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ABSTRACT 

The development of bone scaffolds with osteogenic potential is extremely relevant for stem cell-based bone engineering. In this 
study we developed a bioactive glass nanofibers (BAGN) scaffold, by electrospinning (ESP), without sodium on its chemical 
composition, which is known for its potential as bone scaffold due to the ability to stimulate osteogenesis and induce bone 
formation. These nanofibers were also functionalized with arginyl glycyl aspartic acid (RGD) peptides that promote cell adhesion 
and proliferation. For that, (3-aminopropyl) triethoxysilane (APTES) was used as surface modifier. In vitro, osteogenic potential of 
BAG electrospun fibers was determined using hMSCs. Basic medium was applied and revealed a rapid induction of bone mineral-
like apatite over the surface of both types of fibers. DNA assays proved that cells adhered well onto the not functionalized fibers, 
unlike what happened to the fibers with RGD. The metabolic activity of cells was measured using the PrestoBlue reagent. DAPI-
Phalloidin staining was applied to hMSCs cultured on top of both BAGN and the respective data were analyzed with the CellProfiler 
software (imaging analysis) in order to quantify the temporal evolution of the adhesive/spreading area of the cells. 

Keywords: Osteogenesis, bioactive glass, electrospinning, arginyl glycyl aspartic acid, (3-aminopropyl) triethoxysilane, hMSCs, 
apatite, adhesive area. 

1. Introduction 
1.1 Problem history 

Bone is a specific tissue that plays an important role in critical 
physiological functions of the human body, such as 
protection, movement and support. It also participates on the 
blood production, mineral storage (e.g. calcium and 
phosphate) and homeostasis. Bone contributes to house 
progenitor cells (e.g. mesenchymal stem or stromal cells) and 
to regulate blood pH [1]. Bone is also crucial to provide the 
maintenance of the calcium level in the blood vessels, as well 
as an adequate supply of calcium and phosphorus for the 
cells. 

With aging, bone density decreases, which results in poorer 
bone mechanical properties. This means that osteoblasts 
tend to lose their capacity to produce new bone and repair 
fractures. This is the main reason why people in advanced 
ages tend to suffer from bone injuries more frequently [2]. The 
system that controls bone turnover can be easily disrupted 
resulting in bone diseases [3]. The most common diseases or 
disorders result from: birth defects, due to failures in the 
genetic expression of bone related genes, fractures due to 
traumas and age-related diseases as osteoporosis and 
osteoarthritis. Osteoporosis is characterized by the decrease 
in bone mass and density, being more easily detected over 
years [4], [5]. Osteoarthritis is a chronic degenerative joint 
disorder that is known to be most frequent in the knee joint 
where pathological joint impact and shear forces tend to 
cause early degeneration of cartilage and joint aging [6]. 

1.2 Proposed solutions 

Bone regeneration is limited by the size of the defect, due to 
challenges to regenerate the associate vasculature. In large 
defects cells need a substrate to adhere and start 
proliferating. To overcome this problem, several graft 
materials have been used. There are four basic types of bone 
grafts: autogenous, allographic, alloplastic and xenographic 
grafts [7]. Autogenous bone graft material derives from the 
individual for whom the graft is intended. Allografts involve 
tissue transplantation from another patient. Alloplasts are 
synthetic and xenographs derive from other species. Each 
one of these materials has limitations. Autographs create a 
second surgical site. Allografts take a longer time to be 
incorporated and are at risk of disease transmission. 
Alloplasts suffer from a limited lifetime in clinical use. 
Xenographs may be prone to immune rejection and disease 
transmission [7], [8]. These limitations show a hurry need for 
alternatives. Materials that allow the regeneration of bone 
without being harmless to the body. 

1.3 Tissue engineering 

The field of tissue engineering (TE) exploits living cells in a 
variety of ways to restore, maintain or enhance tissues and 
organs. It consists in the culture of cells in a scaffold, to form 
the graft, and consequently implant it into the lesion site. The 
advantage of this approach is the reduced number of 

operations needed, resulting in a short recovery time for the 
patient [9]. The scaffold should mimic the structure and 
biological function of the extracellular matrix (ECM) in terms 
of chemical composition and physical structure [10], [11]. 
The success of TE, despite the fabrication of a scaffold with 
specific properties, is influenced by the type of cells that are 
used. The use of mesenchymal stem cells (MSCs) has 
recently been recognized as a promising alternative to 
specialized cells, due to their potential in differentiating into a 
spectrum of lineage specific cells (multipotency), that are 
responsible for producing tissue-specific proteins, thus 
resulting in the formation of tissues [12], [13]. Under the 
influence of specific chemicals (e.g. dexamethasone and 
ascorbic acid), the differentiation of these cells can be driven 
towards osteoblasts [1]. However, there are two main 
problems associated to the use of MSCs: relative low 
concentration in bone marrow and characteristic low 
proliferation capacity [1], [14]. 

1.4 Properties of bone formation scaffolds 

Bone formation scaffolds have to restore, maintain or improve 
the tissue function. For this, there are several criteria 
required. The material has to be non-toxic to avoid bone 
damages and it should minimize inflammatory responses 
from the tissue without causing scars in the region. The 
scaffold should also possess enough mechanical strength 
and consist of an interconnected porous network to allow the 
growth of tissue, vascularization and nutrition delivery [11], 
[15], [16]. To be valid for bone tissue, the material should also 
be degraded at an equivalent rate at which new tissue is 
formed. The degraded material has to be non-toxic and easy 
to be excreted from the body [12]. The scaffold is considered 
“ideal” if it also combines angiogenesis, osteostimulation and 
drug delivery with antibacterial properties [9], [17]. 

1.5 Materials used as bone scaffolds 

Bone scaffolds are bioactive ceramics, like calcium 
phosphates and bioactive glasses (BAGs) or glass-ceramics; 
natural and synthetic polymers; metals, hydrogels or 
thermoplastic elastomers [9]. Ceramics are the most used 
material for bone regeneration due to similarity with the bone 
composition and their ability to support bone cells function [1]. 
Ceramics also provide higher mechanical strength, when 
compared to polymeric scaffolds [18]. These materials may 
be identified as either bioactive or bioinert according to their 
biological activity and consequent ability to bind to tissues [9], 
[19]. 

