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Abstract
Inorganic/organic sol–gel hybrids consist of co-networks of inorganic and organic components that can lead to unique
properties, compared to conventional composites, especially when there is covalent bonding between the networks. The aim
here was to develop new electrospun silica/gelatin sol–gel hybrids, with covalent coupling and unique 3D cotton–wool-like
morphology for application as regenerative medicine scaffolds. Covalent coupling is critical for obtaining sustained
dissolution of the fibres and we identified the sol–gel synthesis conditions needed for coupling within the electrospun fibres.
Under carefully controlled conditions, such as constant humidity, we investigated the effect of the electrospinning process
variables of sol viscosity (and aging time) and amount of coupling agent on the 3D morphology of the fibres, their structure
(bonding) and dissolution, identifying a detailed optimised protocol for fibre scaffold production.
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Highlights
● Silica/gelatin sol-gel hybrids were electrospun with covalent coupling between the silica and gelatin networks.
● Processing parameters were optimised to give homogeneous fibre diameters and 3D architecture.
● NMR, TGA, and dissolution studies gave evidence successful coupling.
● Increasing the covalent coupling increased the spinnability of the fibres.
● Covalent coupling gave control of the dissolution rate of the fibres.

1 Introduction

Inorganic/organic sol–gel hybrids are being applied to
regenerative medicine strategies as traditional materials
have not been able to fulfil all the design requirements of
scaffolds [1]. The criteria are that the scaffold should: be
biocompatible (not toxic); provide a temporary 3D template
(scaffold) for cell migration and production of new tissue,
without the formation of fibrous encapsulation (bioactivity);
match the mechanical properties (e.g. stiffness) and mimic
the environment (e.g., extracellular matrix) of the host tis-
sue; biodegrade at a controlled rate as the tissue regrows; be
sterilisable and be able to be manufactured to Good Man-
ufacturing Practice (GMP) [1]. For bone regeneration,
bioactive glasses have been shown to regenerate bone faster
than other bioactive ceramics [2], but they are stiff and
brittle. Even so, spun bioactive glasses fibres have been
applied in wound healing applications, as a scaffold that fills
the wound, with a dressing placed over the top of the wound
[3, 4], reducing healing times [5–7]. A borate-based
bioactive glass formed into cotton-like fibres, MIRRA-
GEN (ETS Woundcare, Rolla, MO), recently attained FDA
approval for healing of diabetic ulcers.

Conventional composites can have controlled stiffness
and elastomeric properties [8], but when glass or ceramic
particles are dispersed within a polymer matrix, they can be
masked by the polymer. Sol–gel hybrids, made by adding
an organic polymer into the sol before it gels, have the
potential to overcome these problems due to the molecular
scale interactions between the inorganic and organic com-
ponents, which translate to controlled degradation rate.
Covalent bonding between components has been achieved
through the use of coupling agents such as isocyanatopropyl
triethoxysilane [9, 10] and glycidoxypropyl trimethox-
ysilane (GPTMS) [11]. For the polymer source, synthetic
polymers have been used [9, 12], but natural polymers have
the advantage of degrading under the action of enzymes,
which should give a more sustained degradation rate
in vivo, compared to the rapid autocatalytic degradation of
synthetic polyesters [13]. During hybrid synthesis, the
organic polymer is usually functionalised with the coupling
agent before it is introduced to the sol, e.g., a polymer
containing nucleophilic groups, such as carboxylic acid
groups, can be functionalised with GPTMS as the nucleo-
philic groups open the epoxy ring [14]. The functionalised

polymer then has side chains with alkoysilane groups and it
is added to the sol–gel process, forming covalent bonds
between Si-OH bonds from the hydrolysed coupling agent
and the silica network in the sol, forming a class-II hybrid
[15]. Gelatin has high potential in silica/gelatin hybrid
materials [16–18], as it is an analogue of collagen, making it
a mimic of the composition of natural extracellular matrix.
Other crosslinking agents for gelatin include genipin [19]
and gluteraldahyde [20] but they do not bond to the silica
network.

Poly(γ-glutamic acid) is also a useful natural polymer
source, as it can be synthesised by bacteria fermentation
route and it is a mimic of collagen, which contains glutamic
acid units [21]. Class-II silica/poly(γ-glutamic acid) hybrids
were developed, using GPTMS as the coupling agent
[22–25], but poly(γ-glutamic acid) is difficult to obtain.
Chitosan is a popular polymer for hybrid synthesis, as it can
be extracted from seafood waste [26–28], but it is difficult
to determine whether the GPTMS coupling agent bonds
with the chitosan [11, 29].

Initially, hybrid scaffolds were produced by the sol–gel
foaming technique [30], including the silica/gelatin system
[31, 32], wherein the use of GPTMS was shown to enable
congruent dissolution of the inorganic and organic com-
ponents. More recently, sol–gel hybrids have been 3D
printed to produce grid-like scaffolds that perform well
under cyclic loads, in the silica/gelatin system [33], albeit in
a class-I hybrid (no covalent bonding between the co-net-
works), and from synthetic polymers [34]. Printing the
hybrid with a specific pore size provoked chondrocytes to
produce collagen type-II matrix [34], typical of articular
cartilage matrix, and stem cells to differentiate down a
chondrogenic route [35].

