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ABSTRACT

Calcium fructoborate (CaFB) has gathered attention due to its boron and calcium 
content, both of which are known to support bone health, deposition and regeneration. 
Previous studies have shown that CaFB has a positive effect on bone health and has 
been proven to promote bone-like properties. In light of this information, a local CaFB 
delivering scaffold could improve bone regeneration in cases of bone tissue loss. 
This study aimed to design a layer-by-layer polymeric sponge capable of achieving 
controlled local delivery of CaFB to improve bone tissue healing. The dose-dependent 
effect of CaFB on the cell viability of the Saos-2 cell line was investigated in vitro. Layer-
by-layer structure of the polymeric scaffold supported controlled release of CaFB, with 
33.9±7.4% released after 7 days of incubation. CaFB at 31.25 µg/mL concentration 
was able to improve Saos-2 cell viability up to 174.7±24.1% and 127.7±8.7% after 1 
and 4 days of incubation. After 7 days of incubation CaFB treatment at concentrations 
of 250, 125, 62.5 and 31.25 µg/mL improved cell viability up to 194.3±47.7, 155.3±17.7, 
149.4±5.4 and 132.5±13.3%. The polycaprolactone/polyvinyl alcohol/polycaprolactone 
(PCL/PVA/PCL) scaffold supported the viability of cells for 7 days and was shown to be 
biocompatible. The results of this study showed that CaFB is a potential compound that 
can be locally delivered within a scaffold system to improve bone tissue regeneration.

1. Introduction

Boron is a trace element that exhibits both metal 
and non-metal properties and has several beneficial 
effects on human health such as influencing calcium 
metabolism, enhancing bone growth, and affecting 
nutrient and hormone metabolism. The main source 
of boron for humans is diet. Only plants can directly 
metabolize boric acid and borate compounds, 
converting them into monoester or diester forms, 
which are then consumed by humans and animals. 
Boron is essential for enhancing bone growth and 
strength. Boron is also known for its ability to regulate 
vitamin D metabolism, which has been shown to 
positively affect bone growth and differentiation [1,2]. 
Also, increased boron supplementation has been 
attributed to improved serum levels of vitamin D in 
deficient subjects [3]. Previous in vitro and in vivo 
studies have reported that boron can improve bone 
regeneration and strength [4-9]. When interacted with 
osteoblast cells, even at low doses, boron has been 
reported to activate cell proliferation and differentiation 
[10]. Similarly, low doses of boron have been shown 
to promote the expression of osteogenic markers, 
like collagen type I, osteopontin, bone sialoprotein, 
osteocalcin and runX2 while increasing levels of 
bone morphogenetic proteins (BMP-4, -6, -7) [9]. In 
vivo studies have shown a strong relation between 
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increased bone strength and boron supplementation 
in Weanling pigs [5] and Sprague Dawley rats [6]. The 
positive effects of boron containing biomaterials on 
bone tissue healing are well defined in the literature. 
Boron bearing materials like bone cement, boron-
doped hydroxyapatite (HAp), bioactive glasses, 
nanofibers and 3D-printed polymeric matrixes have 
been fabricated and shown to improve structural 
properties as well as bioactivity for bone regeneration 
[11-13].

Fructoborates are organic compounds consisting of 
boron and fructose and are naturally found in several 
fruits like apples, pears, and grapes [1]. Fructoborates 
exhibit no toxicity and accumulation and show better 
absorption than other boron compounds. Among 
fructoborates, calcium fructoborate (CaFB) has drawn 
attention for human health due to its calcium content 
[14]. CaFB can also be synthetically produced by 
allowing boric acid to form complexes with organic 
compounds like d-fructose [15]. Calcium, the other 
key component of CaFB, is a well-known ion that has 
been proven to support bone growth and strength by 
benefiting bone metabolism [16-18]. In vivo studies 
with CaFB have shown that CaFB can be systemically 
absorbed by the body [14,19]. When CaFB is taken via 
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diet, low pH in the stomach and enzymes can catalyze 
the hydrolysis of ester bonds to form fructose and boric 
acid which can be readily absorbed [20].