The three most used bioceramics are HA, tricalcium 
phosphate (TCP) and BAG, due to their ability to directly 
interact with the surrounding osseous tissue and to enhance 
cell proliferation and differentiation towards the osteogenic 
lineage. Despite this, each one has some drawbacks. 
Stoichiometric HA has low resorption rate and undergoes 
little conversion to a bone-like material. TCP has a higher 



degradation rate, which could be a drawback when it comes 
to a big defect in the bone. BAG has weak mechanical 
properties easily offset by a great bioactivity [18], [20]. 

1.6 Bioactive glass nanofibers (BAGN) 

A BAG is defined as a material capable of inducing specific 
biological activity through specific surface reactions. When 
implanted into the body it leads to the formation of a HA-like 
layer which is responsible for the formation of a strong bond 
with hard and soft tissues [18], [21], [22]. The basic 
components of BAGs are SiO2, Na2O, CaO and P2O5. The so 
called 45S5 Bioglass® contains 45% SiO2; 24,5% Na2O; 
24,4% CaO and 6% P2O5, in weight percentages [9], [16]. 
There are other BAG compositions containing no sodium 
[23]. 

The production of BAG is made by two distinct techniques: (i) 
melt quench and (ii) sol-gel techniques. On the melt quench 
technique, the glasses and ceramics are produced by mixing 
various metal oxides, nitrates and other compounds, 
together, followed by heating them to high temperatures 
(≈1300°C) until they melt. There is a conversion from a highly 
ordered crystalline precursor state to a covalently bonded 
amorphous random network state [2], [24]. On the sol-gel 
technique, glasses and glass-like materials are produced via 
chemical reactions at low temperature (e.g. RT). When a 
silicon-alkoxide is added to an acidic solution hydrolysis 
occurs leading to the formation of a sol. If the hydrolysis was 
not complete, this sol suffers condensation to form the silica 
network of Si-O-Si bonds and then, as the network grows, a 
gel forms. The by-products of these reactions (water and 
ethanol) are removed by evaporation under low heating rates 
up to at least 600°C (all the organic compounds are removed) 
and the composition stabilized [25], [26]. The use of sol-gel 
technique instead of the traditional melt quench technique 
entails some advantages, like enhanced resorbability, 
bioactivity and bone bonding capacities. 

The production of BAG as nanofibers that can mimic the 
architecture of natural human tissue at nanoscale is one 
advantage of the ESP. The microporous structure and high 
surface area of the fibers favor cell adhesion, proliferation, 
migration and differentiation. Thus, a faster mineralization 
resulting from the dissolution and precipitation of 
calcium/phosphate species is assured. This technique 
demands low initial costs and is easy to use. The selection of 
the collector is also simplified according to the final use of the 
scaffold and this technique allows the production of a wide 
range of fiber structures [27]–[30]. 

Recent studies show that alkoxide-based sol-gel precursors 
were used for the production of metal oxide fibers by ESP 
[28]. 

After the ESP, a heat treatment (annealing) is usually applied 
to remove any organic additives, promoting fiber’s 
densification [21], [23], [27]. 

1.7 Grafting of small peptides 

Efforts have been done to combine osteogenic properties of 
BAG with the cell adhesion and proliferation abilities of 
specific small peptides. The mechanisms by which cells 
adhere to substrates became very well understood, which 
gave the ability to do biochemically modifications in the 
surfaces, such as immobilize enzymes, proteins or peptides 
to induce a specific cell behavior by controlling the cell 
interactions with these materials [31]. By doing this, it is 
possible to promote the adhesion of cells to surfaces totally 
non-adhesives, mediated by specific peptides [32]. The 
grafting of short peptide sequences has some benefits when 
compared to whole proteins, like higher stability towards 
sterilization conditions, storage, heat treatments, pH 
variations and against enzymatic degradation and lower 
space requirement, which leads to a higher density 
packaging of the peptide [33]. Cell surface interactions are 

not stablished directly, but mediated through integrins, 
heterodimers that bind to RGD motifs present in many ECM 
[34]. The RGD peptide sequence is the most commonly used 
peptide for surface modification [35] and it is a combination 
of three amino acids arginine, glycine and aspartic acid. The 
chemical structure (Figure 1) shows the presence of amino 
and carboxyl groups, crucial for the grafting. 

 

Figure 1 - RGD Peptide sequence: chemical structure [36]. 

As a spacer between the surface of the fibers and the RGD 
molecules, it is commonly used a molecule that leaves 
primary amines free to interact with the carboxyl groups of the 
RGD, like APTES. The trait of the RGD peptides is the fact 
that it is found within a number of matrix proteins, including 
fibronectin, fibrinogen, thrombospondin, vitronectin, laminin 
and type I collagen [17], [34], [37]. For these reason, this motif 
promotes the cell adhesion and proliferation, by means of 
RGD–Integrin bonds. 

1.8 Project 

The main goal of this project is to produce a BAGN-based 
scaffold with excellent osteogenic potential that enhance the 
cell adhesion and proliferation by grafting RGD in the surface 
of this material [21]. In this way it is possible to treat 
osteoarthritis, osteoporosis and any other bone fractures 
faster due to the presence of these peptide sequences that 
stimulate the bone-healing mechanisms. 

2. Materials and Methods 

2.1 BAGN – Material fabrication 

The production of BAGN started with the preparation of a 
TEOS-based solution, with the following composition: 2 mL 
of tetraethylortho silicate (TEOS) (Abcr GmbH & Co. Kg); 
0,13 mL of triethyl phosphate (TEP) (Aldrich); 0,36 g of 
calcium nitrate tetrahydrate (CNT) (Sigma Aldrich); 2,9 mL of 
ethanol (Atlas & Assink Chemie B.V) and 50 µL of 1M 
chloridric acid (HCl) solution in water (Acros Organics). 