Electrospinning is commonly used as a strategy for pro-
ducing scaffolds that can mimic the architecture of the
extracellular matrix of articular cartilage [36–38]. It applies an
electric field between a needle, that delivers a solution, and a
collector. It can be applied to the sol–gel process, even hybrid
sols [39, 40]. Usually, electrospinning produces 2D non-
woven fibre mats [38], but for many applications a 3D scaf-
fold is needed, to fill a large space and to allow cell migration.
Previously, we have shown that sol–gel derived bioactive
glasses can be produced in a 3D format [41], if conditions,
such as humidity, are carefully controlled [42]. This was
extended to poly(L-lactide)/vaterite systems [43, 44] and to
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poly(γ-glutamic acid)/silica hybrid sols [45]. While silica/
gelatin hybrids have been electrospun [46, 47], they were
produced in 2D fibremat morphology. Previous electrospun
class-II silica/gelatin sol–gel hybrids were developed for bone
repair [46], and so contained calcium and phosphate for
bioactive apatite layer formation on immersion in body fluid.
The degree of covalent coupling is expected to have been low
as dissolution studies in phosphate-buffered saline solution
resulted in significant fusion and webbing of the fibres after
only 12 h. This is because covalent bonding between the
gelatin and the GPTMS was unlikely as the GPTMS was
introduced to the sol at a pH of 3.1, which has since been
found to spontaneously open the epoxide ring of the GPTMS
[48], by hydrolysis, forming a diol and preventing bonding to
the gelatin by nucleophilic reaction [11, 14]. Low pH may
also cause degradation of the gelatin [49]. The aim here was
to electrospin a silica/gelatin hybrid while ensuring covalent
coupling for sustained biodegradation. 3D electrospun scaf-
folds with fibres that mimic the dimensions of collagen fibres
of extracellular matrix could be used as flexible devices for:
filling chronic wounds and non-loading bone defects or car-
tilage regeneration.

Here, we show the first electrospinning of class-II silica/
gelatin sol–gel hybrids in a cotton–wool-like 3D morphol-
ogy. Design of the sol for electrospinning is critical for
success. A high degree of coupling was chosen to ensure
that the high surface area fibres did not degrade rapidly.
Functionalisation of the gelatin was performed under opti-
mised pH conditions (4.4) to ensure bonding of the GPTMS

to the gelatin. Process variables such as solvent choice,
solution viscosity, electrical field and separation between tip
and collector were investigated.

2 Materials and methods

2.1 Hybrid synthesis and electrospinning
parameters

All reagents were sourced from Sigma-Aldrich (UK),
unless stated otherwise. The starting protocol was gelatin
(Type A porcine, ‘gel strength 300’) dissolved in an
ethanol/water (40:60% v/v) solution at a concentration of
0.1 g mL−1, maintaining the pH at 4.4 by the addition
of 1-M HCl, stirring at 400 rpm. The procedure and other
variables are summarised in Fig. 1. Adding ethanol to
water increases volatility and lowers conductivity, gelatin
solubility and gelation temperature [50, 51]. Lower con-
ductivity leads to higher net charge density, which favours
formation of thinner fibres [50, 51].

Functionalisation of gelatin was performed by adding the
appropriate amount of GPTMS. The degree of the covalent
coupling between the gelatin and the silicate network is key
tool for controlling degradation rate and mechanical prop-
erties of the hybrid and can be termed the coupling factor
(‘C-factor’) [31, 32]. C-factor is the molar ratio of GPTMS
to gelatin, assuming a molecular weight of gelatin of
87.5 kDa [32]. Hybrid sols were produced with a molar
ratio of gelatin to tetraethyl orthosilicate (TEOS) of 70:30.
The silica sol was prepared separately with hydrolysis of
TEOS started 1 h before the end of gelatin functionalisation
by mixing reagents in the following order: deionized water,
1-M HCl and TEOS. The R-ratio (molar ratio of water:
TEOS) was 4 and the volume ratio of water/HCl was 3. The
solution was stirred for 1 h at 400 rpm to allow hydrolysis of
TEOS. The functionalised gelatin and hydrolysed TEOS
were mixed and returned to the hot plate at 40 °C at
400 rpm. After 3 h of solution aging on a hot plate, the
hybrid solutions were transferred to a sealed container and
into a 37 °C oven, where solution aging resumed.

Once solution aging was complete, the hybrid reached
the ‘electrospinning viscosity range’, the viscosity range
within which the hybrid solution could be electrospun to
form distinct, fused fibres. The required solution-aging
time and ‘electrospinning viscosity range’ was dependent
on the other variables being investigated. After electro-
spinning, the 3D scaffolds were left to dry over night at
room temperature, 25 °C.

The effect of C-factor, aging time, electrospinning condi-
tions, viscosity, tip-collector separation and applied voltage on
the structures generated by electrospinning was investigated.

Gela�n dissolved in  
water/ethanol (3:2)
at 0.1 g mL-1 at 50 °C

Gela�n func�onalized with 
GPTMS (according to C-
factor) for 3 h, at pH 4.4

TEOS hydrolysis 
in H2O + 1 N HCl
(R ra�o: 4)

Mix 
3 h 40°C

Sol aging in 
sealed 

container 
at 37°C 

Electrospin
from syringe

(a)

Humidity controlled
chamber

Controlled
force

Syringe with a 50°C
hea�ng mat

Hybrid sol

Charged �p and
Taylor Cone

Sol jet

Open box
Collector

(b)

Fig. 1 Synthesis and electrospinning apparatus: a flow diagram of the
synthesis method for electrospinning silica–gelatin hybrids; aging
time, electrospinning conditions and drying conditions were investi-
gated; b schematic of the electrospinning apparatus
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Previously, Gao et al. [46] dissolved gelatin in acetic acid/
water, prior to addition of the bioactive glass sol–gel pre-
cursor sol. GPTMS was added after 2 h, at pH 3, to give a
hypothetical C-factor of 370, and stirred for 4 h before elec-
trospinning, although from the manner of degradation of the
hybrid, it seems coupling did not occur. For example, for C-
factor 500, for 3.9 g of gelatin solubilised, in the ethanol/
water, 3.90ml of GPTMS was added. The composition used
herein as a starting point was 70G CF185, corresponding to
70% gelatin and a C-factor of 185, which was chosen based
on work by Song et al. [52], who investigated the electro-
spinning of gelatin and GTPMS alone (no TEOS), in acetic
acid, and found that a C-factor of 185 (1:2 w/w ratio of
GPTMS:gelatin) formed smooth discrete nanofibers, while
above a C-factor of 370 the fibres fused together.

