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ABSTRACT: Ceramic silica (SiO,) hybrid nanofibers were prepared by electrospinning
of solutions containing biocompatible polymer and modified silica precursors. The new
hybrid nanofibers are based on polyethylene oxide (PEO) and a new solution of modified
sol—gel particles of mixture containing tetraethoxysilane (TEOS) and 3-glycidyloxypro-
pyltriethoxysilane (GPTEOS) in a weight ratio of 3:1. Adding high-molecular-weight
PEO into the silica sol is found to enhance the formation of the silica nanofibers and leads
to reduce the water-soluble carrying polymer down to 1.2%wt. Transmission electron
microscopy (TEM) and attenuated total reflection fourier transformation infrared ATR-
FTIR measurements are suggested that PEO is encapsulated by the silica component.
This excellent formulation renders electrospinning of SiO, a robust process for an easy
production of controllable silicate nanofibrous matrices. For instance, nanofibers with

average diameter down to 400 nm are accessible by varying the weight ratio between the polymer and the inorganic precursor. These
are reduced to 120 nm after the pyrolysis process. Moreover, the surface of the nanofibers could be easily modified, either by AI**
leading to aluminium silicate coatings, or by incorporation of Ca>" ions and subsequent bioactive hydroxyl carbonate apatite (HAP)
formation. These hybrid silica nanofibers are possess a unique collective properties can have a great impact either in high-
temperature reinforced materials and filtration or in biomedical applications such as in dentistry and bone tissue engineering.
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B INTRODUCTION

Nanocomposites are a new class of materials based on organic
polymers and inorganic substances. Combining both counter-
parts in one material uses the advantages of the flexibility and
good mold ability of the organic part, and heat stability, high
strength, and chemical resistance of the inorganic part. These
organic—inorganic nanocomposite materials present mean for
membrane applications. In previous studies, a direct blending
method of the pre-prepared nanoparticles with polymers has led
to the modification of asymmetric membranes. However, this
method is limited because of a lack reproducibility, whereas sig-
nificant nanoparticle aggregation in the membrane casting solu-
tion and poor stability of the nanoparticles onto the membrane
surfaces."” The development of sol—gel technique has provided
nanosols for various surface modifications. The most investigated
nanosol systems are silica sols. By hydrolyzing metal alkoxides
following condensation, a dispersion of nanosized alkoxide particles
is formed. The coating of this dispersion can form xerogel films
after solvent evaporation.”® This technique has offered many
advantages by improving the compatibility of inorganic—organic
materials without affecting the organic polymer properties.”
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Nanofiber matrices via electrospinning have been found in a
large number of applications in the industrial sector, ie., in
filtration, membrane, textile coating and catalysis and also in bio-
medical field, i.e., in wound healing, drug delivery systems, and
tissue engineering scaffolds.” Electrospun nanofibers include
synthetic and natural polymers, but also hybrid fibers of metal
and ceramic.”” A great number of electrospun ceramic nano-
fibers, including silica (SiO,) and titanium (TiO,) nanofibers,
have been prepared and studied.* " Silica (SiO,) is the most
convenient and widely used because of its mild reactivity and
good chemical properties. The multifunction of the SiO, unmodi-
fied or modified nanofibers can range from resistant to corrosion
and protective textiles to dental and biomedical applications.
Modified SiO, nanofibers coated with aluminum nitride (AIN)
have been proposed for photovoltaic space-based applications, '
whereas sol—gel-derived bioactive silica glass nanofibers have
been recently introduced as scaffolding matrices for bone-tissue
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regeneration.”> > Moreover, coating ability of apatite on ceramics
has been known for a long time'® and has recently been tested on
silica glasses of various alkoxide systems.'>'®

Two methods of preparing silica electrospun nanofibers via
solutions (spin dopes) are frequently applied: the first method is
the direct spinning of aged sol—gel solutions prepared from
alkoxide precursors and the second is spinning from an organic
solution containing alkoxide precursors and carrying polymers.
In the first method, solid and dense fibers are obtained. But
the diameters reported are of the micrometer range, down to
0.7 um."* Besides, as pH and concentrations of the sol-gel con-
stituents are the main factors influencing the gelation and the
solution viscosity, the direct method is difficulty controlled. Thus,
the solutions containing organic polymers are more easily adjusted,
generating nanofibers of controllable size and uniformity. These
ceramic nanofibers, also known as polymer-derived ceramics (PDCs),
can subsequently submitted to direct thermal decomposition
(pyrolysis) of the polymeric counterpart.'” Nevertheless, it has
been reported that the brittleness of the sintered ceramic nano-
fibers produce whiskers when broken in vivo, leading to potential
carcinogenesis.'® Therefore, for biomedical purposes, nonsintered
silica/polymer composites should be preferred.