This solution was mixed for 2h, under constant agitation at 
600 rpm, in order to achieve the hydrolysis of the TEOS. To 
make this solution electrospinnable, a polymer-based 
solution was added, specifically 40% (w/v) PVP (Sigma 
Aldrich) in Ethanol, in a 1:1 (w/w) ratio with the previous 
solution, followed by agitation at 50°C, for several hours. At 
RT the solution is ready for ESP. 

The ESP setup and equipment used were: flow rate (F) – 1,8 
mL/h (pump: KD scientific), electric field (V) – 23 kV (source: 
1. CNC Technik, 2. Gamma High Voltage Research), 
distance between needle and collector (L) – 23 cm, syringe’s 
needle diameter (ø) – 0,8 mm (syringe: BD DiscarditTM II), 
collector – regular metallic plaque covered with a thin layer of 
blue paper; computer (RenQ), temperature – 23-27°C 
(thermostat and hydrostat: HB Group Koeltechniek) and 
relative humidity – 26-30% (humidifier: 1. Cotes, 2. Boneco). 

For the annealing, the fibers were placed at the oven 
(Carbolite) at 600°C for 5 hours. The temperature rate 
considered was 2°C/min [27] in both stages (heating and 
cooling). 

The functionalization of the fibers started with the cleaning of 
the surface of the fibers by applying oxygen plasma. The 



fibers were placed on the gas plasma chamber (Harrick 
Plasma), inside of a glass petri dish and then the vacuum was 
applied. As soon as the minimum value of pressure was 
reached, the plasma was applied for 5 minutes in a 
medium/moderate level.  

The grafting of amino groups was made by placing 3 pieces 
of the substrate in 5 mL of a 2% (v/v) APTES (abcr GmbH & 
Co. Kg), in n-Hex (EMPLURA®) solution. The reaction ran 

over night under agitation in a rotating shaker. Then, the 
substrates were washed three times with ethanol and PBS 
(Gibco). 

The binding of the RGD molecules (Bachem), required the 
use of two compounds: 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC-Novabiochem®) and N-
hydroxysuccinimide (NHS - ALDRICH) to activate the RGD 
and to avoid the polymerization between adjacent molecules. 
Per sample, 1 mL of two different solutions was prepared: 2% 
(w/v) NHS in PBS and 17% (w/v) EDC in PBS. After this, the 
two solutions were mixed. Then, to conclude, 0,5 mL of 12,5 
µg/mL RGD in PBS solution was added, again per sample. 
The reaction ran over night and after that the substrates were 
washed with PBS. The same methodology was applied for 
RGD molecules labeled with fluorescein (Bachem). 

2.2 BAG solution viscosity and electrolytic 
conductivity 

The viscosity of the BAG solution was measured with an 
automated micro viscometer from Anton Paar. The capillary 
used had 3 mm of diameter and the metal ball had a density 
of 7,71 g/cm3. 

The electrolytic conductivity of the BAG solution was 
measured with a galvanostat from Autolab. This equipment 
measures imaginary and real parts of the complex 
impedance. The samples were measured in triplicate 
between 16200-16700 Hz. 

2.3 Scanning electron microscopy (SEM), Sputter 
and high resolution SEM 

SEM was used as a main tool to investigate the 
microstructure of the material. Two models were used: JEOL 
ISM-6490 and Phillips, XL 30 ESEM-FEG XL SERIES. The 
beam voltage and working distance (WD) used were 10 kV 
and 15 cm, respectively. Both required a sputtering of the 
samples with gold (Cressington Sputter Coater 108 Auto), 
with a time of exposure and an electric field applied of 40 s 
and 30 mA, respectively. For samples with cells, formalin was 
applied to fix them and an ethanol gradient of 50%, 70%, 
80%, 90%, 96% and 100%, 15 min each, was required to 
dehydrate them. To study in detail the surface of the fibers, 
the HRSEM from Zeiss Merlin was used. 

2.4 Fourier Transform Infra-Red (FT-IR) 
spectroscopy 

To identify specific molecules according to its vibrations, FT-
IR spectroscope was used, from Bruker Tensor 27, 
incorporated with Pike Technologies GladiaTR with a 
controller from WATFLOW.  The analysis was performed only 

for a wavenumber’s range of 500-4000 cm-1. The samples 
were washed several times with water and ethanol to assure 
the detection of covalently bonded molecules. 

2.5 Fluorescence Microscopy (FM) 

The binding of RGD labeled with fluorescein was detected 
using FM. The microscope used was a Nikon, model Eclipse 
E600, and the exposure time and gain applied were 300 ms 
and 1,70x, respectively. 

2.6 BCA Protein assay 

The quantification of the RGD was made with BCA protein 
assay kit from Thermo Scientific Pierce Protein 
Biotechnology. The solvent used was the EDC/NHS/PBS 

solution for the RGD binding and the manufacturer’s protocol 
was followed. For the measures, a microplate 

spectrophotometer from ThermoScientific Multiskan GO was 
used. 

2.7 Energy Dispersive X-ray (EDX) Spectroscopy 

Semi-quantitative analysis of the chemical composition of 
BAGN were conducted by this technique. The 10 kV of beam 
was preferentially used. About the WD, this value was 
dependent of the sample and the sputtering, but usually 
ranged between 10-15 cm. For this analysis, the second SEM 
model and the HRSEM were used. 

2.8 Calcium and phosphate assays 

For the quantification of the calcium and phosphate content 
over time, two distinct kits were used: Calcium Assay Kit and 
Phosphate Assay Kit from Bioassay Systems: Solutions for 
research and drug discovery, QuantichromTM Gentaur. 
Manufacturer’s protocols were followed in both cases. 

2.9 Cell culture 

Human mesenchymal stem cells (hMSCs) were cultured with 
basic culture medium comprising α-MEM (Gibco), fetal 
bovine serum (10%, Lonza), L-glutamine (2 mM, Gibco), 
ascorbic acid (0,2 mM, Gibco), penicillin (100 U/mL) and 
streptomycin (100 µg/mL, Gibco). hMSCs were expanded 

and harvested at 70-80% confluency before trypsinzation for 
cell seeding. Cells were seeded with a density of 10000 
cells/cm2 on top of BAGN with and without RGD, using tissue 
culture plastic (tCP) and glass coverslips (GCS) as control 
scaffolds. BM was renewed every one and a half day. 