A transparent poly(methylmethacrylate) chamber con-
taining desiccant silica beads was placed around the
needle and collector plate to limit the humidity to 55%
(Fig. 1b). Humidity affects fibre diameter by influencing
the rate of solvent evaporation: at higher humidity,
reduced rate of solvent evaporation allows the jet to
continue to elongate towards the collector, and smaller
fibres are observed. Increasing humidity also causes
greater bending of electrospun fibres which was found to
increase the 3D nature of electrospun sol–gel scaffolds,
with 55% being optimal [42]. At higher humidity, beading
can occur as the surface area increases and charge per unit
area becomes unstable [53].

To ensure that the hybrid sol remained above the gelation
temperature of gelatin, prior to delivery, a heat mat was
wrapped around the delivery syringe, set at 50 °C. A
stainless steel 18-8 hypodermic 5 cc needle was used and,
flow rate was 0.05 mLmin−1, delivered by a horizontal
syringe pump (FP-W-100, Melquest, Japan).

To form 3D cotton–wool fibres from the silica–gelatin
hybrids, the fibre elongation effects of high humidity will be
investigated here, and to ensure fibres do not fuse together, a
box-like collector was used, which allows fibres to dry
without coming into contact with each other. Fibres that came
into contact when suspended formed the 3D fusion structure.

To monitor how this evolution of viscosity affected
electrospinning, the 70G CF185 electrospinning study
aimed to determine:

(1) The solution viscosity dependence on time of 70G
CF185 solution compared to 100G CF185 solutions
(no TEOS);

(2) The viscosity range compatible with electrospinning;
(3) The needle-collector distance required for successful

electrospinning at each viscosity;
(4) The applied voltage required for successful electro-

spinning at each viscosity.

2.2 Viscosity–voltage relationship

It was important to determine how the viscosity of the sol
increased with aging time (h) and what viscosity was
most appropriate for electrospinning. The rheological
behaviour was therefore mapped and the effect of
increasing viscosity on fibre formation examined. For
each viscosity, the effect of increasing voltage was also
studied to find the most appropriate conditions for elec-
trospinning this hybrid sol.

Two compositions were compared: 70G CF185 and
100G CF185 (no TEOS). For the 70G composition,
hybrids were prepared as shown in Fig. 1 and after 1 h of
mixing the functionalised gelatin with hydrolysed TEOS,
solutions were further aged in a 37 °C oven. The solution
aging time begins as soon as the two components are
mixed, or for the 100G samples, simply at the end of the
3 h functionalisation stage. During this period of aging,
3-mL samples were removed at 1-h intervals, and placed
in a 5-mL syringe warmed to 50 °C. The viscosity of the
solution was measured, and the solutions were electro-
spun at three voltages: 7, 9.5 and 12 kV. These values
were selected after initial experiments showed 5 kV to be
too low to induce fibre formation and 15 kV to be too
high. All electrospinning was completed within 20 min
to minimise effects of viscosity increase within the
time point. The separation between needle and collector
plate was investigated (between 15 and 20 cm) for
each voltage at each time point. This experiment was
repeated for another 100G composition with C-factor
of 500.

2.3 Composition compatibility study

Increasing the C-factor in the hybrid composition was
expected to increase the degree of crosslinking in the
network and reduce the dissolution rate of the fibres. The
objective here was to investigate the effect on increasing
C-factor on the viscosity increase over the solution aging
time; the viscosity range for fibre generation; and the
types of structures achievable.

The compositions analysed were all 70G with C-factors
of 250, 500 and 750. The synthesis method follows the
method in Fig. 1. The sol aging stage consisted of 3 h
stirring on a hot plate. Sols were then separated into 12-mL
batches and frozen. These batches were later aged in the
oven at 37 °C when ready for testing.

After a minimum of 1 h in the oven, the viscosities of
the solutions were measured and samples were electro-
spun for 30 min with a voltage of 9.5 kV and a needle-
collector separation of 20 cm. This process was repeated
until solutions were too viscous for electrospinning.
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2.4 Characterisation techniques

Viscosity of the hybrid sols was measured with an Anton
Paar Modular Compact Rheometer, MCR 102, with a sol-
vent trap, at 40 °C, taking 50 points at 2-s intervals at a
frequency of 20 s−1. The average viscosity was calculated
and standard deviations were negligible.

Scanning electron microscopy (SEM) imaging was car-
ried out on osmium-coated (Neoc Meiwafosis, Japan)
samples under secondary ion imaging, using a JCM 600,
JEOL SEM operating at 5 kV with a working distance of
20 cm. Fibre diameters were measured using ImageJ (25
fibres per image).

