ABSTRACT

Hydroxyapatite (HA) is the principal inorganic phase in bone. Synthetic hydroxyapatite particles,
films, coatings, fibers and porous skeletons are used extensively in various biomedical
applications. In this contribution, sol-gel processing and electrospinning have been used to
develop a technique to produce fibrous structures. Poly(vinyl alcohol) (PVA) with an average
molecular weight (My) between 40,500 g/mol and 155,000 g/mol was electrospun with a
calcium phosphate based sol. The sol was prepared by reacting triethyl phosphite and calcium
nitrate and was directly added to an aqueous solution of PVA. This mixture was electrospun at a
voltage of 20 - 30 kV. The results indicate that the sol particles were distributed uniformly
within the PVA fibers. This electrospun structure was calcined at 600°C for 6 hr to obtain a
residual inorganic, sub-micron fibrous network. The fibrous structure after electrospinning is
retained after calcination. A variety of structures including solid fibers, micro-porous fibers and
interconnected networks could be obtained after calcination. A bead-on-string structure was
obtained after electrospinning for My = 40,500 g/mol. X-Ray diffraction of this fibrous structure
indicated that it consisted predominantly of hydroxyapatite with an average crystal size of almost
10-30 nm. The final morphologies of the ceramic fibers were found to depend on polymer
molecular weight and sol volume fraction. Average fiber diameters were on the order of 200 nm
and 800 nm for molecular weight of 67,500 g/mol and 155,000 g/mol, respectively. By
judiciously controlling these material and process variables, non-woven mats of sub-micron
fibers with varying degrees of interconnectivity and porosity have been produced. Such novel

structures can be useful in drug delivery, tissue engineering and related biomedical applications.
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X-ray diffraction for samples aged for (a) up to 24 h and. Peaks labeled with an
asterisk represent Laue reflections from the single-crystal substrate. [14]

XRD patterns of the gels, prepared from different aging time periods, after 400°C
calcinations. Impure TCP phase appeared after aging for greater than 16 h. (the
abbreviation of PP: Ca;P,0; TCP: Ca3(POy),; CN: Ca(NO3);* 4H,0 will also be
used in other XRD diagrams in this work) [12].

Phase evolution map for apatite formation in terms of aging time and temperature
[12].

The XRD patterns for gel calcined under different calcination temperatures. A
predominant apatitic phase can be obtained, with a minor amount of TCP phase
which developed at higher temperature. An XRD pattern (at the top in (a)) of
commercial HA is also provided for comparison purpose [13].

Crystal size of the gels based on the Scherrer equation, calcined at different
temperatures. The inserted SEM photograph of the microstructure for the gel
calcined at 800°C; an average size of approximately 200nm, in agreement with
calcination, was observed. Some sintering behavior is also seen [33].

Variation of solution viscosity with molecular weight and concentration. The
measured viscosity data from the literature has been fitted to equation (4) [26]. This
equation was then used to predict the viscosity for molecular weights and
concentrations used in this study. The letters in the legend correspond to the PVA
molecular weight (4) 9,500 g/mol; (B) 18,000 g/mol; (C) 40,500 g/mol; (D) 67,500
g/mol; (E)93,500 g/mol; and (F)155,000 g/mol [28].

Variation of Berry number [n]c with the concentration of PVA in aqueous solutions.
Data have been plotted for experimental conditions under which stable fiber
structures were produced. The intrinsic viscosity has been calculated from the Mark-
Howink equation [27].

(4) SEM image of TiO2/PVP nanofibers that were electrospun from an ethanol
solution containing Ti(OiPr)4 (0.1 g/mL) and PVP (0.03 g/mL). The electric field
strength was 1 kV/cm. (B) SEM image of the same sample after it had been calcined
in air at 500 °C for 3 hr [43].

SEM images of uniaxially aligned nanofibers made of different materials: a)
TiO,/PVP composite; B) polycrystalline TiO,. C) polycrystalline, Sb-doped SnO,,; and
D) polycrystalline NiFe;O,. The insets show enlarged SEM images of the
corresponding ceramic nanofibers [43].