As alkoxide precursor, tetraethoxysilane (TEOS) and tetra-
methoxysilane (TMOS) are commonly used.'”*° As carrying co-
electrospun polymer, the most studied are polyvinyl pyrrolidone
(PVP), poly(vin?llidene fluoride (PVDF), nylon-6 ,and polyvinyl
alcohol (PVA)."?%*' In regenerative medicine, the potential
biomedical use of new resorbable materials is governed by the
physiochemical properties, biological compatibility and by their
biodegradability. The bioactive silica gel fibers that are not treated by
heat have been reported to dissolve easily in vivo, whereas the
silanol groups of the silicate ions are known to act as nucleation
sites for the development of hydroxyapatite crystals.”*

Herein, we have created new types of organic—inorganic
composite nanofibrous membranes. They are based on one of
the most used non-toxic and biocompatible polymers, polyethy-
lene oxide (PEO).”> > A new organically modified alkoxide
sol—gel solution is used containing a mixture of tetraethoxysilane
(TEOS) and 3-glycidyloxypropyltriethoxysilane (GPTEOS)
containing an epoxy group. Furthermore, epoxies as N,N-digly-
cidyl-4-glycidyloxyaniline (tri-epoxy)® or bisphenol A propoxyl-
ate diglycidyl ether”” have been used as cross-linkers for the
reinforcement of the skeletal structure of typical silica aerogels
appropriate for aerospace :;1pplications.28

The objectives of this work were, first to obtain a controllable
and easy process of silica nanofibers, and subsequently examine
the effect of varying the polymer to precursor weight ratio and
correlate that to the structural properties of the nanofibers. The
second aim was to prove the ability of these hybrid nanofibers to
modify (i) by creating aluminum silicate coatings under Al hyper-
saturated conditions giving rise to high temperature and nano-
filtration media, (ii) by incorporating calcium ions resulting in
bioactive hydroxyl carbonate apatite (HAP) crystal formation.

B EXPERIMENTAL SECTION

Materials. The polyethylene oxide (PEO) used in these experi-
ments was purchased from Sigma-Aldrich (M, = 900 000 Da). Acetic
acid was bought from Normapur (PROLABO), Germany. Deionized
water was used for the preparation of solutions. Dulbecco’s modified
eagle’s medium (DMEM - D6046), low glucose with 1000 mg/L

glucose, L-glutamine, and sodium bicarbonate, liquid sterile filtered, was
also purchased from Sigma, Germany.

Preparation of Electrospun Nanofibers. The modified silica
sol was prepared by hydrolyzing tetraethoxysilane and 3-glycidyloxy-
propyltriethoxysilane in a weight ratio of 3:1. The sol was hydrolyzed in
0.01 N HNOj; and in presence of ethanol, in a volume ratio of: (TEOS/
GPTEOS):HNO3:C,H;OH = 1:0.2:4.2. After being stirred for 24 h, the
solution was ready for the preparation of the spin-dopes. A 3 wt % PEO
solution was prepared separately in 0.5 M acetic acid and stirred for a
period of 24 h. The PEO solutions were then mixed in various weight
ratios with the alkoxide solution. The resultant mixtures were stirred for
at least 6 h to ensure adequate mixing.

The electrospinning apparatus was set up horizontally, as it has been
previously described.”” The silica/polymer solution was put into a 1 mL
disposable syringe fitted with 0.60—1.0 mm 23 gauge tip-ground-to-flat
needles and fed with the help of a programmable KD scientific pump.
Typical parameters operated in this study were flow rates between 0.4
and 1.0 mL/h, voltages between 28 and 30 kV and a tip to collector
optimal distance of 11 cm; environmental conditions: 22 °C and RH = 55%.

Characterization of Nanofibrous Membrane. Rheology.
A Haake MARS (Haake, Germany) stress-controlled rheometer was
used for the measurements of the solutions viscosity parameters.
Cone—plate geometry (35 mm radius, 2°, Ti) was used for the shear
measurements and the oscillatory movement. The gap for all solu-
tions was 0.100 mm at a temperature of 20 &= 0.1 °C.

Microscopy: Scanning Electron Microscopy-EDX; Transmission Electron
Microscopy. A DSM 982 Gemini (Zeiss, Germany) Scanning Electron
Microscope served for the examination of the morphology of the nano-
fibers. The as-spun nanofibers were dried under vacuum at room tem-
perature and sputter-coated with silver/graphite. The samples were
examined at an accelerating voltage of 1.0 kV and magnifications from
200 to 50000. The SEM images were then used to evaluate the fiber
diameter. The average fiber diameter was determined using Digital Image
Processing System 2.6 (point electronic GmbH) software in conjunc-
tion with the SEM image. Ten different fiber diameters were determined
and averaged to find the fiber diameter reported for each of the resulting
electrospun mats. The 95% confidence limits of the mean were calcu-
lated and reported with each average fiber diameter.