2.10 DNA Assay 

The scaffolds were washed with PBS and frozen at -80°C 
overnight. The constructs were then digested at 56°C in a 
Tris-EDTA (Aldrich) buffered solution containing 1 mg/mL 
proteinase K, 18,5 µg/mL pepstatin A (Sigma Aldrich) and 1 
µg/mL iodoacetamide (Sigma Aldrich) for 18 h. The pH of the 
previous solution was adjusted to 7,6 with HCl (Sigma 
Aldrich). Cell numbers were determined using the CyQuant® 
Cell Proliferation assay kit (InvitrogenTM Molecular Probes) 
with 50 µL of cell lysate according to the manufacturer’s 
protocol. Fluorescence at an excitation wavelength of 480 nm 
and an emission wavelength of 520 nm was measured using 
a Victor3

TM 1420 Multilabel Counter PerkinElmer Precisely 
plate reader and the total amount of DNA determined, from a 
DNA standard curve. 

2.11 Prestoblue (PB) 
Preparation of a 10% (v/v) PB reagent (Invitrogen) solution in 
BM and washing the samples with PBS. Subsequently, per 
well, 1 mL of the previous solution, was added, and the 
samples incubated at 37°C, for 2h. 200 μL of each well was 
extracted for the black 96-Well Plate and the fluorescence 
measured at an excitation wavelength of 560 nm and an 
emission wavelength of 590 nm on the same plate reader 
used for the DNA assay. 

2.12 DAPI-Phalloidin staining 

The cell fixation started with a washing step, using a pre-
warmed PBS. Cells were fixed with 10% Formalin for 10-15 
min and washed again with PBS. The permeabilization was 
made with 0,1% Triton X-100 (Sigma Aldrich), in PBS, for 10 
min, followed by a washing step with PBS. The blocking was 
made with 1% BSA in PBS (10 mg/mL) solution, for 60 min at 
RT, followed by PBS washing once again. The staining 
started with the addition of a filtered solution of 0,1% Sudan 
Black (Santa Cruz BiotechnologyTM) in 70% EtOH, for 20  
min, to remove the auto-fluorescence of the fibers. The 
samples were washed two times with PBST (0,1% Tween 20, 
Sigma Aldrich-SigmaUltra, in PBS), for 5 min and one more 
time with PBS to remove the Tween 20 residues. Then, 
Phalloidin (Biotiom CF594 Conjugated) was added in a 1% 
BSA in PBS solution, for 30 min, with a ratio of 5:200 (v/v), 
followed by three washing steps with PBS. To finish, DAPI 
was added in a PBS solution, with a ratio of 1:100 (v/v), for 



10 min. Samples were mounted in microscopic glass slides 
using mowiol (Sigma Aldrich) as mounting medium. 

2.13 Statistics 

Data respective to DNA assay and PrestoBlue were analyzed 
by one-way ANOVA and represented as the mean plus 
standard deviation. Statistical significance was considered at 
p<0,05. Concerning DAPI-Phalloidin staining, respective data 
were analyzed by student’s t-test and represented as an axial 
distribution of points in terms of quartiles. Statistical 
significance was considered at p<0,0001. 

3. Results and Discussion 

3.1 Biomaterial Synthesis 
Viscosity and conductivity measurements. The densities 

of the BAG solution and the metal ball, used to measure the 
viscosity, were 0,9905 g/cm3 and 7,71 g/cm3, respectively. 

The dynamic and kinematic viscosities obtained were 363,2 
mPa.s and 366,7 mm2/s, respectively. The BAG solution 
must be electrospinnable and the viscosity of 363,2 mPa.s 
seemed to be an acceptable value, not consisting a problem 
in terms of procedure. The viscosity of an ESP solution 
depends on the polymer concentration and directly influences 
the diameters of the fabricated fibers. Low values of viscosity 
lead to the formation of beads instead of continuous fibers. 
The opposite situation results in the hard ejection of jets from 
the solution, making it not electrospinnable. Thus, smooth 
and continuous fibers are obtained with intermediate values 
of viscosity [38]. 

According to literature [39], the precursor sol-gel solution 
exhibits a low viscosity, which may lead to the formation of 
beads. For this reason, the 40% (w/v) PVP in ethanol solution 
was required. This solution has a kinematic viscosity around 
400 mm2/s, as shown by Senak et  al. and Robinson et al. 
[40], [41]. Thus, the BAG solution viscosity of 366,7 mm2/s 
came mostly from the PVP solution and does not affect 
negatively the ESP process. 

BAGs are produced by ESP, which involves the application 
of an electric field. The application of this electric field could 
lead to two main challenges if not optimized: if the 
conductivity of the BAG solution is too low, many beads are 
formed along the fibers, which influences their homogeneity 
along the scaffolds; if the conductivity of the BAG solution is 
too high, the jet is dispersed in several directions due to its 
intrinsic instability, thus leading to a broader diameter 
distribution. An increase in the conductivity means that more 
charges can be carried by the ESP jet, which could lead to an 
unstable system that makes the solution not spinnable. If 
properly regulated, this increase may lead to fibers with 
smaller diameters [42], [43]. 

Flat and continuous fibers are required. For all these reasons, 
the determination of an electrolytic conductivity is critical in 
the performance of the ESP. The galvanostat measures the 
imaginary (-Z''[Ω])  and real (Z'[Ω]) parts of the complex 
impedance. The resistance corresponds the point where the 
fitting crosses the X axis. Knowing how this two parameters 
change with current frequency, allowed us to correlate this 
values with the conductivity.  

−𝑍′′(𝛺) = 𝑚𝑍′(𝛺) + 𝑏 
−𝑍′′(𝛺)=0
→       𝑍′(𝛺) =

−𝑏

𝑚
 1 

The resistances were determined according to Equation 1 
and applied to the standard curve. The measured solutions 
had an electrolytic conductivity of 108,9 ± 0,9 µS/cm. 

