the ratio was less than 3, the hydro-
lysis of titanium butoxide was effectively hindered,[30] and
the precursor was quite stable. However, curved ribbon-like
CaTiO3 was formed when the volume ratio of ethanol to
acetic acid reached 1.25. The morphology of electrospun
one-dimensional nanomaterials is dependent on a number
of processing parameters including the type of polymer,
electrical conductivity, surface tension, applied voltage,
flow rate, nozzle-collector distance, and operational condi-
tions.[31] Under the control of these factors, evaporation of
the solvent and the subsequent collapse of the fiber might
be responsible for the emergence of a ribbon-like struc-
ture.[32] Once the fiber is spun out of the nozzle during elec-
trospinning, the solvent evaporates rapidly from the fiber,
and the as-prepared fiber may completely solidify to dif-
ferent degrees before reaching the collector. This depends
on the physical properties of the solvents. If the fibers are
not completely solidified prior to reaching the collector, rib-
bon-like structures may form.[33]

It needs to be pointed out that acetic acid is a hygro-
scopic liquid with a high boiling point and ethanol is vola-
tile at ambient temperature. When the jets are electrospun
out of the nozzle, ethanol evaporates completely, while
some acetic acid remains in the fiber prepared with a low
volume ratio, giving rise to the formation of curved ribbon-
like morphology. Thus, the volume ratio of ethanol to acetic
acid plays an important role in fiber formation and struc-
ture.

The CaTiO3 nanofibers synthesized with a volume ratio
of 3 were further examined by using transmission electron
microscopy (TEM). The microstructural characteristics of
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Figure 3. SEM images of CaTiO3 nanofibers obtained at various
volume ratios of ethanol to acetic acid: (a) 1.25, (b) 2, (c) 3, and
(d) 3.5. CaTiO3 nanofibers in (d) seem to be cut during the strong
sonication procedure while the sample was collected prior to exami-
nation by SEM. The scale bar is 1 μm.

nanofibers when different amounts of Pluronic F127, a
widely used surfactant in drug-delivery systems, were used
were investigated (Figure 4). Owing to the different penetra-
tion depth of electrons in different parts of the fiber body,
the highly porous nature of all fibers was clearly observed.
The microstructure of nanofibers prepared with F127 sur-
factant shows relatively more “loosened” characteristics
(Figure 4b and 4e). This indicates that the F127 surfactant
induces pores with increased dimensions. In addition, the
polycrystalline nature of CaTiO3 nanofibers is confirmed
from the selected area electron diffraction patterns (the in-
sets of Figure 4b and 4e). The HRTEM images, shown in
Figure 4c and 4f, present a large scale of neatly arranged
lattice fringes with no obvious defects. The d-spacing values
are 0.382 and 0.270 nm, corresponding to the (110) and
(112) crystal facets of the orthorhombic CaTiO3 phase,
respectively. Those results indicate that all fibers are of fine
crystallinity, which agrees well with the findings from XRD
studies.

Figure 4. TEM and HRTEM images of CaTiO3 nanofibers ob-
tained with (a–c) and without (d–f) F127 surfactant. Insets: SAED
pattern of a single nanofiber.
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The formation mechanism of porous CaTiO3 nanofibers
is demonstrated in Figure 5. The precursor solution is com-
posed of a metal salt solution, PVP, and F127 surfactant.
PVP was used to adjust the viscoelastic behavior and make
the sol suitable for further electrospinning. Pluronic F127
is an amphiphilic block copolymer, which has a large solu-
bility difference between its hydrophilic and hydrophobic
segments. Such copolymer molecules self-assemble into mi-
celles, a core-shell architecture, where hydrophobic seg-
ments are segregated from the exterior solution to form an
inner core surrounded by a shell of hydrophilic segments.[34]

The F127 micelles can exist in the as-spun fibers. Under
high-temperature sintering, CaTiO3 nanofibers with porous
structure are obtained, because the F127 micelle template
and PVP molecules vanish. Thus, CaTiO3 nanofibers pre-
pared with or without F127 surfactant have different po-
rous microstructures.