CaFB supplementation has been reported to stimulate 
osteoblast for mineralization when introduced along 
with dexamethasone [21]. In a pilot study, CaFB, when 
supplemented for six months, was reported to improve 
bone density in subjects with osteoporosis [22]. CaFB 
has also been incorporated into the surface coating 
of hydroxyapatite-coated titanium samples where its 
rapid release was reported to promote osteointegration 
[23]. CaFB can also improve bone health by regulating 
vitamin D metabolism. A previous pilot clinical trial has 
shown that boron supplementation in the form of CaFB 
can increase serum vitamin D and can be effective in 
improving bone and joint health in elderly patients [3]. 
Inflammation is another factor that is associated with 
bone loss due to increased osteoclastogenesis by 
proinflammatory cytokines and bone resorption. CaFB 
has been shown to lower inflammation by interacting 
with inflammatory molecules at cellular and enzymatic 
level, modulating the serum levels of reactive protein 
C (CRP) and other cytokines [19,24]. Today, as an 
alternative boron source, CaFB supplement products 
are available. Study by Marone et al. has evaluated 
the safety of CaFB supplements with an in vivo study 
and demonstrated that CaFB products have no 
mutagenic or genotoxic potential while no adverse 
toxicologic effects were found after a 90-day sub-
chronic toxicology study [25].

These findings support the idea that a controlled 
local delivery system for CaFB could improve bone 
tissue regeneration by enhancing osteogenesis and 
osteoconduction. CaFB is a water-soluble molecule, 
that is why CaFB release from a traditional hydrogel 
is expected to be fast by water diffusion. If a CaFB-
loaded hydrogel is implanted into the body, CaFB 
could be lost in a very short period and cannot sustain 
a therapeutic dose over bone tissue healing time. This 
reveals the need for a novel biodegradable scaffold 
that can control the local release of CaFB and sustain 
steady release over healing time. In light of previous 
literature, this study hypothesizes that local CaFB 
delivery can improve bone tissue regeneration, and 
a biodegradable polymeric scaffold can sustain a 
controlled release of CaFB. To achieve controlled 
release of CaFB, this study aimed to design a layer-
by-layer polymeric scaffold (PCL/PVA/PCL) as a local 
delivery system. CaFB-loaded PCL/PVA/PCL scaffold 
was prepared from poly(ε-caprolactone) (PCL) and 
polyvinyl alcohol (PVA) polymers using consecutive 
freeze-drying steps. 

Layer-by-layer scaffold fabrication for PCL and PVA 
has previously been reported for technologies like 
3D printing and electrospinning [26,27]. The layered 
formation has enabled composites of polymers with 
different chemistry to be fabricated into the same 
scaffold which allows to tailor drug release and 
degradation rate [26]. PVA is a hydrophilic polymer 

that can be degraded in a short time in the body which 
causes the loss of mechanical strength. To support 
the mechanical strength of the scaffold, a synthetic 
polymer like PCL that has slower biodegradation 
should be used to form a composite [28,29]. In this 
study, freeze-drying technique was used to produce 
PCL/PVA/PCL composite scaffold which will carry 
CaFB in the core PVA layer. PCL layer was formed 
around the PVA to control the release rate and support 
the tissue mechanically through healing.

The fabricated scaffold was analyzed in terms of micro- 
and nano-morphology, time-dependent weight loss, 
and the capacity of PCL/PVA/PCL scaffold to controlling 
the release of CaFB. In vitro cell viability studies were 
conducted using Saos-2 (Human osteosarcoma cell 
line) cells which exhibit an osteoblast phenotype and 
have shown to be successful in replicating primary 
human osteoblast interaction with biomaterials [30]. 
Initially, the effect of CaFB on bone cells was analyzed 
in detail using in vitro cell culture techniques to assess 
Saos-2 cell viability under varying concentrations of 
CaFB. Then, the effect of CaFB-loaded PCL/PVA/PCL 
scaffold was analyzed via direct incubation of cells on 
the scaffold surface via an in vitro cell viability test.