Optimization of the ESP. Optimization of specific 

parameters was required in order to achieve continuous and 

homogenous BAGN in the entire scaffolds, intended to 
cellular applications. Three distinct setups were tested and 
one chosen according to the final application of the fibers. 
The critical features that led to the choice of one of these 
setups were related with the fiber’s density in the edge of the 
sheets and morphology. Figure 2 illustrates different fiber’s 
morphology based on the different setups tested.  

Two parameters were tested, namely the flow rate (F) and the 
distance between the needle and the collector (L). Since this 
scaffolds were fabricated for cell culture purposes, it was very 
important to produce scaffolds as homogenous as possible in 
terms of fiber’s density and morphology. This was not verified 
by setups 1 and 2, where the density of fibers in the edges of 
the sheets seemed to be clearly lower. In fact, in setup 2 less 
fibers even in the center of the collector could be observed. 
A closer look for both cases revealed changes even in the 
shape of the fibers. Therefore the setup of parameters 
number 3, represented in Figure 2, was the most acceptable 
one. 

Regarding the flow rate (F) (setup 1), a decrease in this 
parameter reduced the fiber’s production rate. This 
parameter also affected the morphology of the fibers. 
Increasing the flow rate to a certain extent until the Taylor 
cone could be maintained, produced larger fiber diameters. 
However, if this increase was excessive, fibers were collected 
without enough time for solvent evaporation which leads to 
flattened web-like appearance [38], [44]. Regarding the 
distance between needle and collector (L) (setup 2), a 
reduction in this value promoted the fabrication of more 
heterogeneous scaffolds in terms of fibers distribution and 
morphology. A decrease in L shortened the flight time of the 
electrospinning jet and solvent evaporation time, raising the 
electric field strength that resulted in the increase of bead 
formation [38]. 

BAG electrospun fiber diameters. The diameters ranged 

from 100 nm to 2 µm. A normal distribution of fibers diameter 
was measured through imaging analysis. The average fiber 
diameter calculated was 600,8 ± 57 nm which is in agreement 
with literature statements [27], [28]. 

3.2 RGD Peptide binding validation 
FT-IT spectroscopy. The grafting of amino groups (derived 

from the APTES used as spacer) was expected to leave 

primary amines attached to the fibers. However, the addition 

and consequent binding of the RGD peptides makes these 

amines secondary. Considering this, the detection of peaks 

correspondent to secondary amines in the FT-IR spectra is 

clearly an evidence of the success of the binding steps. 

According to Figure 3, a closer look to the spectrum of the 

fibers with and without amino groups grafted showed no 

difference in terms of peaks, which means that the primary 

amines were not detected in this stage. The common peaks 

detected in these three spectra, specifically the ones at 848 

cm-1 and 877-1303 cm-1 corresponded to the Si-OH and Si-

O-Si bonds, respectively. The peak at 848 cm-1 showed that 

after the oxygen plasma, silanol groups at the surface of the 

fibers were still detected. The presence of these groups is an 

evidence of the incomplete grafting of the APTES molecules. 

The peak around 877-1303 cm-1 correspondent to the Si-O-

Si bonds proved that the amorphous silica network was 

formed and the sol-gel technique was successfully applied 

[45]. Between 1900-2300 cm-1 an artifact (background noise) 

of the equipment was detected. 



 
Figure 2 - Bioactive glass electrospun fibers after annealing. Setup 1: Flow rate (F) -0,9  mL/h; Voltage – 23 kV; Distance between needle and 

collector (L) – 23 cm; Setup 2: F – 1,8 mL/h; Voltage – 23 kV;  L – 12 cm; Setup 3: F -  1,8 mL/h; Voltage – 23 kV; L  - 23 cm. Pictures a) and b) 
correspond to the center of the sheets and c) and d) to the edges.

 

Figure 3 - FT-IR spectrum of the BAGN without any 
functionalization, with APTES and with RGD bonded. 

When comparing the two spectra correspondent to the fibers 

with and without APTES with the ones with bonded RGD, two 

distinct groups of peaks showed up, specifically the ones 

around 1525-1673 cm-1 and 3145-3529 cm-1. As known from 

literature, N-H bend occurs around 1550-1650 cm-1 for 

primary amines or 1500 cm-1 for secondary amines. N-H 

stretch occurs around 3300-3500 cm-1, exhibiting two bands 

if primary amine or one band if secondary [46], [47]. Taking 

this into account, it was not possible to conclude anything 

specific about the first group of peaks, because the region 

includes both primary and secondary amine bands for the N-

H bend, which is a clue of the presence of both primary and 

secondary amines. Regarding the second region, the 

detection of only one weak band was a clear evidence of the 

presence of secondary amines. The fact that the band is 

weak is very common for non-aromatic compounds. 

Fluorescence Microscopy. The FM was used as an 

observation tool to detect the RGD molecules bonded to the 
BAGN. Those molecules were labeled with fluorescein. The 
Figure 4 illustrates the fluorescein images of the BAGN not 
functionalized as control and functionalized with RGD. 

 

Figure 4 - Fluorescence microscopy images of (a) BAGN and (b) 
BAGN with RGD. Amplification: 10x.  

Figure 4 further suggested the presence of RGD. The 
comparison between pictures a) and b) showed that despite 
the auto-fluorescence property of silica-based nanofibers, for 
the same exposure time and gain, there was an increment of 
the fluorescent signal. These data complements the FT-IR 
analysis and is another evidence of the success of the 
grafting. The samples were washed three times with water 
and ethanol just to assure that the RGD present was 
covalently bonded. 

BCA Protein assay. To quantify the amount of RGD 

peptides that was effectively bonded, which means to 
determine the efficiency of the process, a BCA protein assay 
kit was used. Two different samples of BAG electrospun 
fibers were studied and the average concentration of RGD 
molecules in solution determined was 9,86 µg/mL. The initial 
amount of RGD in EDC, NHS and PBS solution was 12,5 
µg/mL, which gives a grafting efficiency of 21%. This 
efficiency seems to be very low for this type of procedure. 
However, to further conclude on grafting efficiency, the same 
scaffold not functionalized but dipped in the same solution 
should have been applied in order to account unspecific 
adsorption of RGD peptides. 