All Fourier-transform infrared (FTIR) analysis was done
using FT/IR-4100, JASCO with ATR PR0450-S stage. All
spectra were normalised to the gelatin amide I peak at
1640 cm−1. Thermal gravimetric analysis (TGA) was per-
formed using a Netzsch STA 449C from 21 to 800 °C at a
ramp rate of 10 Kmin−1 with an air flow rate 50 mLmin−1

in a platinum crucible (n= 3).
The 29Si MAS NMR data were acquired at 14.1 T using a

JEOL JNM EAC-600 spectrometer operating at a Larmor
frequency of 119.2 MHz. These measurements were per-
formed using a JEOL 7-mm HX probe, which enabled a
MAS frequency of 6 kHz to be implemented throughout.
Quantitative measurements were obtained using 29Si single
pulse (direct excitation) experiments. A 29Si π/2 pulse time
of 5.5 μs being calibrated on solid kaolinite, with a π/6 pulse
time of ~1.8 μs and a 20-s recycle delay employed for each
measurement. All 29Si chemical shifts were reported against
the IUPAC recommended primary reference of Me4Si (1%
in CDCl3, δ 0.0 ppm), via a kaolinite secondary (solid)
reference shift at –92.0 ppm [54]. The relative peak areas
were resolved by deconvolution using OriginPro software,
and the network condensation (Dc) was calculated using Eq.
(1) [22]:

Dc ¼ 4Q4 þ 3Q3 þ 2Q2

4

� �
þ 3T3 þ 2T2 þ T1

3

� �� �
� 100%;

ð1Þ

where Qn is the abundance of Qn species and Tn is the
abundance of Tn species. A Qn species consists of a Si atom
with n bridging oxygen (–Si–O–Si–) bonds and 4-n non-
bridging oxygen bonds. A Tn species consists of a Si atom
with one Si–C bond and n bridging oxygen (–Si–O–Si–)
bonds and 3-n non-bridging oxygen bonds.

Dissolution of the hybrid fibres was investigated by
immersion of 15 mg of the fibres in 10 mL of TRIS buffer
solution for 1 week, as per the recommended conditions for
bioactive glass testing in simulated body fluids [55]. Silicon
concentration in TRIS was measured using inductive couple
plasma (ICP, ICPS – 7510, Shimadzu, Japan) analysis and

gelatin was quantified using a Pierce bovine serum albumin
(BCA) Protein Assay kit. Time points were: 1, 2, 4, 8, 24,
48, 72 and 168 h. At each time point 0.7 mL was removed
for ICP, centrifuged to avoid fibres entering test samples,
and 0.5 mL of the spun down solution was added to 9.5 mL
of DI water and 25 μL (n= 3) was removed for the BCA
assay in 96 microwell plates. Additional time points at 96
and 120 h were added for the BCA assay. All removed
solution was replaced with fresh TRIS solution and the pH
was monitored. BCA standards were produced using 1-mg
mL−1 gelatin solution. The assay is less sensitive to gelatin
than the protein it is designed to work with, albumin, so to
lower the minimum detection range of the assay the
microplate incubation time was increased to 4 h.

3 Results and discussion

The aim was to produce scaffolds with morphology of 3D
cotton–wool (or cotton candy) with discrete fibres, that
extend in all directions, with diameters of ~1 μm, that would
also remain stable after immersion in buffer for more than
1 week. This definition of 3D electrospun scaffold is distinct
from some literature definitions which define ‘3D’ as 2D
fibre mats, which are simply thicker (e.g., ∼0.5–2 mm) than
conventional ‘2D’ non-woven fibre mats (<0.5 mm) [56].

The viscosity of the sol strongly affects the fibre for-
mation, with low viscosity resulting in droplets and at high
viscosity the jet does not eject from the syringe. The gelatin
to silica ratio and solvent choice (surface tension) are
known to affect the viscosity [57], with high surface tension
causing jet instability (electrospraying) [58], but here these
factors were kept constant, although a TEOS-free sol was
also studied. Optimum viscosity of the class-II hybrid sol
was determined through controlling gelation time and the

Fig. 2 Viscosity measurements over solution aging time for CF185 (C-
factor 185) hybrid sols with (70G, 70% gelatin) and without
TEOS (100G)

Journal of Sol-Gel Science and Technology (2021) 97:11–26 15



C-factor, which determines Dc. Successful spinning was
defined as continuous fibre formation from needle to col-
lector, and fibres were distinct, i.e., they were not fused
together at the collector (identified by SEM).

3.1 Viscosity–voltage study

Competition between electric field, surface tension and
viscoelastic force dictates whether smooth fibres or beads
form. The surface tension drives to reduce surface energy
by forming narrow fibre jets [59], however below a certain
viscosity, beaded fibres can form.

The viscosity of the silica–gelatin hybrid sols increased
as gelation/aging time increased (Fig. 2), due to gelation of
the silicate network and crosslinking of the Si-GPTMS-
gelatin network during solution aging. The change in

viscosity over time for 100G CF185 (no TEOS) and 70G
CF185 solutions was markedly different. Within a solution
aging period of 8 h, the viscosity of the 70G CF185 solution
increased from 34 to 190 mPa s, whereas the 100G
CF185 solution remained around 33 ± 2 mPa s. This is
expected, as for GPTMS to crosslink gelatin alone, GPTMS

a) b)

c) d)

e) f)

g)

In
cr

ea
sin

g 
vi

sc
os

ity

Fig. 3 SEM images
representative of electrospun
70G CF185 silica/gelatin hybrid:
a–g fibres electrospun at 7 and
9.5 kV spun at sol viscosities of:
a, b 37 mPa s; c, d 46 mPa s;
e, f 60 mPa s and g 79 mPa s.
Scale bars: a, c, e, g 50 μm;
b, d, f 5 μm

Table 1 Mean fibre diameters and standard deviations in µm of 70G
CF185 fibres electrospun at increasing viscosities and voltages

Viscosity/mPa s Applied voltage/kV Fibre diameters/µm

37 9.5 0.75 ± 0.12

46 9.5 0.79 ± 0.10

60 9.5 0.81 ± 0.21

79 9.5 8.5 ± 6.4

40–60 12 1.5 ± 0.5
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molecules that are bonded to gelatin must come into contact
with each other to form a Si–O–Si bridge between gelatin
molecules, whereas the silicate network provided by TEOS
can expedite the gelation.