For the transmission electron microscopy (TEM), the samples were
deposited as received in copper TEM grids carbon-coated copper grids
(400 meshes, AGAR Scientific). Transmission electron microscope (TEM)
from TECNAI Biotwin (FEI Ltd.) at 100 keV was used to observe the
samples. Any treatment has been performed on the microfibers to avoid
any deterioration of the samples.

Infrared Spectroscopy. IR spectra were obtained by using the atten-
uated total reflection (ATR) method on a FTIR Bruker Tensor 27
spectrophotometer.

Bioactivity Test. For the development of apatite nucleation sites on
the hybrid silicate nanofibers, CaO in the form of calcium chloride
dihydrate was added in the initial sol-gel solution, before electrospinning.
The molar ratios of CaCl,-2H,0, GPTEQOS, TEOS, ethanol, HNO;,
and water were 0.08:0.2:0.6:13.5:0.004:1.9, respectively. The bioactivity
of the as-obtained nanofibers were assessed for their apatite forming
ability in modified simulated body fluid (m-SBF) according to Oyane
et al (see the Supporting Information, Table 1).*° The specimens of 10 mg
were placed in a Petri glass disk and immersed in 10 mL of m-SBF solution
buffered at pH 7.4 for up to 7 days without refreshing. The temperature was
held at 37 °C through gentle stirring. After being soaked, the samples were
carefully rinsed with deionized water and dried at room temperature.

B RESULTS AND DISCUSSION

Properties of Solutions. Nanofibrous membranes were pre-
pared by electrospinning starting from an organically modified
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Figure 1. Effect of silicate content according to PEO addition in
sol—gel solution on storage (G) and loss (G'") moduli as function of
frequency at 20°C: (a) SiO, sol—gel, (b) SiO,/PEO 80/20 wt, (c)
SiO,/PEO 90/10 wt. The 1, 0.8, and 0.9 represent the weight ratio of
silicate to the final spin dope.

silica sol. Organosilanes as used for the modification of silica are
molecules that consist of inorganic and organic functional
moieties, having the ability to bond to inorganic and organic
chains, respectively. The epoxy groups of the organosilane
glycidyloxypropyltriethoxysilane (GPTEOS) are susceptible of
van der Waals or even covalent bonding, through nucleophilic
addition. Under acidic conditions the nucleophilic, such as the
CH;COO" derived from acetic acid in the PEO solution, attacks
the carbon to form stable carbocation, i.e. the most substituted
carbon, leading to the epoxide ring-opening. Organic domains
can be formed through this organic functionality, whereas more
hydroxyl (—OH) groups are formed for hydrogen and ionic
bonding. The mixture of silanes, tetraethoxysilane and 3-glyci-
dyloxypropyltriethoxysilane in a weight ratio of 3:1 was at-
tempted to electrospin either as-prepared or after ageing at
80°C for 2 h. After ripening a solution having a dynamic viscosity
of 11 mPa-s, electrospinning resulted only in nanodroplet
formation through electrospraying (see the Supporting Informa-
tion, Figure 1). Therefore, a co-blending polymer had to be
added to the as-prepared alkoxide solution in order to regulate
the viscoelastic parameters, necessary for the nanofiber produc-
tion. Polyethylene oxide (PEO) was chosen as a biocompatible
polymer. Several trials were performed with PEO, by varying
polymer to alkoxide precursor weight ratio. The minimum
concentration of the carrying polymer, capable of producing
nanofibers was selected and used. Thus, only 3 wt % PEO was
used as blending polymer solution, even if PEO sole is giving at

Table 1. Variation of pH and Dynamic Viscosity (74ys) as to
Si0,/PEO Weight Ratio

SiO,/PEO wt pH 7ayn (mPa s)
100 (Si0,) 37 s
1/100 (PEO) 2.9 407
50/50 3.9 230
80/20 4.6 85
90/10 4.8 56
96/04 49 S0

this concentration beaded nanofibers (see the Supporting
Information, Figure 1).