3.3 Morphology of BAGN and hMSCs 

The morphological features of the BAGN were observed in 
different stages of the fabrication using the SEM. The fibers 
were immersed in BM in order to mimic a cell culture state. 
The parameters selected for each analysis, namely the beam 
voltage, WD and scale, are represented in each picture. 
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Figure 5 - SEM image of the bioactive glass electrospun fibers 

functionalized with APTES. No cells cultured on top of these fibers. 
Left image: Fibers immersed in BM for 1 day; Right image: fibers 
immersed in BM for 7 days. The medium was changed every one 

and half day. Magnification: 2500x. 

 

Figure 6 - SEM image of the bioactive glass electrospun fibers 
functionalized with RGD. No cells cultured on top of these fibers. 
Left image: Fibers immersed in BM for 1 day; Right image: fibers 
immersed in BM for 7 days. The medium was changed every one 

and half day. Magnification: 2500x. 

The analysis of these pictures gave a global idea of what was 
happening to the fibers during material fabrication. There 
were no differences in terms of shape. However, a closer look 
to the pictures, when comparing Figure 2 with Figure 5 and 
Figure 6, revealed a more brittleness of the scaffolds when 
functionalized. This was also reported by Du et al. [48]. This 
could be caused by the successive washing and fabrication 
steps and by a HA-layer that might have eventually 
crystallized around the fibers. As reported in literature [18],  
this material exhibit resorption properties that might 
strengthen the degradation ability when immersed in different 
solutions, such as ethanol, PBS and BM. 

In fact, this way of functionalizing the fibers could be 

exhausting the scaffolds over time. Another physical property 

that could be extrapolated from those pictures was related to 

the presence of precipitated species on the surface of the 

fibers (crystals). These observations could be explained by 

the dissolution of network incorporated ions, such as calcium 

and phosphate that crystallize as HA [27]. However, that 

phenomenon was time dependent and we could only detect 

it after 7 days immersed in BM. All these evidences showed 

that, despite an eventual overtreatment performed to 

functionalize the fibers, apparently the mineralization 

occurred over time. 

Regarding the hMSCs cultured on top of both functionalized 
and not functionalized BAGN, SEM pictures were also taken 
for 1, 3 and 7 days after seeding (Figure 7). This type of 
analysis was performed to check if cells were properly 
adhering to the substrates. 

In terms of cell shape, there were no differences to consider 
when comparing scaffolds, because all the cells tend to 
present cuboidal to polygonal and flattened morphologies 
(Figure 7). These observation were also reported by Ma et al. 
and Shih et al. [49], [50]. 

The effects of the RGD to further promote cell adhesion and 
spreading by means of additional integrin-bindind domains 
could not be distinguished by SEM analysis. As it is known, 
the RGD influence should be noticed in early time points, 

specifically in the first two/three days. However, it was not 
possible to draw conclusions about that in our case. This 
absence of effect can be related to the low efficiency of the 
grafting. 

The use of the HRSEM could be a good option to further 
deepen this analysis, since it allows to reach higher 
magnifications without compromising the quality of the 
images, thus enabling the observation in detail of the surface 
of the fibers. It also allows the location of eventual cells 
entrapped inside the matrix. No differences were detected 
between scaffolds with and without RGD. For this reason, 
only pictures of the functionalized scaffolds were 
represented. Both situations with and without hMSCs were 
studied (Figure 8 and Figure 9). 

 
Figure 7 - SEM pictures of hMSCs. Samples: Bioactive glass 

electrospun fibers (not functionalized) and bioactive glass 
electrospun fibers with RGD. Time points: 1, 3 and 7 days after 

seeding. The BM was changed every one and half day. 

 
Figure 8 - HRSEM pictures of bioactive glass electrospun fibers 
functionalized and immersed in BM for 3 days. No cells included. 

The medium was refreshed every one and a half day. 

 

Figure 9 - HRSEM pictures of bioactive glass electrospun fibers 
functionalized and immersed in BM for 3 days. hMSCs included. 

The medium was refreshed every one and a half day. hMSCs 
highlighted with blue arrows. 



The observation of the Figure 8 illustrates the presence of an 
homogeneous distribution of crystals all over the fiber’s 
surface, which, according to the literature [48], might indicate 
the presence HA crystals. In the right picture of the same 
figure, a huge spherical formation was shown. According to 
Figure 9, the presence of such formations was also noticed, 
not only on the fibers but also on top of the hMSCs. The right 
image was selected to prove that there were cells entrapped 
inside the matrix surrounded by what seemed to be HA 
spherical formations. 

The presence of RGD did not seem to affect the formation of 

crystals along the fibers. Nevertheless, in order to fully 

characterize and identify these crystals, a more accurate and 

precise examination was required. 

3.4 Biomineralization 

EDXS analysis was used to determine the 
calcium/phosphorous ratio in different regions of both BAGN 
in the presence and absence of hMSCs. According to 
literature, the stoichiometric HA formula is Ca10(PO4)6(OH)2 
at which corresponds a Ca/P ratio of 1,67 [48], [51]. Figure 
12 illustrated different regions of the fibers with and without 
cells and the respective spectra. No differences were 
detected between functionalized and not functionalized 
scaffolds. 

The observation of Figure 12 confirmed again the presence 
of spherical formations. However, not all those structures 
corresponded to HA, as the spectrum 25 suggests, because 
in some cases those agglomerates did not have 
phosphorous. Spectrum 24 corresponds to the biggest 
spherical assembly of the image where a Ca/P ratio of 1,13 
was detected. About spectra 10 and 11, these ratios were 
1,66 and 1,85, respectively. For the spectrum 10 region, the 
crystals corresponded undoubtedly to pure stoichiometric 
HA, unlike region 11 where this ratio was higher. Spectra 10 
and 24 are very similar to the ones represented by Kim et al. 
and Knowles et al. [27], [28] where these ratios were slightly 
lower than the stoichiometric HA, in agreement with what has 
been reported so far in the poorly crystallized apatite 
produced on top of BAGN immersed in simulated body fluid. 
The ratio Ca/P correspondent to region 10 was much closer 
to a stoichiometric HA ratio when compared to the regions 
without cells, for the same exposure time. This could be an 
evidence of the faster HA formation in the presence of 
hMSCs. To prove this, these ratios derived from the EDXS 
mapping were plotted, over time, for both regions with and 
without cells (Figure 10). The behavior was very similar for 
both regions, because Ca/P ratios tended to 1,5, indicating a 
good evidence of HA formation. Those ratios stabilize over 
time, since an equilibrium between dissolution and 
precipitation of Ca2+ and PO4

3- ions was reached. 