SEM image of 50 wt% niobium oxide/PVAC fibers at high magnification: (a) calcined
at 973 K, and (b) calcined at 1273 K [41].

X-ray diffraction spectra of tin oxide mats sintered at different temperatures [56].
SEM photographs of the (a) as spun fiber, and (b) the calcined sample [55].

Flow chart showing the experimental procedure for preparing the sol.
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Schematic illustration of the experimental set-up.

Flow chart showing the experimental procedure for producing the inorganic powder.
Flow chart showing the experimental procedure for fabricating the inorganic fiber.
X-ray diffraction patterns for sols aged at (a) 70°C and (b) 80°C. After aging for 24
hr at the preceding temperatures, the sol was calcined at 700°C for 2 hr. The primary
diffraction peaks for hydroxyapatite (®) are indicated.

XRD pattern of 70°C aged sol for (a) 24 hr and (b) 36 hr. The samples are calcined at
700°C for 2 hr. The primary diffraction peaks for hydroxyapatite (®) and p-
tricalcium phosphate (0) are indicated.

X-Ray diffraction pattern of the gel calcined at different temperatures for 0.5hr (a)
300°C, (b) 400°C, (c) 500°C, (d) 600°C (e) 700°C (f) 800°C. The primary diffraction
peaks for hydroxyapatite (®) and p-tricalcium phosphate (g) are indicated.

Crystal size as a function of calcination temperature.

X-ray data of 700°C calcined 70°C 24 hr Samples: (b) 700°C calcining for 2hr; (c)
700°C calcining for 3hr,; (d) 700°C calcining for 4hr, (e) 700°C calcining for 5hr.
The standard hydroxyapatite diffraction pattern (JCPDS file #09-0432) (a) is also
shown at the bottom of the figure. The primary diffraction peaks for hydroxyapatite
(®) and f-tricalcium phosphate (Q) are indicated.

Crystal size as a function of calcination time.

Photographs showing a single droplet of (a) as-spun pure sol, and (b) pure sol
calcined at 600°C for 6 hr.

Sequential photographs showing the nature of the PVA aqueous solution jet for
various times(s) after the application of the voltage. The voltage (30kV) was applied
att=20s.

Sequential photographs showing the nature of the jet of pure sol for various times (s)
after the application of the voltage (30kV).

Sequential photographs showing the break down of the PVA/Sol solution jet after
various times (s). The time is measured after the application of a voltage of 30kV.
Photographs showing the as-spun structures for different volume fractions of the sol.
(a) 0% (PVA aqueous solution); (b)16.7%; (c) 20%, (d) 25%; (e) 50%; (f) 66.7%
(PVA My = 155,000 g/mol).

Photographs showing the as-spun structures for different sol volume fractions. (a)
0% (PVA aqueous solution),; (b) 16.7%, (c) 20%, (d) 25%; (e) 50%; (f) 66.7% (PVA
My = 67,500 g/mol).

Photographs showing the as-spun structures for different sol volume fractions. (a)
0% (PVA aqueous solution); (b)16.7%, (c) 25%, (d) 50%; (e) 66.7%. (PVA My =
40,500 g/mol).

Elemental map showing sol-particle-embedded fibrous structure. (a) SEM
photograph, (b) phosphorus map, and (c) calcium map.

Elemental map showing droplets in the electrospun structure (a). The elemental maps
for phosphorus (b) and calcium (c) are also shown.

SEM photographs showing the structure in the polymer-sol mixture after various
treatments (a) the original mixture (sol volume fraction = 20%) which was on a slice
of glass and freeze dried. Photographs (c) and (e) are as-spun samples for sol
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volume fractions of 20% and 25%, respectively. Photographs (b) and (d) are the
freeze dried as-spun samples for sol volume fraction of 20%. Photograph (f) is freeze
dried as-spun sample of sol volume fraction of 25% (My=155,000 g/mol).