2. Materials and Methods

2.1.  Fabrication of Layer-by-Layer Scaffold

The tri-layered scaffold was fabricated using PCL (Mw: 
70.000-90.000 g/mol, Sigma-Aldrich, USA) and PVA 
(Mw: 72.000 g/mol, Sigma-Aldrich, USA) polymers. 
Compositions of experimental groups are presented 
in Table 1 and the steps of scaffold fabrication are 
presented in Figure 1a.

Table 1. Percent weight composition of experimental groups 
PVA and PCL/PVA/PCL

Sample ID

Materials
PVA PCL CaFB

wt 
(mg)

wt 
(%)

wt 
(mg)

wt 
(%)

wt 
(mg)

wt 
(%)

PVA 50 95.2 - - 2.5 4.8
PCL/PVA/PCL 50 18.7 215 80.4 2.5 0.9

Cross-section and schematic representation of the 
PCL/PVA/PCL scaffold is presented in Figure 1b. PCL 
solution (10% wt/v) was prepared in glacial acetic 
acid (Sigma-Aldrich, USA.), which has a freezing 
temperature around 17°C. To form the bottom layer of 
the scaffold, 0.7 mL of PCL solution was poured into 
a 24-well plate and incubated at -80°C overnight. To 
prepare the PVA layer, 0.5 mL of 10% PVA solution 
(10% wt/v, dH2O), containing 5 mg/mL of CaFB (Via-
Bor, Türkiye) was freeze-dried in a 48-well plate. The 
PVA sponge was then extracted from the well and 
placed onto the frozen PCL layer in the 24-well plate. 
To fill the space surrounding the PVA layer and to 
achieve the same PCL layer thickness above, 1.4 mL 
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of PCL solution was added on top of the PVA to form 
the third layer. The amount of PCL solution needed 
was calculated according to the volume that will fill the 
space at the edges of the PVA disc and achieve the 
same thickness for the top PCL layer. After incubation 
at -80°C overnight, the plate was freeze-dried to obtain 
the final layer-by-layer scaffold. The diagram showing 
the following experiments and incubation time points is 
presented in Figure 1c.

2.2. Morphological Analysis via Scanning Electron 
Microscopy

The surface morphology of PCL and PVA layers 
was characterized via high-resolution field emission 
scanning electron microscopy (FE-SEM, SU7000, 
HITACHI, Japan). The surfaces of the samples were 
coated with a 5 nm gold layer prior to analysis using a 
vacuum sputter coater (EM ACE 600, Leica, Germany).

2.3. Fourier Transform Infrared (FTIR) Spectroscopy 
Analysis

Attenuated total reflectance Fourier transform infrared 
spectroscopy (ATR-FTIR) was used to confirm the 
chemical structure of CaFB. The IR spectra were 
recorded using a Spectrum 100 FTIR spectrometer 

equipped with an ATR accessory (Perkin Elmer, USA). 
The samples were positioned on the ATR crystal plate 
and scanned at room temperature across the mid-
infrared region (650-4000 cm-1) with a resolution of 4 
cm-1 in absorbance mode.

2.4. Weight Loss Analysis

After fabricating the layer-by-layer scaffold with 
freeze-drying, samples were taken out from the wells 
in which they were cast, and their initial dry weight 
was measured. To determine the overall hydrolytic 
and enzymatic degradation rate of the samples over 
7 days, they were incubated in a shaking incubator at 
37°C (JSR JSSI-300C, Korea), in phosphate buffer 
solution (PBS) (0.1 M, pH 7.4, 4 mL) containing 0.01 % 
sodium azide and 0.1 % lysozyme enzyme. A single-
layer PVA hydrogel was also tested as the control 
group for comparison. At each incubation time point, 
samples were gently rinsed with dH2O and freeze-
dried for 24 h before their weights were recorded. The 
in vitro degradation rate was calculated according to 
Equ 1.