The 70G CF185 sols were spun within the viscosity
range of 37–79 mPa at different voltages: 7, 9.5 and 12 kV.
The applied voltage must overcome the forces of surface
tension, however above this critical point, the effects of
higher voltages depend on the solution. Higher voltages
cause increased volume of ejected sol, producing thicker
fibres, whereas others have reported narrowing of the fibres
due increased electrostatic charges and greater stretching of
the solution [57].

Here, fibres produced from 70G CF185 sol at 7 and
9.5 kV had similar structure and fibre diameter at all
viscosities tested (Fig. 3). Fibres spun with viscosity in the
range of 37–60 mPa s were similar, with diameters
0.7–0.8 µm (Fig. 3a–f and Table 1). At 60 mPa s, the
standard deviation of the fibre diameters approximately
doubled, to ±0.21 µm, and some beading was observed
(Fig. 3f). As viscosity increased to 79 mPa s, the fibres
were much thicker and wirey with high fibre diameter
variation; 8.5 ± 6.4 µm (Fig. 3g). The 79 mPa s fibres are
visible to the naked eye, and spinning was problematic as
gelling occurred at the nozzle frequently and fibres were
released in bursts.

Increasing the applied voltage to 12 kV was detrimental
to fibre formation, causing fusion and larger fibre diameters
(Fig. 4 and Table 1). The higher voltage increased the speed
of the fibre jets and prevented total evaporation of the sol-
vent before reaching the collector plate. Viscosity therefore
had a much more significant role in fibre formation than the
voltage applied. The optimal viscosity range of 37–60 mPa
s was lower than those of synthetic polymers such as
polyethylene oxide (527–1835 mPa s) [51], due to the pre-
sence of the inorganic in the sol.

The separation between needle and plate was adjusted to
achieve continuous flow of fibres to allow fibres to dry
before reaching the collector [60]. The optimum distance for
CF185 fibres with viscosity values between 37 and 60 mPa
s was 20 cm while using 7 and 9.5 kV applied voltage. To
achieve (semi)continuous flow at 79 mPa s and to electro-
spin at 12 kV, the distance had to be increased to 30 cm. At
smaller separations than 15 cm, continuous fibre formation
was not possible due to erratic bursts of fibres leading to
voltage drops. At higher separations, fibres did not reach the
collector.

The SEM images (Fig. 3) show that stable fibres formed
when sol was electrospun when it had viscosity within
the initial, linear region of the viscosity–time relationship
(Fig. 2). As viscosity increased past 60 mPa s, the viscosity
rose at a significantly increased rate and the fibres formed
had a poor and inconsistent structure. Attempts to

electrospin the 100G CF185 solution did not result in any
fibre formation within the first 11 h of aging, with the
viscosity of the sol having a mean value of 33 mPa s. A
voltage of 7 kV did not produce a jet, whereas 9.5 and
12 kV resulted in electrospraying. Increasing the C-factor of
100G did not help.

Figure 5 shows FTIR spectra of the 70G CF185 fibres
electrospun with increasing solution viscosities. Changes in
vibration bands can be attributed to changes in Dc. Bands at
2870, 1200, 910 and 850 cm−1 are all attributed to GPTMS
methoxy, Si–C bond, epoxy (oxirane and GPTMS Si-OH)
and methyl groups, respectively. Bands at 1040 and 790 cm−1

correspond to the Si–O–Si asymmetric and symmetric
vibrations, respectively. Bands at 3300 cm−1 (N-H amide A),
2930 cm−1 (C-H amide B), 1640 cm−1 (Amide I), 1540 cm−1

(Amide II), 1450 cm−1 (Amide III) are all attributed to gelatin.
The band at 958 cm−1 was assigned to asymmetric stretching
of Si-OH from hydrolysed TEOS which was not fully con-
densed. The spectra were normalised to Amide I.

As the viscosity of the solutions increased, the asym-
metric Si–O–Si band intensity relative to the amide bands
decreased and the Si-OH (from TEOS) band, and oxirane+
Si-OH (from GPTMS) band increased relative to the amide
bands, suggesting the Si–O–Si content reduced while Si-
OH contributions increased in the fibres as the viscosity of
the sols increased.

The optimal applied voltage for electrospinning 70G
CF185 was therefore 9.5 kV for a sol in the ideal range
37–46 mPa s, producing fibres of diameter of ~0.8 µm,
which were thicker than 70G CF185 hybrid fibres produced
by Gao et al. [46] (192 ± 8 nm), perhaps due to increased
Dc and different humidity (not reported). These parameters
were taken forward to investigate the effect of changing the
C-factor.

3.2 The effect of C-factor

To increase the covalent coupling, the effect of increasing
C-factor to CF250, CF500 and CF750 on electrospinning
was investigated by spinning at different solution aging
times (viscosities). Figure 6 shows how the viscosity of the
hybrid sols increased with solution aging time. The different
points correspond to multiple batches. The viscosity chan-
ged in two stages: initially a slow steady increase and then a
sharp increase. The gradient of this second stage appears
very similar regardless of the C-factor, however the onset
time of this second stage increased as C-factor increased. It
was therefore important to identify why the C-factor
affected the inflection point.

It is likely that the rapid viscosity increase is the point at
which the gel network has formed to the point that it can no
longer hold all the liquid phase [61]. The time taken to
reach that point increased as C-factor increased due to more
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rapid crosslinking and shrinkage the also due to increased
amount of methanol produced by GPTMS hydrolysis. At
CF750, the amount of GPTMS added to gelatin was sub-
stantial (11.47 mL), added to 56 mL of gelatin solution,

which would have and released 5.87 mL of methanol,
whereas CF250 fibres released one third the amount of
methanol.