The viscosity of polymer solutions is related to the intermo-
lecular interactions among the polymer chains. The initial dyna-
mic viscosity of 3 wt % PEO used in this study was measured
407 mPa s, whereas that of 4 wt % PEO giving un-beaded nano-
fibers was 1550 mPa s. In addition, the initial dynamic viscosity
measurement (774y,) of the silane solution, designated hereafter
as Si0,, is found to be only S mPa s. A net decrease in viscosity is
observed with the addition of the sol (see Table 1). Markedly,
solutions of sol—gel systems with such low viscosities down to
50 mPa s can successfully electrospin.'”

The conductivities of the spin-dopes are governed by the PEO
solution conductivity, measured 1350 u4S/cm, and decreased
down to 5.5 uS/cm for the SiO,/PEO 96/04 wt. solution.
Hence, electrospinnability of this hybrid system is influenced
by the solution surface tension. This is lowered by gradual addi-
tion of the alkoxide solution, containing about 87% w/v ethanol
(surface tension of y = 22.3 mN/m), to the aqueous PEO
solution (H,O y = 72 mN/m).*'

The interaction between biopolymer-silicate hybrid materials
is affected by the nature of these constituents. It has been
reported that in neutral pH conditions, silicates bear silanol
(Si—OH) and silanolate (Si—O ) groups, while decreasing the
pH to slightly acidic (pH 4—5), the number of the negative charge
of silicates is reduced and as a consequence their reactivity also
decrease.>” Therefore, the possible interaction between PEO and
the sol—gel alkoxide is considered mainly through hydrogen bonds.

In parallel, it was found that other rheological factors such as
an enhanced entanglement also play a significant role. In our
experimental spin dopes, it was found that the loss modulus was
greater than the elastic modulus (G” > G') at low frequencies
(see Figure 1). Both moduli are frequency-dependent and
increase in a parallel manner for PEO up to 20 Pa at an increasing
frequency of oscillation. No crossover was marked for the 3% wt.
PEO or for the SiO,/PEO 50/50 wt. (results not presented). On
the contrary, a crossover is observed in the initial sol—gel
solution (G' = G” = 0.095 Pa) at 0.85 Hz, even if the low
viscosity did not permit a successful electrospinning (Figure 1a).
Atlow frequencies, G” is always dominating G’ (G” > G') for the
SiO,/PEO spin dopes with weight ratios of over 80/20
(Figure 1b and c). This is typical for an entangled solution.*
Moreover, for the SiO,/PEO 80/20 wt. ratio, a crossover occurs
(G' = G"” = 0.58 Pa) at 3.5 Hz and from that point on at higher
frequencies, the elastic modulus (G") dominates G” (Figure 1b).
Hereafter, when the silica content increased from 80% to 90 wt
%, the crossover frequency is observed at lower frequencies and
has moved to a decreased value of 1.2 Hz. (Figure 1c). In this
case, the crossover is observed at G' = G = 0.17 Pa. This shift
of the crossover point has been correlated with the effective
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Figure 2. SiO,/PEO electrospun micro- and nanofibers from 50/50
weight ratio.

44gc_PEO_96_04, 15.09.13, 1KV, 4rrm, 2000x,

Figure 3. (a) SiO,/PEO electrospun nanofibers from 80/20 weight
ratio and (b) the respective EDX spectrum, (c, d) 90/10 and (e, f) 96/04
weight ratios.

crosslinking change or chain entanglement, thus with the higher
electrospinning ability of a polymer solution.””**** Strong
hydrogen bonding among the silicate and PEO polymer chain
are considered to be at the origin of this enhanced entanglement.

Morphology/Structural Properties of the Nanofibers. To
study the effect of polymer to alkoxide precursor variation, we
tested full weight ratio margins by using PEO as carrying polymer
system. The focus was on the production of uniform nanofibers.
With SiO,/PEO solutions in which polyethylene oxide was
overlying 50 wt %, two populations of fibers consisting of micro-
and nanofibers are formed (see Figure 2). Thus, the microfiber

Mean Dlameter (nm)
SI02/PED wt. ratlo

1000
742
512 458,2
- I l
PED100% 50/50 80/20 90/10 96/04

Figure 4. Effect of polymer (PEO) weight ratio on fiber diameter.

part of the membrane consists of fibers with an average diameter
of 10008 nm and the nanofiber part has fibers ranging from
357—274 nm with a mean diameter of 315238 nm. This result is
also reflected in ATR-FTIR spectrum (Figure 7c) where the
assignments of both components are observed. The formation of
silicate microfibers together with PEO nanofibers cannot be
excluded. This even if the average diameter of the PEO nanofi-
bers electrospun alone was found 151423 nm, which means half
of the previously obtained by the mixed SiO,/PEO 50/50 wt %
solutions.