Weight loss (%) =  (W0 − Wt)
(W0)  ×  100 (1) 

 

(b)

Figure 1. a) Schematic representation of the layer-by-layer scaffold fabrication via freeze drying method. b) Cross section of 
the PCL/PVA/PCL scaffold and schematic representation of the final form of the layer-by-layer scaffold. c) Diagram showing 
the experimental steps performed at incubation time points

(c)

(a)
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2.5. Study of CaFB Release

To detect CaFB dose-dependent optical density 
by ultraviolet (UV) absorption, a complex between 
curcumin and CaFB was formed, and a dose-dependent 
calibration curve was plotted. Curcumin was initially 
extracted from turmeric by ethanol extraction method. 
Briefly, 20 g of turmeric was incubated in an ethanol 
solution (80%) for 3 h and the solution was filtered 
through filter paper to remove solid particles from 
ethanol. Then ethanol was removed under vacuum 
to obtain the curcumin-bearing extract. Then the 
weighted extract was resuspended in methanol (10 
mg/mL). To study CaFB release, CaFB-loaded PCL/
PVA/PCL scaffolds were incubated in 4 mL of PBS (0.1 
M, pH 7.4, 0.01 % sodium azide) and aliquots from the 
release media were collected over 7 days for optical 
density measurement. For comparison, CaFB release 
from the single-layer PVA hydrogel was also tested 
as a control. To detect CaFB in the release media, 
1 mL release media and 50 µL of curcumin extract 
solution were added to an Eppendorf tube and the 
suspension was vortexed for 1 min. The PBS phase 
was then removed for optical density measurement 
at 410 nm wavelength via UV spectrophotometer (PG 
Instruments Ltd., UK). The amount of CaFB released 
was calculated from a calibration curve prepared with 
known concentrations of CaFB.

2.6. In Vitro Cell Viability Analysis

In vitro cell viability tests were conducted using the 
Saos-2 cell line (ATCC, USA) to determine the effect 
of different CaFB concentrations on cell metabolism. 
Dulbecco’s Modified Eagle Medium (DMEM) with high 
glucose, supplemented with 10% fetal bovine serum 
(FBS) and %1 Penicillin/Streptomycin was used as the 
growth media. Cell cultures were maintained in a CO2 
incubator (New Brunswick, Galaxy 170 S, Eppendorf, 
Germany) at 37°C. For the viability experiments to 
determine concentration-dependent cell viability, 
5×103 cells/well were seeded in 96-well plate and left 
for incubation overnight. CaFB was dissolved in the 
cell media at concentrations ranging between 0-500 
µg/mL and introduced to the wells. The Deep Blue cell 
viability kit (Biolegend, USA) was used to measure 
cell viability after 1, 4, and 7 days of incubation. 
Briefly, the Deep Blue solution was added to the wells 
to achieve a final concentration of 10% (v/v) and 
the plate was incubated for 4 h at 37°C. Deep Blue 
solutions were then transferred to a new 96-well plate 
to measure fluorescence at 535 nm excitation and 
590 nm emission with a microplate reader (Varioskan 
Lux, Thermo Scientific, USA). The media in all the 
wells were replaced with fresh media, maintaining the 
same CaFB concentrations and incubation continued. 
Results were compared to the control group, which did 
not contain CaFB.

The effect of direct contact with CaFB releasing 
scaffold on cell viability was analyzed by direct seeding 
of cells on the surface of the scaffold. After the scaffold 

was fabricated via freeze-drying, each surface of the 
samples was sterilized with UV light for 30 min in a 
well plate. The samples were then incubated in cell 
media overnight and the wet scaffolds were used 
for cell seeding after the media was removed. Cells 
(2.5×104 cells/scaffold) were transferred to the scaffold 
surface in a 20 µL drop of media and incubated for 2 h 
in a humidified CO2 incubator to ensure that the cells 
attached to the scaffold. Each well was then filled with 
media to cover the scaffolds. Deep Blue tests were 
conducted on days 1, 4, and 7. Media for each scaffold 
was changed to fresh DMEM media on the test days.