Figure 7 shows SEM images of typical electrospun fibre
structures produced with C-factors 250, 500 and 750, at
increasing viscosities, with the fibre diameters given in
Table 2. The CF250 sol produced discrete and homo-
geneous fibres, at all viscosities, similar to those seen for
CF185 (Fig. 2). However, at viscosities of <50 mPa s, only
CF250 formed distinct fibres, and they were in the form of
2D fibre mats, whereas CF500 and CF750 fibres fused
together. 3D structures needed higher viscosity of
60–80 mPa s for CF250 and CF500 sols and 60–100 mPa s
for CF750 sols. The increased fusion of fibres at higher C-
factors was attributed to the higher Dc and increased amount
of methanol by-product.

The 3D cotton–wool fibres are shown in Fig. 8. The
mean fibre diameter increased to 1.35, 1.51 and 1.60 μm as
C-factor increased to CF250, CF500 and CF750, respec-
tively. The formation of the 3D structure was attributed to a
combination of: the high humidity [42], which allowed a
slow solvent evaporation rate and highly elongated fibres to
form; optimal sol viscosity; and the shape of the collector,
which was an open box lined with aluminium foil lining,
and enabled collection of the ejected fibres at the collector’s
edges, allowing gelation and drying with the fibres merging.
The change in gradient in viscosity (Fig. 6) coincided with
the start of cotton–wool-like hybrid formation. As
CF185 solutions only formed 2D fibre mats, we can assume
there is cut-off C-factor value between 185 and 250 below
which the 3D cotton–wool-like formation did not have a
high enough stiffness at this ratio of gelatin to silica.

Figure 9a compares FTIR spectra of 3D cotton–wool-like
fibres, made from higher viscosity sol, to those of the 2D
fibre mats (low viscosity sol). All compositions and visc-
osities that produced distinct fibres during electrospinning
had similar relative band intensities to the amine I band: 2D
CF250, 3D CF250, 3D CF500 and 3D CF750.

Spectra of the CF250 fibres showed no differences in the
relative band intensities between 2D and 3D fibres. The
relative intensities of the bands in the spectra of 3D fibres of
CF500 and CF750 were similar to the 2D formed by the

Fig. 6 Viscosity measurements for 70G CF250, CF500 and
CF750 sols measured during electrospinning in relation to solution
aging time

Fig. 4 SEM images of 70G
CF185 fibres representative of
those spun at 12-kV solutions
from a sol aged to a viscosity of
40–60 mPa s: a low
magnification; b higher
magnification. Scale bars:
a 50 μm; b 5 μm

Fig. 5 FTIR of 70G CF185 electrospun samples spun from sol of
increasing viscosity as a result of solution aging
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CF250 fibres (with the exception of a band at 950 cm−1 in
CF250). The band at 950 cm−1 was also observed in both
CF185 hybrid fibre spectra and is associated with Si-OH
[46]. The 950 cm−1 band was not present in the hydrolysed
GPTMS spectra (Fig. 9b), so it was assigned to Si-OH from
uncondensed hydrolysed TEOS, which would have lowered
the resultant connectivity of the silica network and
increased the Si-OH contribution. This corresponds to the

ability of CF250 to form distinct fibres at low viscosities
rather than fused fibre sheets as are seen for CF500
and CF750.

Both resultant spectra of the CF500 and CF750 hybrid
fibres were similar, though there was a very slight increase in
asymmetrical Si–O–Si for CF750 fibres. This implied that the
amount of silica incorporated in the hybrid fibres had only
marginally increased despite the 50% increase in C-factor.

a)

b)

c)

d)

e)

f)

g)

h)

i)

Increasing C-Factor
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cr
ea

sin
g 
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Fig. 7 SEM images of electrospun 70G hybrid fibres with increasing
C-factor and viscosity, spun at 9.5 kV. a–c CF250; d–f CF500 and g–i
CF750. As viscosity increased, the structures changed: a, d, g 2D fibre
mats electrospun from viscosities of 44, 45 and 49 mPa s, respectively;

b, e, h 3D cotton–wool-like structures electrospun from viscosities of
72, 66 and 64 mPa s, respectively; c, f, i fibre fusion occurred at
viscosities of 81, 76 and 65 mPa s, respectively. Scale bar is 10 µm

Table 2 Fibre diameters of 70G hybrid made with different C-factors
(CF) in the form of 2D fibre mats, 3D cotton–wool fibres and 3D fused
fibres (Fig. 7)

Type of fibre Mean fibre diameters ± standard deviation/µm

CF250 CF500 CF750

2D fibre mats 0.88 ± 0.18 – –

3D cotton–wool 1.35 ± 0.51 1.51 ± 0.54 1.60 ± 0.50

3D fusion – 2.21 ± 0.56 2.09 ± 0.76

Table 3 Moles of GPTMS and gelatin, and C-factor, calculated from
the remaining inorganic after TGA of hybrids of 70% silica, with
nominal C-factors of: CF250, CF500, CF750

Hybrid Inorganic (in GPTMS)/%
of functionalised gelatin

GPTMS/
moles

Gelatin/
moles × 10−4

C-
factor

CF250 14 0.18 7.40 249

CF500 21 0.27 5.48 492

CF750 23 0.30 4.82 628
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It is also interesting that the spectrum for CF750 does not
show an increased ratio of Si–O–Si to gelatin, compared to
CF500. The ratio is higher for CF500 and CF750 samples
compared to CF250. This implies that the amount of silica
incorporated in the solution did not increase, despite the
increase in GPTMS above CF500. This suggests that at
CF500, the amino side groups on the gelatin, which are the
GPTMS attachment sites, are saturated, so further addition
of GPTMS effectively acts as an increase in solvent. This
may affect the solution aging time and could be a reason for
fusion of the CF500 and CF750 fibres if there is
excess GPTMS.