With SiO,/PEQ solutions of 80/20 wt, 90/10 wt, and 96/04
wt, nanofibers with average diameters of 744 &= 139 nm, 512 £
31 nmand 458 = 43 nm are produced, respectively (see Figures 3
and 4). This shows that only 4 wt % PEO as the weight ratio of
the 3 wt % added to silica oxide (96 wt %) is providing a func-
tional system able to produce uniform nanofibers. Thus, 1.2 wt %
total PEO is the minimum amount required for the continuous
fiber production. Silicon is detected by EDX on the fiber surface
of all samples (Figure 3b). Nonetheless, these fibers show rela-
tively rough surfaces, when electrospun on a stable collector. The
wrinkled fiber surfaces imply the competition between the phase
separation dynamics and the fast evaporation rate of solvents
(in our case, ethanol/H,0) during electrospinning.*> As spinning
voltage, temperature and relative humidity were kept fixed, only
the polymer/solvent properties could influence the fiber mor-
phology. Thus, the PEO content and the solvents’ relative vapor
pressures (C,H;OH: 43.89 mmHg/20 °C; H,O: 17.54 mmHg/
20 °C) can alter the nanofiber roughness. An increase in rough-
ness is achieved under (i) an increase in the solvent vapor
pressure induced by the silica component, (ii) a decrease in the
ethylene units in the hybrid nanofibers.

The nanofiber diameters measured with this system are about
3—S times enlarged by increasing the polyethylene oxide content,
compared to PEO nanofibers of average diameter 151 & 23 nm
(Figure 4).

Furthermore, one could expect an increase of the average
diameters at elevated SiO, ratio as diameters of silica nanofibers
reported in literature are found to be at the range of 1 um.*"*°
The opposite phenomenon observed in our experiments could
be attributed: (i) to the viscosity reduction, from 230 mPa s for
Si0,/PEO 50/50 wt to 50 mPa s for the 96/04 wt ratio and (ii)
hydrogen bonding, among the hydrolyzed by the moisture in
atmosphere silica and polyethylene oxide. The excellent electro-
spinnability of the investigated formulation was further proved
by the use of a rotating collector with a 4 mm diameter. At a
rotational speed of 100 rpm, a solution of SiO,/PEO 90/10 wt
produced a nanofiber mat of about 100 ym thickness in relatively
short time scale of 20 min. The nanofibers produced with this

3676 dx.doi.org/10.1021/am200858s |ACS Appl. Mater. Interfaces 2011, 3, 3673-3681



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

449c_PEO_90_10_Rot, 23.11.10, 3kV, 5mm, 100x, — 200 um —|

Figure 5. Nanofibers collected with a rotating collector: Sigmoid
morphology.

Figure 6. TEM micrograph revealing the core—shell structure of SiO,/
PEO 90/10 wt. nanofibers.

method, presented smooth surfaces and a sigmoid-curved mor-
phology (see Figure S). The smooth surfaces are resulting from
the uniaxial extension of the jet in the electric field, whereas the
sigmoid morphology can arise from the free charges on the
nanofiber surface and the sudden stretch caused by the rotation,
thus leading to a longitudinal bending of the fibers.

The inner morphology of nanofibers was determined by
transmission electron microscopy (TEM). For the nanofibers
composed of up to 20 wt % polyethylene oxide, no obvious phase
partitioning between the two phases, PEO and silica, is observed
(see the Supporting Information, Figure 2). Nevertheless, silicon
was always detected by EDX and ATR-FTIR on the fiber surface
(Figures 3b and 7d). In the samples with a weak PEO ratio of less
than 10% wt., the difference of contrasts indicates that the fibres
are composed of two distinctly partitioned materials in a core-
shell structure. Figure 6 shows the TEM micrographs of SiO,/
PEO 90/10 wt. nanofibers. In this case, it is suggested that
polyethylene oxide is encapsulated by the silicate component.
The initially incorporated epoxy silane (GPTEOS) is considered
to provide a more flexible silica backbone through the alkyl-
linked organic domains and a larger amount of hydroxyl groups
contributing to the hydrogen bonding with the slightly negative
PEO oxygen. When the relative PEO mass is much inferior (less
than 10 wt %) to the silica component, a complex phase separa-
tion can occur leading to PEO inclusion. As ethanol is rapidly
evaporated when the hybrid material is ejected, the decrease of
temperature at the fiber surface is important, resulting in thermally
induced phase separation.”” The reduction of this temperature
can vary for the two components, introducing diverse free energy
surfaces and leading to a self assembled structure.
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Figure 7. ATR-FTIR spectra of (a) SiO, (TEOS/GPTEOS), (b) PEO,
(c) SiO,/PEO (50:50), (d) SiO,/PEO (80:20), and (e) SiO,/PEO
(96:04).