Schematic illustrations showing the mixing condition in the polymer/sol mixture.
Schematic illustration showing the development of various structures formed after
electrospinning based on the model presented in Fig. 33.

Variation of the as-spun fiber diameter as a function of sol volume fraction. (a)PVA
My of 67,500 g/mol, and (b) PVA My of 155,000 g/mol.

Zero-shear viscosity as a function of sol volume fraction and molecular weight (a)
My = 40,500 g/mol, (b) My = 67,500 g/mol and (c) My = 155,000 g/mol.

Weight loss after calcination of the electrospun polymer as a function of sol volume
fraction. (a) M,, = 40,500 g/mol, (b) My = 67,500 g/mol, and (c) M,, = 155,000
g/mol.

Photographs showing solid fibers after calcination with (a) Sol volume fraction =
16.7%, and (b) Sol volume fraction = 20% (PVA My=155,000 g/mol).

Photographs showing porous fibers with (a) Sol volume fraction = 16.7% and (b) Sol
volume fraction = 20% (PVA My=155,000 g/ mol).

Photographs showing highly interconnected structures after calcining at 600°C for 6
hr for sol volume fractions of (a) 16.7% and (b) 20% (PVA My = 67,500 g/mol).
Photographs showing fibrous structures after calcining at 600°C for 6 hr for sol
volume fractions of (a) 25% and (b) 50% (PVA My = 67,500 g/mol).

Variation of the fiber diameter before (dus.gpun) and after (ducined) calcination as a
function of sol volume fraction (a) My = 155,000 g/mol, and (b) My =67,500 g/mol.
Photographs showing freeze dried samples after calcination at 600°C for 6hr. (a) sol
volume fraction of 20%, and (b) sol volume fraction of 25% (PVA My = 155,000
g/mol).

SEM photographs showing the calcined structures of (a) Sol volume fraction of 25%
(b) Sol volume fraction of 50% (c) Sol volume fraction of 83.3% (PVA My=155,000
g/mol).

SEM photographs are shown before (a) and after (b) calcining. The highlighted
regions are shown in detail to outline the formation of interconnected porous
structures for the two cases. The stretching of the fibers between junctions are
illustrated (PVA My=67,500 g/mol).

High Magnification photographs showing the calcined samples with sol volume
fractions of (a) 25% and (b) 50% (PVA My = 67,500 g/mol). Notice the average
fiber diameter is 170 nm and 190 nm, respectively.

Fibrous structure with high fibrous density is amalgamated to form a flat pattern.
PVA My=40,500 g/mol, sol volume fraction of 16.7%.

Schematic illustration of the effects of calcination in bead-on-string structure
obtained after electrospinning. The stretching of the fiber between the beads is
demonstrated. The SEM photograph shows the structure in the calcined sample and
the inset shows the bead after calcination. (Sol volume fraction of 83.3% and PVA
Mw=67,500 g/mol).
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Fig. 49

Fig. 50

Fig. 51

Photographs showing bead-on-fiber structure obtained after calcination for different
sol volume fractions. The structure before calcination is shown in Figs. 29 (c), (d)
and (e). The volume fractions of the sol are (a) 25%, (b) 50%, and (c) 66.7% (PVA
My = 40,500 g/mol).

Photographs showing the bead-on-string structure after electrospinning (a). The
corresponding structure after calcination is shown in (b). The inset highlights the
sintering of beads upon calcination. (PVA My = 40,500 g/mol, the Be number of the
polymer solution is 9, sol volume fraction of 66.7%).

XRD pattern for samples calcined at 600°C for 6 hr. (b) Sol volume fraction = 16.7%,
(c) Sol volume fraction = 20%, (d) Sol volume fraction = 25%, and (e) Sol volume
fraction = 50%. The JCPDS file (#09-0432) for hydroxyapatite is also shown in the
bottom of the figure (a). The peaks for hydroxyapatite (®) are indicated.
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