Figure 5. Illustration of the formation process of porous CaTiO3

nanofibers.

The unique microstructure characteristics of CaTiO3

nanofibers facilitate the potential of this material as a local-
ized drug-delivery system. To further investigate the poros-
ity of CaTiO3 nanofibers, the specific surface area and pore
characteristics of fibers were examined by using N2 adsorp-
tion/desorption measurements. As shown in Figure 6, Ca-
TiO3 nanofibers prepared with or without F127 surfactant
both showed representative IV-type isotherms, which are
characteristics of typical porous materials. The specific sur-
face area and pore volume of the fibers, calculated using
the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–
Halenda (BJH) methods, are summarized in Table 1. The
fibers synthesized with F127 have a BET surface area of
about 18.1 m2/g and a pore volume of about 0.071 cm3/g,
while those synthesized without the surfactant were found
to show a higher BET surface area (ca. 30.7 m2/g) and a
larger pore volume (ca. 0.119 cm3/g). The reason for such a
difference is the formation of F127 micelles, as discussed
above. This result matches those reported previous-
ly.[2a,34a,35]
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Figure 6. N2 adsorption/desorption isotherm of CaTiO3 nanofi-
bers.

Table 1. The BET surface area, pore volume, and drug-loading ca-
pacity of CaTiO3 nanofibers.

Sample BET surface area Pore volume Drug-loading capacity
(m2/g) (cm3/g) (wt.-%)

Without F127 30.7 0.119 43.7
With F127 18.1 0.071 24.5

Drug Loading and Release

Figure 7 shows the FTIR spectra of CaTiO3 nanofibers,
IBU-loaded CaTiO3 nanofibers, and the pure IBU drug.
For the CaTiO3 nanofibers, strong absorption peaks at
about 445 and 556 cm–1 are attributed to the bending mode
of Ti–O.[36] The weak bands assigned to the hydroxyl ab-
sorption (3432 cm–1) and the O–H vibrations of H2O
(1635 cm–1) indicate the presence of hydroxyl groups and
H2O molecules on the surface of CaTiO3 nanofibers, which
is important for the attachment IBU molecules. When Ca-
TiO3 nanofibers were loaded with IBU molecules, typical
characteristic peaks assignable to –COOH vibration at
about 1720 cm–1 and C–Hx bonds at about 2862 and
2960 cm–1 were clearly observed, except for a slight decrease
in intensity compared with that of pure IBU drug. Further-
more, absorption bands, which could be assigned to the
quaternary carbon atom at about 1460 and 1512 cm–1 and
to the tertiary carbon atom at 1329 cm–1 arising from the
introduced IBU molecules, were also observed, confirming
that IBU drug was successfully loaded on the CaTiO3 nano-
fibers.

Figure 7. (a) FTIR spectra of CaTiO3 nanofibers, IBU-loaded Ca-
TiO3 nanofibers, and pure IBU. (b) The molecular structure of
IBU.

The absorbance of IBU in phosphate-buffered saline
(PBS) solution is shown in Figure S1a. Obviously, the maxi-
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mum absorbance occurs at a characteristic wavelength of
222 nm. Therefore, the in vitro examination of IBU release
by UV/Vis spectroscopy was carried out at this wavelength.
The relationship between absorbance at 222 nm and IBU
concentration is demonstrated in Figure S1b. When the
IBU concentration ranges from 0.010 to 0.025 mg/mL, the
absorbance at 222 nm shows good linearity with the IBU
concentration, and the correlation coefficient reaches
99.408%. The IBU concentration in the release medium can
be calculated by the equation:

A222 = 31.402 CIBU + 0.1488

where A222 is the absorbance at 222 nm and CIBU is the
concentration of IBU in the collected sample. Hence, the
drug-loading capacity and cumulative drug release can be
calculated by means of the above calibration curve equa-
tion.