2.7. Statistical Analysis

Statistically significant differences between 
experimental groups were calculated using SPSS 
software (Version 22, IBM, USA). Independent 
samples t-tests and One-Way Analysis of Variance 
(ANOVA) were used to compare mean values and 
measure statistically significant differences between 
groups. The level of significance was set at P<0.05.

3. Results and Discussion

The surface micro-nano morphology of the layered 
scaffold was observed by FE-SEM analyses and the 
morphology of the inner PVA layer was observed after 
separating the scaffold layers (Figure 2).

Figure 2. FE-SEM images of scaffold layers, PCL (a) and 
PVA (b). Arrows show the pores that have been created on 
the surface. Images were taken at 5000X magnification and 
scale bars show 10 µm length

SBU  SU7000  2.00kV  7.6mm  M-X5.00k  UD        10 μm

(a)

SBU  SU7000  2.00kV  7.9mm  M-X5.00k  UD        10 μm

(b)
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PCL layer was designed to surround the surface of the 
inner PVA layer of the scaffold to control the release 
of CaFB from the inner PVA layer. FE-SEM images of 
the PCL layer present a rough surface with pores that 
connect to the depths of the layer (Figure 2a). Pore 
size is one of the factors that determines the interaction 
of bone cells with the scaffold which will determine cell 
fate and tissue regeneration [31]. Porous structure 
and interconnectivity in scaffolds have been reported 
to be essential for osteoconduction. A minimum pore 
size of 100 µm has been reported to be essential for 
osteointegration and pores larger than 300 µm have 
been reported to be needed for the vascularization of 
the healing bone tissue [32]. Surface with a smaller pore 
size of around 62 µm has been reported to promote 
osteogenic gene expression (RUNX2, ALP, BSP, COL, 
and OPN) while viability and proliferation of osteoblast 
cells were reported to be improved on surfaces with 
larger pores [33]. A study of Lee et al. has evaluated 
the interaction of MG63 osteoblast-like cells with PCL 
membrane surfaces that have pore sizes between 0.2 
to 8 µm. Studies have revealed that as the pore size 
increases and gets closer to 8 µm, cell differentiation 
and matrix production are increased which was 
observed by higher total protein synthesis and ALP 
specific activity [34]. These results have shown that 
the effect of porosity on osteoblast-like cells can vary 
on different surfaces and has no strict boundaries. The 
outermost surface of the PCL/PVA/PCL scaffold is the 
PCL layer and SEM images of the PCL surface have 
revealed micropores between 2 to 10 µm. The observed 
pore diameter has previously been associated with 
enhanced cell differentiation, and matrix production 
in osteoblast-like cells [34]. Also, after implantation, 
the polymer surface is expected to biodegrade over 
time, and this biodegradation could open new pores 
and increase the diameter of the existing pores which 
will support better osteointegration. The presence of 
surface roughness is known to enhance osteoblasts 
attachment and adhesion while improving osteogenic 
activity and mineralization [35,36]. Therefore, 
roughness is expected to support a better interaction 
with bone tissue and create an osteoconductive 
scaffold. Surface roughness is also known to increase 
protein adhesion which will improve cell adhesion 
and differentiation of bone cells was reported to be 
enhanced on rough surfaces compared to smooth 
surfaces [37]. On the other hand, the inner layer of the 
scaffold, the PVA layer, has shown a smoother micro-
nano surface topography with close pore structures. 
The main role of the PVA layer is to carry CaFB in 
the core of the scaffold and support the controlled 
release of CaFB over time. Therefore, the PVA layer is 
not expected to have direct contact with regenerating 
tissue as PVA polymer will also leave the scaffold over 
time by degradation.