3.3 Investigating evidence of covalent coupling

TGA was used to determine experimentally the percentage
gelatin and C-factor of the electrospun scaffolds. The

CF250 and CF500 samples both show C-factors very
similar to the predicted value (Table 3), however as pre-
dicted, a C-factor of 750 was not reached. The C-factor was
actually ~630, which is still a significant increase in
GPTMS inclusion over CF500.

The TGA plots showed that the percentage of organic
content was 62, 68 and 67% (w/w), for 70G fibres with
CF250, CF500 and CF750, respectively (Fig. 10). As
hydrolysed GPTMS is itself 66% organic, the fluctuation in
total organic content was due to the C-factor. When elec-
trospinning, there is opportunity for gelatin, GPTMS and
hydrolysed TEOS to be lost from the final fibre composition
as droplets of solution, which fall from the needle. This is
typical of electrospinning and these droplets may have
contained unreacted components of the solution, or excess
homogeneous solution if the flow rate was too high. The
former option is more likely.

Fig. 8 Photographs of 70G fibre
structures formed with C-factors
of a 250, b 500 and c 750. The
fibre sheets at the top represent
2D fibres formed at low
viscosities. The bottom images
show 3D cotton–wool structures
laid out flat (middle) and as
produced in their up like
cotton–wool-like morphology
(bottom)

Fig. 9 FTIR spectra of: a 70G hybrid fibres with increasing C-factor produced by electrospinning comparing 3D cotton–wool fibres (60–80 mPa s)
to 2D sheets (40–60 mPa s); b GPTMS as received and hydrolysed
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The structural units of the hybrids were investigated by
29Si MAS NMR (Fig. 11) and the degree of condensation,
Dc, was calculated (Table 4). The distribution of the T

species (derived from GPTMS) and Q species (derived from
TEOS) for each composition was compared to identify the
most condensed T structure and Q structure (Table 4). The
T structure distribution changed the most. As expected, the
contribution of the Tn structures increased as C-factor
increased and relative Qn was expected to decrease. For
example, CF250 fibres had 21% T3, whereas CF750 fibres
had 42% T3. The percentage of T3 species increased almost
linearly with C-factor, while T1 and T2 percentages were
similar. The higher percentage of higher order T species
indicated a more condensed T structure in higher C-factor
hybrid fibres.

The overall Q species contributions from CF250, CF500
and CF750 fibres did decrease with increasing C-factor, 63,
48 and 38%, respectively; however, the Q4 contributions
decreased slightly between CF250 and CF500 from 38 to
30%. Also significant was the reduction in Q2 presence in
CF750 fibres which was 1% compared to 6 and 3% for
CF250 and CF500 fibres, respectively. Therefore, CF750
fibres had the most condensed Q structure as 79% of the Q
structure was attributed to Q4, compared to 63% for CF500
and 56% in the CF250 hybrid fibres.

Overall, Dc was highest for CF750 (91%), compared to
CF500 at 87% and CF250 at 86%. The results agree with
the FTIR (Fig. 9a) and TGA results (Fig. 10), determining
that 70G CF250 fibres had the lowest connectivity, due to
unreacted Si-OH. The CF500 hybrids had a high degree of
coupling. CF750 had a higher Dc, than CF500, due
increased coupling, but not proportional to the extra

Fig. 10 Chart showing the wt% (w/w) mass contributions of gelatin,
silica network from TEOS (inorganic), inorganic portion of GPTMS
and organic portion of GPTMS of electrospun hybrid fibres of 70G
hybrid fibres with increasing C-factor. Mean organic content is 66%

Fig. 11 29Si MAS NMR data of the 3D cotton–wool electrospun 70G
hybrids with varying C-factor: 250, 500 and 750. Each spectrum was
weighted with 50 Hz of Lorentzian line broadening during processing
and simulated using OriginPro 2019

Table 4 Results from the 29Si MAS NMR data from the 3D
cotton–wool electrospun 70G hybrids with varying C-factor: 250,
500 and 750: Relative intensities (I) of the Tn and Qn species, their
assigned chemical shifts (δiso) and the resulting degree of condensation
(Dc) are given

CF250 (3D) CF500 (3D) CF750 (3D)

T1 δiso [ppm ± 0.5] −49.1 −48.6 −50.2

I [% ± 1] 3 2 2

T2 δiso [ppm ± 0.5] −56.5 −57.1 −57.5

I [% ± 1] 13 18 19

T3 δiso [ppm ± 0.5] −65.2 −65.9 −66.1

I [% ± 1] 21 32 42

Q2 δiso [ppm ± 0.5] −92.9 −92.5 −92.5

I [% ± 1] 6 3 1

Q3 δiso [ppm ± 0.5] −101.2 −100.7 −101.1

I [% ± 1] 19 15 7

Q4 δiso [ppm ± 0.5] −110.4 −109.9 −110.8

I [% ± 1] 38 30 30

Dc [% ± 1] 86 87 91
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GTPMS, implying excess hydrolysed GPTMS (diol) left in
the hybrid.

3.4 Dissolution

To characterise the dissolution characteristics of the elec-
trospun fibres, particularly whether the inorganic and
organic components were released at a similar rate (con-
gruently) as a true hybrid material, a 1-week dissolution
study in TRIS solution was conducted and the release of
gelatin and silicon monitored.