 
Figure 10 - Representation of the Ca/P, Ca/Si and P/Si weight 
ratios in two different mapping regions: cells and functionalized 

nanofibers. Time Points: 1, 3 and 7 days. 

A closer look for both Ca/P curves showed a faster decrease 

in this ratio for the first three days on cell seeded scaffolds 

when compared to the nanofibers alone. This might be 

related with the osteogenic activity of the hMSCs when the 

medium is supplemented with the calcium and phosphate, as 

showed by Chang et al. [51]. This evidence is in agreement 

with the mapping (Figure 12) that suggests that the 

biomineralization occurs faster for cell seeded scaffolds when 

compared to the fibers without cells. 

Calcium and phosphate assays were also made. Thus, the 
effect of RGD peptides on this phenomenon was evaluated, 
since the previous tests were not conclusive in this matter. 

 
Figure 11 - Calcium and Phosphate concentrations of BM 

containing the bioactive glass electrospun fibers with and without 
RGD, over time. Those fibers were immersed in BM and incubated 

for 14 days. Samples were collected at 1, 3, 7 and 14 days. 

As shown in Figure 11, for both types of scaffolds the 
behavior is basically the same. 

The initial abrupt decrease in Ca/P concentrations was 
related with the supersaturation of the medium and 
consequent continuous precipitation of Ca2+ and PO4

3- 
followed by the crystallization of HA. The incessant 
precipitation of these ionic species led to a saturation stage, 
where an equilibrium between dissolution and precipitation 
was reached. Figure 11 illustrates this equilibrium by the 
tendencies, after day 7, to a stabilization of the ion’s 
concentration. Despite this, it was also very important to 
consider an initial unsaturation phase that led to a slight 
increase in the concentration of these species. However, that 
phase is not detected in this analysis for two main reasons: 
first, the scaffold was used as nanofibers that presented a 
large surface area which resulted in a faster dissolution and 
supersaturation of the medium; second, the analysis started 
one day after the incubation of the fibers with BM and this 
unsaturation stage might not be detected [27], [28]. This 
phase was also present every time the medium was changed, 
specifically every two days. Though, once again, it was not 
detected because the samples were collected at days 1, 3, 7 
and 14. 

A closer look for Figure 11, specifically for the calcium content 
at day 1 for both not functionalized and functionalized 
scaffolds, proved that the calcium content at the initial stage 
of this analysis was different. This could be explained by the 
eventual overtreatment that was made to functionalize the 
fibers, where the calcium/phosphate ions were probably 
dissolved and washed away. Another reason to explain this 
phenomenon could be the steric hindrance that came from 
the RGD binding (formed as a layer on top of the fibers) that 
was entrapping calcium and phosphate ions on the matrix. 
These ions were accounted. The equilibrium was reached 
under the same conditions. 

The biomineralization was observed in all the situations 
tested: with/without RGD and presence/absence of cells. In 
this way, the functionalization of the fibers, despite the clear 
overtreatment that was showed, did not affect the HA 
formation. Unlike this, the presence of hMSCs seemed to 
enhance this phenomenon, as stated by Knowles et al. [28]. 



 
Figure 12 – EDXS mapped regions of BAGN functionalized and immersed in BM for three days (top left image: only fibers; bottom left image: 

fibers with hMSCs) and respective EDXS spectra. BM was refreshed every one and half day.

3.5 Biological tests 

DNA assay. The DNA assay was made to quantify the 

amount of DNA correspondent to the hMSCs attached to the 
scaffolds. Figure 13 and Figure 14 show the amount of DNA 
on cell-seeded scaffolds. The controls used were tissue 
culture plastic (tCP) and glass coverslips (GCS). The GCS 
were used as internal control by its similarity in terms of 
composition (silicate glasses) with the BAGN. 
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Figure 13 - Graphical representation of the number of cells for tCP, 
BAGN and glass coverslips (control) for three time points: 1, 3 and 

7 days. 

The hMSCs were proliferating on top of the scaffolds, as 
represented in Figure 13 by the increase in the amount of 
DNA, over time. Comparing the three scaffolds, a lower 
amount of DNA for the BAGN is immediately noticed. 

In the presence of APTES and RGD, the number of cells 
should increase since both promote cell adhesion and 
proliferation [52]. 

According to Figure 14, the amount of DNA (ng/mL) 
increased over time for all the samples, which means that the 
cells proliferated with BM as nutrients source (Figure 13).   

Any effect of APTES was detected in the first three days for 
each scaffold, because no significant differences were 
shown. However, at day 7 a significant decrease in the 
amount of DNA in terms of BAGN and GCS, both with 
APTES, was observed when compared to the respective 
ones without this molecule. 

RGD effect was not noticed for the first and seventh days for 
each one of the scaffolds. About the RGD in solution, no 
possible conclusions could be drawn, because of the lack of 
statistical differences for both GCS and BAGN scaffolds. 

For the RGD grafted, at day 3 statistical differences were 
detected, specifically a lower amount of DNA for the BAGN 
functionalized with RGD, when compared to the respective 
ones not functionalized. 

 

 
Figure 14 - Amount of DNA correspondent to the hMSCs attached 

to different scaffolds. Cells were cultured with BM and samples 
were collected at three distinct time points: 1, 3 and 7 days.  Eight 

different scaffolds were used: the BAGN and the GCS not 
functionalized and both functionalized with APTES, RGD in solution 
and RGD grafted. Experiments were repeated three times, per time 
point, and the mean values plus standard deviations are presented. 