Fiber Composition. The phase composition of the hybrid
fibers was confirmed by ATR-FTIR spectra. Figure 7a is pre-
senting the FTIR spectrum of the TEOS/GPTEOS (designated
as Si0,) nanoparticles electrosprayed from the initial alkoxide
solution. The wide peak in the range of 3300—3700 cm ™' is
assigned to the hydroxyl stretching of the silanol groups. In the
same spectrum, the characteristic bands of silica xerogel are
observed: those at 1078 and 950 cm ™' and 795 cm ™" are attri-
buted to Si—O—Si and Si—OH stretching vibrations, respec-
tively.*® In the stronger peak of 1078 cm™ ', a shoulder at about
1192 cm™ ' is attributed to the presence of epoxy group from
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Figure 8. Effect of pyrolysis: (a) on SiO,/PEO (96/04) nanofiber morphology (magnification 2000 insert photo: magnification 20 000 ) and (b)

on nanofiber diameters of various SiO,/PEO weight ratios.

the 3-glycidyloxypropyltriethoxysilane. A smaller assignment at about
2840 cm™ ' can be attributed to the ethoxy group (—OCH,CH3).
In Figure 7b, a typical ATR-FTIR spectrum of PEO electrospun
nanofibers is demonstrated. The medium band at 2883 cm ™' and
the strong triplet band at 1147, 1104, and 1062 cm” ! with a
maximum at 1104 cm™ " are attributed to the C—H stretch and
C—0O—C accordingly. The bands assigned to the C—H wagging
at 1342 cm™ !, C—H twist at 1280 cm ', and C—H rocking
at 961 and 844 cm ™" are also observed.

When the modified silica sol is mixed with PEO at a ratio of
50/50 wt %, all assignments of PEO are found together of those
of silanes on electrospun nanofibers. In Figure 7c, the peak at
3275 cm™ !, assigned to the silanol hydroxyl groups, and the
medium assignment PEO at 2877 cm™ ' characteristic of the
v(CH,) of PEQO are strongly present.”” The strong peak of PEO
assigned to C—O—C stretching, has shifted to lower wavelengths
with a maximum of 1024 cm™ . This peak is superposed with the
Si—O—Si stretching assignment of silica at 1078 cm™'. The
medium secondary band at about 1195 cm ™" indicates the pre-
sence of an epoxy group from the 3-glycidyloxypropyltriethoxysilane.
The silane assignments at about 940 and 793 cm ™" ascribed to
the Si—O—Si and Si—OH stretching vibrations, respectively, are
also observed. It should be expected that the Si—O—Si vibrations
result from the volume of the former SiO, particles and the
Si—OH vibrations are related to the surface of those particles. At
higher SiO,/PEO weight ratios of more than 80/20 wt, the FTIR
spectra resemble that of alkoxide alone (Figure 7d,e). The
Si—O—Si stretching assignment of silica at 1065-1075 cm ™ is
probably superposed and merged with that of PEO assigned to
C—O—C stretching. Besides, only a weak band at 2875 cm™'
resulting eventually from ethoxy groups of GPTEOS is observed.
This indicates that most of the ethoxy groups are hydrolyzed
to silanol groups (Si—OH) as implied by the broad band at
3275—3244 cm” . These hydroxyl groups are mostly found on
the electrospun silicate component surface.

FTIR results showing interactions at the molecular level are
consistent with new fiber complex formations. As assisted by
the TEM micrographs, ATR-FTIR spectra clearly prove that
PEO, in higher SiO,/PEO weight ratios, is coated by the silicate
component.

Effect of Pyrolysis/Integrity in Water. To examine the
behavior on removing the carrying polymer, the nanofibers were
pyrolized at 600 °C. The pyrolysis temperature was attained at
10°C/min and maintained for 2 h in order to decompose PEO.
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Figure 9. Aluminium silicate coating on SiO,/PEO nanofibers after
immersion in DMEM for 7 days. (a) SiO,/PEO (90:10) nanofibers
(magnification 5000x), (c) single nanofiber of ~400 nm diameter
(magnification 50000 ) and their respective coatings EDX spectra.

A decrease rating from 55 to 33% on the nanofiber diameters
was observed for the SiO,/PEO system, providing nanofibers
with average diameter of 222 & 104 nm and a distribution of
400—120 nm. The fibers retain their morphology to a great degree
(Figure 8), although in some experiments, they were broken into
shorter segments.