FTIR analysis was performed to verify the chemical 
structure of CaFB (Figure 3). The broad band centered 
at 3247 cm-1 was observed in the IR spectrum of metal 
complexes of saccharides and can be attributed to the 

B-O bond. The stretching of the CH2 group creates a 
band at 2928 cm-1 with a shoulder around 2880 cm-1. 
The band at 1650 cm-1 is attributed to the stretching 
motion of the terminal B-O linkage of fructoborate [15]. 
The IR spectrum formed by chemical groups CH, OH, 
COH, CH2OH, and CH2 in the CaFB structure can be 
observed in the bands around 1421 cm-1 and a band 
created by water crystallization can be seen at 1256 
cm-1. Vibrational bands of characteristics groups to 
fructose and CaFB, CO, CH2OH, C-CH, CH2, C-C, and 
C-O-C, can be observed between 1200 to 650 cm-1 

[38].

Weight loss analysis of the scaffold was conducted in 
PBS solution that contains lysozyme enzyme (Figure 
4a). Lysozyme was added to mimic physiologic 
conditions since lysozyme is a common enzyme that 
exists in blood and serum. The use of the enzyme 
also mimics the wound site since the natural level 

Figure 3. FTIR-ATR spectrum of CaFB

Figure 4. Percent weight loss of single-layered PVA hydrogel 
and PCL/PVA/PCL scaffold through 7 days of incubation in 
PBS supplemented with lysozyme (a) and percent CaFB 
cumulative release of single-layered PVA hydrogel and PCL/
PVA/PCL scaffold through 7 days of incubation in PBS (b)

(a)

(b)
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of this enzyme increases in tissues when there is an 
inflammation or infection [39]. PCL is a hydrophobic 
biodegradable polymer that has long-term stability in 
the body and is expected to remain structurally stable in 
vitro with little to no degradation in several weeks [40]. 
The tri-layered scaffold was produced by freeze-drying 
and during the freezing step, PVA polymer chains form 
intermolecular and intramolecular hydrogen bonds and 
crystalline regions which achieve physical crosslinking 
[41]. Although PVA is a water-soluble polymer, the 
ability of PVA to form physical crosslinking has 
previously been reported to decrease its degradation 
rate and weight loss in aqueous environment. Previous 
studies have applied several freeze and thaw cycles 
to improve physical crosslinking and achieved slower 
degradation [42-44]. On the other hand, in this study 
PVA layer was produced via freeze dryer, directly 
after freezing in order to avoid further delaying PVA 
degradation, thereby promoting CaFB release. Also, 
a hydrophobic PCL layer was fabricated to cover the 
PVA surface to control CaFB release. When PVA as a 
single layer was incubated for 24 h, 50.41±4.7% of the 
hydrogel was lost. After 3 and 7 days in PBS, weight 
loss of the single-layer PVA scaffold has increased to 
65.9±7.1% and 68.03±6.1% (Figure 4a). The initial fast 
degradation can be attributed to polymer chains that 
did not form entanglement and physical crosslinking. 
After initial mass loss, the weight of the hydrogel 
remained stable. Weight loss of the tri-layered scaffold 
was lower compared to the single-layer PVA scaffold 
(26.8±5.7% at 7 days of incubation). Also, initial weight 
loss was only at 10.8±3.1% after one day of incubation. 
This is due to the hydrophobic PCL layer covering the 
PVA surface and slowing down the water diffusion into 
the PVA layer [45]. Since the PCL layer covering the 
PVA will decrease the diffusion of aqueous media, the 
weight loss of the PVA layer will be lower in the same 
incubation period. The same reason also created a 
control mechanism for CaFB release from the scaffold 
groups and achieved long-term release (Figure 4b). 
The single-layer PVA hydrogel created a burst CaFB 
release of 43.9±8.6% on day one and achieved a 
cumulative release of 84.2±2.6% after 7 days of 
release. On the other hand, the PCL layer surrounding 
the tri-layered scaffold was able to control and prevent 
the bust release of CaFB achieving a steady increase 
in cumulative release with a 33.9±7.4% release after 7 
days. Tri-layered design of the scaffold has proven to 
be successful in controlling the release of CaFB.