The silicon release showed marked differences between
the different compositions (Fig. 12). CF250 hybrid fibres
released 7.3% of Si in the first 8 h, whereas CF500 and
CF750 hybrid fibres released <1 wt% of Si. This correlated
with the FTIR and solid-state NMR findings that CF250
had a high percentage of T and Q species in lower order
(e.g., higher T1 relative to T3), compared to the hybrids of
higher C-factor. After 24 h, CF250 dissolution began to
slow. CF500 showed a similar rate of release curve to
CF250, however the initial rate of release for CF500 was
delayed and levelling off took place at 72 h, at a lower
amount. CF750 showed a very different trend in dissolu-
tion. Instead of a rapid initial release, leading to a plateau of

Si concentration, the release was gradual and slow, only
3.3 wt% of Si was released at 72 h for CF750, compared to
12.6 wt% for both CF500 and CF750. This correlated to the
solid-state NMR results that CF750 had almost no Q2

species, hence reducing dissolution of the silica network.
At the 1-week time point, CF250 showed the highest
release of 16.5 wt% while CF500 and CF750 were lower,
~13 wt%. The reduced soluble silica release at higher
C-factors correlates to the overall improved connectivity of
the T structure with increased C-factor.

The gelatin had a similar release trend for all composi-
tions (Fig. 12), with steady sustained release (no burst
release) at early time points, and none of the fibres caused a
plateau in the release by the end of 7 days. Beyond 48 h, the
amount of gelatin release seemed to increase with
increasing C factor, but all released <4 wt% of the gelatin
content. The dissolution of the silicon and gelatin was less
congruent compared to silica/gelatin hybrids foamed with
HF catalyst [31]. This could be in part due to the higher
surface area of the spun fibres, compared to foams but it
could also be due to the evolution of the hybrid structure.
As opposed to completely interpenetrating co-networks of
silica and gelatin, it seems the gelatin molecules were cross
linked via GPTMS and small clusters of silica (Fig. 13). As
the silica network is broken down, Si is released but as the
gelatin molecules are significantly larger in size and with
many crosslinks, this breakdown in silica does not corre-
spond to release of gelatin. Importantly, the release of
gelatin was sustained, which is beneficial to the use of the
3D fibres as scaffolds.

Fig. 12 Results of dissolution in TRIS for fibres made with 70G and
CF250, 500 and 750. Over a 1-week period the Si release and gelatin
release was investigated as shown in a and b, respectively

Fig. 13 Schematic of predicted hybrid structure

22 Journal of Sol-Gel Science and Technology (2021) 97:11–26



After the dissolution study, the fibres appeared sof-
tened and distorted but were not significantly smaller in
diameter, due to the low gelatin release. The mean fibre
diameters were 1.58 ± 0.36, 1.33 ± 0.43 and 1.15 ±
0.48 µm for CF250, CF500 and CF750, respectively.
FTIR spectra of the hybrids did change after dissolution
(Fig. 14). While gelatin reduced during dissolution, its
release was similar for all compositions, so the data were
still comparable. For all compositions, there was a
reduction in the relative intensity of the Si–C band at
1200 cm−1 and Si-OH/oxirane band at 900 cm−1 (relative
to the gelatin amide I band), indicating a loss of hydro-
lysed GPTMS relative to gelatin for all compositions.
This could be due to cleavage of the ester bonds between
the GPTMS and gelatin, which can be hydrolysed by
water. The asymmetric Si–O–Si (1040 and 1090 cm−1)
bands and symmetric Si–O–Si band (790 cm−1) reduced
for CF250 and CF500, but the reduction was less for
CF750. This correlated to the solid-state NMR results,
where a high proportion of well-connected GPTMS
molecules and low proportion of Q2 species were
observed for CF750 hybrid fibres compared to lower
C-factor fibres.

4 Conclusions

For silica/gelatin class-II hybrids, with a nominal gelatin
to silica molar ratio of 70:30, morphology of the electro-
spun structure, at fixed humidity, was controlled through
viscosity (solution aging time) and degree of coupling
between the silica and gelatin (C-factor). Constant

electrospinning parameters used were: needle-collector
separation of 20 cm, flow rate of 0.05 mL min−1, 22 gauge
stainless steel needle, humidity of 55% and syringe tem-
perature of 50 °C. An applied voltage of 9.5 kV was
determined to be optimal for this hybrid system. Combi-
nations of NMR, TGA and dissolution studies gave evi-
dence of successful coupling, the first time this was
achieved in hybrid fibres.

At the lower C-factors of CF185 and CF250, 2D fibre
mats of distinct fibres were formed when sols of low
viscosity (<50 mPa s) were spun. Increasing the C-factor
increased the coupling and stiffness of the fibres, which
also improved their spinnability. To achieve distinct 3D
fibres with high C-factors, the first consideration was the
requisite viscosity. The viscosity-sol aging time plot
showed an inflection point. The onset time of the inflec-
tion point increased with C-factor due to the increased
amount of solvent present. 3D cotton–wool-like scaffolds,
with discrete fibres of thickness of ~1.5 µm, were formed
when the sol was aged to the point that the viscosity
started to increase sharply (60–80 mPa s viscosity for
CF250 and CF500, 60–100 mPa s viscosity for CF750).
Preventing the fibres from coming into contact with the
flat surface of the collector was also key to the formation
of these 3D structures. Increasing the viscosity too high
can lead to fusion of the fibres. However, for low C-factor
(CF185) sols, electrospinning in this stage resulted in
fused, erratic non-uniform fibre formation.

The dissolution of the fibres over 1 week in TRIS
solution showed sustained, rather than burst release of
gelatin and increasing coupling (C-factor) decreased the
dissolution of the silica. The 70G CF750 composition was
the most promising composition for scaffold development
as it showed slowest and most congruent dissolution in
TRIS. It was also easiest to form 3D cotton–wool-like
structures in the largest volumes. Increasing the C-factor
further is likely to only increase the amount of uncoupled
hydrolysed GPTMS in the sol or gel, due to the limited
number of carboxylic groups available for coupling on the
gelatin chain. NMR results estimated the maximum
C-factor to be 680, which is recommended for future
scaffold development.
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