PEO has a high solubility in water, and electrospun pure PEO
fibrous membranes dissolve quickly in water at 37 °C. Thus, it is
of practical interest to study the effect of the amount of PEO in
SiO,/PEO nanofibers on the integrity of the nanofibrous struc-
ture in water. A contraction of 59.4% on the fiber diameter is
observed for the SiO,/PEO (80/20) after immersing in deio-
nized water at 37 °C for 48 h. Nanofibers present rough surfaces,
the contraction remaining at the same levels for the following
S days (see the Supporting Information, Figure 3). In fact, the
diameter regression in water is comparable to that noted by the
pyrolysis process, being 55% for the same sample. Conversely,
for the SiO,/PEO (90/10) samples where PEO was found
coated by the silicate component, only a 2.5% fiber contraction
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Figure 10. Hydroxyapatite formation on CaO-SiO,/PEO nanofibers after immersion in m-SBF for 7 days. (a—c) Formation of silicate dense layer of
apatite nuclei; (e—g) needlelike apatite on single nanofiber, and (d, h) EDX spectra of the hydroxyapatite formation on respective areas (c and g).

was measured after 48 h. It is suggested that the silicon oxide
network of the silicate shell component is forming a hydrophobic
barrier in its matrix, inhibiting water molecules from penetrating
inside the fiber.

Surface Modifications. Aluminium Silicate Coating. Alumi-
nium silicates, which are known to have a Mohs hardness of
4.5—7.5, are considered for insulation applications. A sample of
SiO,/PEO (90/10) was left on the aluminum foil electrospin-
ning support and immersed in a solution of Dulbecco’s modified
eagle’s medium (DMEM), low glucose (1.0 g L") witha pH of
7.5, at 37 °C for 7 days. A degradation of the aluminum foil
occurred, releasing AI’* ions. Under Al hyper-saturated condi-
tions, aluminium ions have created characteristic orthorhombic
aluminium silicate crystals (Figure 9). Aluminium silicate is
described under the general chemical formula AL (SiO3)3. It is
known that silicic acid Si(OH), (aq), which results during the
sol—gel hydrolysis process, interacts with aqueous AI** and can
reduce the bioavailability and hence the toxicity of the latter.*’
Si(OH), is an effective scavenger of cytotoxic AI’* at physiolo-
gical pH. It is obvious that the efficacy of oligomeric Si** as an AI**
scavenger is much greater than that of the monomer. Thus, even
if silicic acid (Si(OH),) is isoelectronic with [AI(OH),] ~, as “Si**”
is smaller than “AI>*”, the higher charge-to-radius ratio results in
a greater acidity for the neutral Si(OH), than for the anionic
aluminate. Therefore, in alkaline solutions as in DMEM, Si(OH),, is
found deprotonated to various degrees, whereas [Al(OH),] ™
is not.*! The crystallization mode and complexation mechanism
of AI** with silicate nanofibers need further studies which exceed
the scope of the here presented work. EDX analysis of the
orthorhombic crystals outside the fibers show that silicon (Si) is
incorporated within the crystal structure, even in a smaller
amount than in the fiber coating (Figure 9). The Al-coated
SiO,/PEO nanofibers as such can introduce applications in
technical textiles and filtering. If modified by an elastomer (i.e.,
PDMS),* they can find possible application in hybrid reinfor-
cing materials for flexible insulation.

Bioactivity (mineralization in SBF). The ability of the silanol
groups on silicate ions to act as a nucleation site to form apatite
crystals has been the matter of extensive investigations.*> *
Hydroxyapatite (HAP, [Ca;o(PO4)s(OH),]) and similar cal-
cium phosphates possess bioactive properties as to its chemical
resemblance to human bones. These calcium phosphates can

promote new bone formations when implanted in defected sites.
In vitro investigations are simplified by the use of a simulated
body fluid (SBF).>* SBF of various types have been used for the
in vitro assessment of the bioactivity of artificial materials,
including silicates, and for the formation of bonelike apatite on
these substrates.'**® The modified simulated body fluid, m-SBF
has the advantages of having ion concentrations equal to those of
blood plasma and being stable for a long time stored at 5 °C. In
our study, the concentration of HCO; ™ is decreased to the level
of saturation with respect to the calcite (CaCOs5) phase.30 The
introduction of CaO in the initial sol-gel solution, before electro-
spinning, is necessary for the development of apatite nucleation
sites. In fact, the nanofibers electrospun without the addition of
calcium chloride dehydrate showed very little ability of HAP
formation (see the Supporting Information, Figure 4). On the
contrary, the introduction of only 1.19 wt % CaO to the SiO,/
PEO (90:10) solution was proved sufficient for the apatite
development on the nanofibers. This CaO incorporated percen-
tage is immensely lower than that of up to 25—30% introduced in
previous studies.">'> When incubated for 7 days, the fiber mat is
covered with a dense layer of apatite nuclei, whereas in some of
the fibers, sharp needlelike HAP has been developed as shown by
SEM images (see Figure 10a—c and e—g). The large surface area
of the SiO,/PEO nanofibers results to fast HAP crystal nuclea-
tion. In general, the morphology of calcium phosphate nano-
particles has been reported needlelike, sheetlike, or spherical.
Thereby, the crystals observed in Figure 10a can be attributed to
the calcium precipitated as nanocrystalline phase as earlier
identified (also see the Supporting Infromation, Figure 5)."* But
the formation of a magnesium (Mg) silicate monoclinic crystal or
that of magnesium-substituted calcite is also possible.*’