The effect of CaFB dose on Saos-2 cell viability was 
analyzed with CaFB concentrations between 1.95 to 
500 µg/ml after 1, 4, and 7 days of incubation (Figure 
5a). Results have shown that, even at concentrations 
as high as 500 µg/ml, CaFB has not shown a negative 
effect on cells, and viability was preserved through 7 
days. After 1 and 4 days of incubation cells treated 
with 31.25 µg/ml CaFB have shown improved cell 
viability. After 7 days of incubation, cell viability was 
higher in groups treated with 250, 125, 62.5, and 31.25 
µg/ml CaFB concentrations. In the second trial for cell 

viability, Saos-2 cells were directly seeded onto the 
PCL/PVA/PCL scaffold with CaFB loaded inside the 
PVA layer at the core (Figure 5b). The results of cell 
viability under different CaFB doses and CaFB release 
studies were considered to decide the amount of CaFB 
that will be loaded into the PCL/PVA/PCL scaffold. The 
CaFB dose study has shown that CaFB concentration 
between 62.5 and 250 µg/mL has supported the highest 
cell viability after 7 days of incubation. According to 
the results of the release study, after 1, 4, and 7 days 
of incubation, the cumulative release of CaFB was 
expected to be roughly around 9.7, 21.2, and 33.9%. 
With an initial CaFB loading of 2.5 mg, the scaffold 
was expected to release, 60.6, 71.9, and 79.3 µg/mL 
CaFB between incubation time points in 4 mL of media 
when media replenishment was also considered. To 
obtain a steady CaFB release within the effective dose, 
2.5 mg of CaFB was loaded into the scaffold. Results 
showed that the PCL/PVA/PCL scaffold has supported 
the viability of cells through 7 days when compared 
to a monolayer of cells seeded in a well. After 7 days 
of incubation, the viability of cells on the scaffold was 
slightly higher as compared to the control group. The 
CaFB release from the tri-layered scaffold was shown 
to be at a slow rate and reaching 33.9±7.4% after 7 
days and the CaFB dose study revealed that CaFB 
treatment starts to improve cell viability after 7 days 
of incubation at certain concentrations. This could 
explain why the CaFB-releasing scaffold improved 

Figure 5. The effect of CaFB concentrations on Saos-2 
cell viability through 7 days of incubation. The percent cell 
viability was calculated with respect to cells incubated with 
only growth media without CaFB as the control (a). Saos-
2 cell viability through 7 days of incubation on control well 
and PCL/PVA/PCL scaffold (b). α: Statistically significant 
difference of 31.25 µg/ml group from other groups at day 1 
of incubation (P<0.05). β: Statistically significant difference 
of 31.25 µg/ml group from other groups except group 1.95 
µg/ml at day 4 (P<0.05). γ: Statistically significant difference 
of 250, 125 and 62.5 µg/ml groups from 500, 7.81, 1.95 µg/
ml groups at day 7 (P<0.05)

(b)