In the drug-loading procedure, the IBU molecules can
be adsorbed onto the surface of the highly porous CaTiO3

nanofibers. The drug-loading capacities of the IBU-loaded
CaTiO3 nanofibers prepared with and without F127 surfac-
tant were calculated to be about 24.5 and 43.7 wt.-%,
respectively. It is interesting to find that the amount of drug
loaded on the fibers prepared without F127 surfactant is
nearly double that loaded on the fibers prepared with sur-
factant. Moreover, the BET surface area and pore volume
of the fibers prepared without surfactant are also nearly
two times those of the fibers prepared with the surfactant,
which indicates a correlation between the drug-loading ca-
pacity and the BET surface area and pore volume of the
porous materials.

During the drug-release process in PBS solution, ac-
companied by fluid diffusion into the pores of the nano-
fibers, IBU molecules are liberated from the fibers and re-
leased into the fluid by a diffusion-controlled mechanism.
Figure 8 shows the cumulative drug-release profiles as a
function of release time for IBU-loaded CaTiO3 nanofibers.
Rather different release behavior was observed for the two
types of CaTiO3 nanofibers. A typical drug-release phe-
nomenon consists of two stages, including an initial fast-
release stage, dominated by the rapid leaching of free IBU
molecules from the outer surfaces of the fibers, and a rela-
tively slow subsequent release stage, ascribed to drug libera-
tion from the porous structure of the fibers. The CaTiO3

nanofibers synthesized without F127 surfactant present a
dramatically sustained drug-release rate due to their re-
duced pore dimensions and increased BET surface area.
About 28 wt.-% of IBU drug is liberated from the nano-
fibers within the initial 2 h, and about 66 wt.-% of the total
IBU drug is released after 48 h. In contrast, for the CaTiO3

nanofibers with low BET surface area and large pore di-
mensions, the amount of released IBU drug reaches about
48 and 66 wt.-% within the initial 2 and 8 h, respectively.
Therefore, the drug-loading capacity and the drug-release
behavior have been successfully manipulated by the synthe-
sis of CaTiO3 nanofibers with varied microstructure. Our
findings suggest another promising localized drug-delivery
system for a variety of pharmaceutical applications such as
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localized tumor therapy, which require sustained release to
reduce the significant side effects of the drugs.

Figure 8. Cumulative drug-release profiles as a function of release
time for IBU-loaded CaTiO3 nanofibers.

Conclusions

A range of CaTiO3 nanofibers with controlled micro-
structure were synthesized by a combination of the sol–gel
and electrospinning methods. By tuning the volume ratio of
ethanol to acetic acid, the morphology of CaTiO3 nano-
fibers can be transformed from nanofibers with a circular
cross section to ribbon-like fibers. The formation of the rib-
bon-like structure is ascribed to inadequate solvent evapo-
ration from the precursor fiber before it reaches the collec-
tor. Amphiphilic block copolymer Pluronic F127 was used
to vary the pore structure of CaTiO3 nanofibers through
self-assembly of F127 micelles and subsequent calcination.
Thus the drug-loading capacity and drug-release behavior
of the CaTiO3 nanofibers were manipulated by altering
their microstructure. As a result of their high surface area,
large pore volume, and small pore dimensions, the CaTiO3

nanofibers synthesized without F127 present the highest
drug-loading capacity and most sustained drug-release ki-
netics. The study has suggested that such CaTiO3 nano-
fibers with unique mesoporous microstructure can serve as
a promising localized drug-delivery system for modern bio-
medical applications.