The EDX spectroscopy analysis, on a single fiber (Figure 10)
reveals a Ca/P coating ratio of 1.54, slightly lower but close to the
stoichiometry of hydroxyapatite (Ca/P = 1.67). This ratio has
often been reported in carbonated apatites produced by this
biomimetic process and is more similar to that of bonelike
minerals.'**>*® Moreover, carbonate ions have shown to replace
the hydroxyl or phosphate ions in the apatite crystal lattice.*

The major elements of mineralized nanofibrous scaffold con-
firmed the presence of the ions used for the m-SBF composition.
Carbon (C) could also result from the sputtering of the pellets to
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provide the surface conductivity for SEM observation, but silicon
(Si) is still present due to the large amount of silanol groups
on the nanofiber surface. The silicon peak in the EDX spectrum
taken on the rough mat apatite area is larger than on single nano-
fiber, reflecting the non reacted silica. The observed strong peak
of sulfur (S) can be attributed to the large amount (17.892 g LY
of 2-(4-(2-hydroxyethyl)-1-piperazinyl) ethanesulfonic acid
(HEPES), introduced in m-SBE.>** The mechanism of apatite
formation in SBF, is a complex heterogeneous nucleation which
involves: the exchange of alkali ions (Ca®*, Na*, K*, and Mg2+)
with H;O" and the silanol groups (Si—OH), present through the
sol-gel system, inducing Ca3(PO,), nucleation via precipitation
of Ca” and PO,>~ and also CO*~***" Thus, the crystallization
of HAP occurs via dissolution of Ca, P, and Si from the nanofiber
network, followed by the precipitation of Ca—P crystals from the
hypersaturated SBF medium.

On the contrary to what has been observed with other com-
posites where the inorganic phase is enclosed by the organic
phase,”> the major advantage of our hybrid system is that, the
inorganic silica component is encapsulating polyethylene oxide.
As a consequence, the inorganic component is directly reacting
with the SBF solutes. There is also no need of fiber thermal
treatments/sintering for the elimination of the organic polymer,
avoiding thus carcinogenesis concerns in biomedical applica-
tions. These HAP-coated silica nanofibrous membranes can find
a direct application in dentistry, i.e., for the periodontal tissue
reconstruction.

Il CONCLUSION

Polymer-derived ceramic nanofibers have been successfully
produced by the use of a new modified silica sol prepared from
(TEOS/GPTEOS) and PEO as the organic carrying polymer.
A highly productive electrospinning process is run to form self
assembled core—shell structured nanofibers, requiring only a small
amount of PEO, down to 1.2 wt % into the sol—gel solution.
Major advantage of the prepared nanofibers is that we can handle
the gelation chemistry and polymer addition so that all reagents
are mixed from the beginning. The wrinkled morphology of the
as-spun nanofibers generates a higher specific area which is a
useful guideline for developing high-value-added products. The
multivalent nanofibers we report here can retain their integrity in
water and in bio-organic liquids as DMEM or SBF are easily
modified.

The silica nanofibrous membranes can act as a scavenger
reducing the cytotoxic AI**, finding thus filtration applications.
Aluminium silicate was formed under alkaline conditions in
DMEM. A selective Al coating could also give rise to thin sheet
patterns for space insulation systems. Furthermore, novel hybrid
nanofibrous matrices can rise through chemical functionaliza-
tion, meeting with applications where flexibility is of importance.

The non-sintered silica/polymer composites are considered
non carcinogenic. Hydroxyapatite/silica nanocomposites have
been found promoting new bone formation when implanted
in vivo. The SiO,/PEQ nanofibers we have fabricated have shown
an excellent bioactivity in m-SBF, coated by hydroxyl apatite
crystals. Therefore, these nanofibrous membranes are proving to
be a good non-toxic and bioactive material for biomedical applica-
tions, i.e., dental and bone tissue regeneration or drug release
through their core—shell structure.

Ongoing research is currently being conducted to unveil the
functionalization possibilities and mechanical properties of the
structured composite systems.
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