(a)
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viability after 7 days when compared to the control. 
The calcium and boron ions in CaFB were responsible 
for enhanced viability of Saos-2 cells which are known 
to promote osteogenic activities and enhance bone cell 
viability [46,47]. The study of Capati et al. analyzed the 
effects of boron on osteoblastic activity in NOS-1 cells 
in vitro and reported that even in low concentrations, 
boron promotes proliferation and differentiation [10]. 
Another study showed that boron is able to improve 
bone health and strength in vivo in rabbits [4]. CaFB 
was previously reported to increase osteopontin and 
osteocalcin expression in bone tissue and the boron 
that it contains has a role in increasing the expression 
of genes responsible for mineralization and hormones 
like 17β-estradiol (E2) and testosterone) [12,48]. A 
pilot study that treats 13 middle-aged subjects who 
are deficient in vitamin D with CaFB supplementation 
for 60 days, has reported a significant increase in 
25 (OH) vitamin D levels [3]. This shows that CaFB 
can also improve bone health by regulating Vitamin 
D metabolism. Several previous studies have also 
adapted PCL/PVA/PCL layered scaffold structure 
and used different fabrication techniques to achieve 
this layered formation. Study of Harmanci et al. used 
3D printing to achieve PCL/PVA/PCL layered scaffold 
for diabetic wound healing and evaluated scaffolds’ 
biocompatibility by testing viability of human fibroblast 
cell line (HFF-1) in vitro. HFF-1 cell viability on PCL/
PVA/PCL scaffold was reported to be biocompatible 
with around 89.2% viability after 7 days [26]. Another 
study has also produced a PCL/PVA/PCL layered 
scaffold by electrospinning to assess the wound-
healing potential of the scaffold. Biocompatibility of the 
scaffold was evaluated on the L929 mouse fibroblast 
cell line and the PCL/PVA/PCL scaffold was found 
to be compatible with over 80% viability after 2 days 
[27]. PCL and PVA polymers have also been used in 
bone tissue engineering studies in fiber forms which 
were produced by layers or blends [49-53]. Previously, 
co-axial fibers have been fabricated by PCL shell 
and PVA core, and fabricated scaffold has shown to 
support the viability and osteogenic differentiation of 
mesenchymal stem cells [49]. Pattanashetti et al., 
demonstrated biocompatibility of multilayered PCL/
PVA scaffolds by showing the proliferation of MG-
63 bone osteosarcoma cells [53]. Ebrahimi et al. 
reported the biocompatibility of PCL/PVA nanofibrous 
membranes and showed that membranes support 
the differentiation of human endometrial stem cells 
to osteogenic linage [51]. Similarly, Maheshwari et al. 
reported enhanced adhesion and proliferation of MG-
63 osteoblast cells on PVA/HAp/PCL scaffolds [52]. 
These studies have shown the potential of PCL/PVA 
composite scaffold used for bone tissue engineering. 
This study demonstrated the fabrication of a PCL/PVA/
PCL scaffold via freeze-drying method and proved 
that the PCL/PVA/PCL scaffold supports the viability 
of Saos-2 cells.

The results of this study have shown that local release 
of CaFB from a bone scaffold can improve bone 

tissue regeneration by controlled release of CaFB. 
The results showed that a designed layered scaffold 
was able to control the release of CaFB and loading 
of CaFB into a biodegradable scaffold was found to be 
a promising approach for local delivery. Additionally, 
CaFB has shown to increase cell viability while CaFB-
loaded scaffold was successfully supported cell 
viability. These results have supported the hypothesis 
of the study by proving control of the PCL/PVA/PCL 
scaffold on CaFB release and the ability of the scaffold 
to support cell viability.

4. Conclusions

This study has demonstrated the production of 
a CaFB-releasing polymeric scaffold system for 
bone tissue regeneration. A tri-layered PCL/PVA/
PCL scaffold was designed to carry CaFB within the 
hydrophilic PVA core and the core was surrounded 
by hydrophobic PCL polymer. The presence of the 
PCL layer has been shown to successfully control 
PVA weight loss, achieving a stable scaffold structure. 
The hydrophobic PCL layer was also successful in 
slowing down the CaFB release rate by limiting the 
rate of water diffusion. An in vitro study has shown 
that CaFB has dose dependent effect on Saos-2 
cell viability and the highest improvement in viability 
was recorded after 7 days of CaFB treatment. The 
fabricated CaFB-releasing tri-layered PCL/PVA/PCL 
scaffold has supported cell viability through 7 days and 
was shown to be biocompatible. This study has shown 
that controlled release of CaFB can be achieved with 
polymeric scaffolds and scaffolds carrying CaFB are 
promising as biomaterials to improve bone tissue 
regeneration.
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