Experimental Section
Reagents and Materials: Calcium nitrate tetrahydrate [Ca(NO3)2·
4H2O, 99%], titanium butoxide [Ti(OC4H9)4, �98.0%], polyvinyl-
pyrrolidone (PVP, MW = 1,300,000, Aladdin), Pluronic F127
(EO106PO70EO106, MW = 12600, Sigma–Aldrich), Ibuprofen (IBU,
99%, Nanjing Chemical Regent Co., Ltd.), acetic acid (C2H4O2,
A.R.), ethanol (C2H6O, A.R.), N,N-dimethylformamide (C3H7NO,
A.R.), and phosphate-buffered saline (PBS, pH = 7.4, Sinopharm
Chemical Reagent Co., Ltd) were used as received without further
purification.

Fabrication of CaTiO3 Nanofibers

Briefly, Ti(OC4H9)4 (ca. 0.82 g) and Ca(NO3)2·4H2O (ca. 0.56 g)
were dissolved in a mixed solution (9 mL) containing acetic acid
and ethanol (volume ratio of ethanol to acetic acid 1.25, 2, 3, 3.5,
and 4) with magnetic stirring. Then surfactant (Pluronic F127, 1.26
wt.-%) and polyvinylpyrrolidone (PVP, 3.25 wt.-%) were added
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with N,N-dimethylformamide solution and stirred for another 6 h
to form spinnable precursor sols.

The electrospinning sol was fed into the conducting nozzle (2 mm
inner diameter) by using an infusion pump (KDS-100, KD Scien-
tific, USA) at a constant flow rate of 0.5 mL/h. The distance and
voltage applied between the needle tip and the collector were set at
15 cm and 10 kV (PS/FC30P04.0–22, Glassman High voltage Inc.,
USA), respectively. As-spun fibers were dried overnight at 80 °C
and calcined in air at 700 °C for 2 h, with a heating rate of 2 °C/
min.

Characterization: The thermal behavior, crystal structure, mor-
phology, and microstructure were investigated by using TG-DSC
(DSCQ1000, AT, USA, air atmosphere), XRD (X�PertPRO MPD,
Netherlands, using Cu-Kα radiation, λ = 0.1540598 nm), SEM (FE
SEM, Hitachi SU-70, Japan), and TEM (Philips TecnaiF20 S-
TWIN, Netherlands), respectively. The specific surface area and
pore size distribution were determined by N2 adsorption/desorp-
tion analysis at liquid nitrogen temperature (77 K) by using a
Coulter OMNISORP-100 apparatus. The FTIR spectra were re-
corded with a Perkin–Elmer 580B infrared spectrophotometer on
KBr pellets (Tensor 27, Bruker, Germany). UV/Vis absorption val-
ues were measured with a TU-1810 spectrophotometer.

Drug Loading and Release

IBU-release measurements were carried out by UV/Vis absorption
spectroscopy. The absorbance values were measured at a character-
istic wavelength of 222 nm, at which the IBU-release medium shows
the maximum absorbance. A calibration curve was drawn by plot-
ting absorbance vs. IBU concentration.

In the drug-loading procedure, CaTiO3 nanofibers (300 mg) were
suspended in a hexane solution of IBU (40 mg/mL, 50 mL) at am-
bient temperature and stirred for 24 h to induce the diffusion of
the drug into the pores. Then, the nanofibers were collected by
centrifugation and washed with hexane to remove the IBU ad-
sorbed on the outer surface. The filtrate (1 mL) was collected and
diluted for the measurement of drug-loading capacity by UV/Vis
spectroscopy at a wavelength of 222 nm.

In vitro drug release was investigated after IBU-loaded CaTiO3

nanofibers were dried overnight at 60 °C. IBU-loaded CaTiO3

nanofibers (200 mg) were immersed in the release medium PBS
with gentle stirring at 37 °C. At each selected time interval, an ali-
quot (1 mL) was collected and immediately replaced with an equal
volume of fresh PBS. The samples collected were diluted and ana-
lyzed by UV/Vis spectroscopy at a wavelength of 222 nm.
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