Statistical analysis by One-way ANOVA shows significance at 
p<0,05. 

The results presented above did not confirm the cell-
adhesion properties so many times mentioned. There are 
several reasons to explain why APTES and RGD could not 
work effectively. When it is desirable to modify a certain 
surface, like BAGN, some factors must be taken into account: 
the amount of peptides should be enough for biological 
recognition to occur – on poorly adhesive glasses, for RGD 
peptide recognition by seeded cells at least 105 copies of 
RGD per cell had to be present on the surface [53]; the spatial 
distribution of the peptides in the material can affect the cell 
distribution – for the peptides immobilized on biomaterial 
surfaces to keep their bioactivity, they should be designed to 
minimize steric hindrance when grafted [35]. In many cases, 
to avoid steric hindrance specific spacers are used. In this 

Spectrum 24 
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case, APTES was selected and seemed to negatively 
influence the cell adhesion, which may have affected RGD 
activity. A suitable alternative to this spacer is the PEG that 
has been reported as a good linker for the functionalization of 
glass surfaces with RGD [35]. The immobilized peptides must 
be able to resist the contractile forces extended by adhered 
cells upon the biomaterial surface during the initial cell 
attachment [54]. The covalent binding is crucial to assure a 
more stable cell adhesive layer (although it has not been 
proved along this test) [54], [55]. 

Considering all these factors and according to the low 
efficiency of the grafting (21%), it is easy to understand that, 
despite the success of RGD binding the number of RGD 
copies were probably not enough to be biologically 
recognized; alternatively, the APTES used as spacer led to a 
steric hindrance that is directly inhibited the RGD adhesion 
capacity and the adhesion of the hMSCs. 

PrestoBlue. Figure 15 illustrates the metabolic activity of the 

hMSCs cultured on top of both BAGN and GCS 
functionalized with APTES, RGD in solution and grafted. 

 
Figure 15 - Metabolic activity of hMSCs attached to different 

scaffolds. Cells were cultured with BM and samples were collected 
at three distinct time points: 1, 3 and 7 days. Eight different 

scaffolds were used: the BAGN and the GCS not functionalized and 
both functionalized with APTES, RGD in solution and RGD grafted. 

Experiments were repeated three times, per time point, and the 
mean values plus standard deviations are presented. Statistical 

analysis by One-way ANOVA shows significance at p<0,05. 

According to Figure 15 the metabolic activity increased over 
time for all the GCS scaffolds considered, unlike the BAGN 
scaffolds. In terms of APTES, no effect was detected, since 
any significant difference was identified between both types 
of scaffolds (with and without APTES). 

No differences were perceived between the RGD in solution 
and RGD-grafted scaffolds. At day 3 a considerable increase 
in the metabolic activity of cells cultured on RGD grafted GCS 
scaffolds was observed when compared to unfunctionalized 
ones. This could be a partial evidence of the RGD influence 
on cell metabolism for GCS scaffolds, which suggests that 
this way of functionalizing the scaffolds can be applied to 
GCS but needs further optimization in case of BAG 
electrospun fibers. The differences in metabolic activity 
between BAGN and GCS remain large at day 7. 

Despite the reduction in the amount of DNA for functionalized 
scaffolds, the PB test showed a better cellular activity for the 
RGD grafted GCS scaffolds, which may be a short clue of the 
RGD’s activity. However, it is not sufficient to claim that this 
way of grafting is suitable for this type of scaffolds. For the 

reasons approached the RGD is probably not working for 
BAGN and cells were not adhering and spreading all over the 
surfaces, over time. 

DAPI-Phalloidin staining. To check if hMSCs adhered and 

spread on top of both functionalized and not functionalized 
BAGN scaffolds, DAPI-Phalloidin staining followed by 
imaging analysis was performed. 

An increase in the number of cells (higher percentage of 
surface occupation) on both types of surfaces, over time was 
observed in Figure 16. However, a clear lower amount of 
hMSCs on top of BAGN functionalized with RGD was also 
noticed. There are no differences in terms of nuclei, but a 
closer look to the F-actin among the scaffolds for the same 
days showed a more rounded cell shape (lower adhesive 
area) for the ones functionalized. The graphical 
representation of the results confirms these observations. 

 
Figure 16 – CellProfiler pictures - outlines of the F-actin and nuclei 

for hMSCs cultured on top of BAGN with and without RGD; and 
respective graphical representation of the F-actin areas. Three time 
points considered: 1, 3 and 7 days after seeding. Statistical analysis 

by t-student shows significance at p<0,0001. 

The comparison between the areas of the hMSCs for both 
scaffolds for the same days showed clearly significant 
differences, with lower actin areas on RGD-functionalized 
scaffolds. This decrease in the F-actin areas is one more 
evidence that cells were not spreading or adhering so well on 
top of BAGN functionalized with RGD and that these 
molecules were not acting as adhesive promoters. The 
tendency of hMSCs cultured on top of functionalized fibers to 
become apoptotic (considering an osteoblastic lineage) is 
higher when compared to the same scaffolds not 
functionalized. To explain this, several reasons were 
presented, but the main problem is probably related to the 
amount of RGD grafted and the molecular distribution of 
these sequences, as reported by Lagunas et al. [34], that are 
crucial to directing the cell behavior. 

4. Conclusions 

The fabrication of BAG fibers by ESP was proved to be an 

efficient method of producing bioglass scaffolds that mimic 

the ECM. The characterization of the BAG solution was 

performed and the values of density, viscosity and electrolytic 

conductivity determined are in agreement with literature 

statements, resulting in no problems during material 

processing. The homogeneity of the bioglass like structures 

was indeed achieved. The average fiber diameter obtained 

was 600,8 ± 57 nm. Biomineralization was proved for both 

scaffolds with and without RGD, but the presence of hMSCs 



seemed to enhance this phenomenon. The grafting method 

used to functionalize the fibers was proved not to be best 

option, due to its low efficiency, to the negative effect of 

APTES on the cell adhesion and the lacking of effect for the 

RGD molecules. In this way, different spacers and RGD 

concentrations should be tested in order to assure that the 

biological recognition of this molecules occurs. 
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