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Abstract

This study focuses on developing a sustainable and biocompatible polycaprolactone (PCL)-based scaffold for bone tissue engi-
neering through electrospinning, utilizing calcium carbonate (CaCO;) from Pomacea canaliculata shells and keratin from
human hair, known for stimulating bone regeneration. The isolated CaCO; has been identified to demonstrate two polymorphs,
vaterite and calcite, as determined by X-ray diffraction. The isolation of keratin from human hair was confirmed through sodium
dodecyl sulfate polyacrylamide gel electrophoresis and Fourier transform infrared spectroscopy analysis, revealing the pres-
ence of a-keratin structures around 45-50 kDa and f-keratin structures around 55-60 kDa. According to scanning electron
microscope observations, the addition of keratin to PCL fibers reduced their diameter from 457 + 345 to 371 + 103 nm. Fur-
ther addition of calcium carbonate led to a mean diameter of 258 + 76 nm. The melting temperature of PCL fibers containing
keratin and CaCOs was determined to be 76.17 °C via differential scanning calorimetry, while thermogravimetric analysis, con-
ducted at temperatures up to 600 °C, revealed a remaining ash content of 9.59%. Calcium phosphate accumulation was
observed to initiate on PCL fibers containing keratin and CaCO; following a 7-day exposure to simulated body fluid. The fibers
exhibit cytocompatibility, showing no toxicity while supporting the growth and proliferation of Saos-2 osteosarcoma cells. The
results suggest that the innovative incorporation of keratin and CaCO; into PCL nanofibers could serve as a bioactive matrix
compared to pure PCL matrices, thereby offering enhanced potential for bone tissue engineering applications.
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of keratin-containing biomass. Because of no extensive quantity
usage in any industry, human hair is considered a keratin-rich
waste worldwide and its accumulation can cause many environ-
mental problems. Also, there is no environmentally friendly dis-
posal method for human hair, which is often landfilled or
incinerated. Therefore, the conversion of human hair waste into
a useful source for obtaining keratin will have significant implica-
tions for producing products for applications in the biomedical
field, cosmetic products and environmental remediation.*
Human hair keratin mainly possesses a-helix structure (50-60%)
and a-helices can form dimers linked by disulfide bonds.>® In
addition to the inter- and intramolecular disulfide bonds, hydro-

INTRODUCTION

In recent years, there has been a growing interest in the develop-
ment of bone tissue engineering strategies that utilize natural and
sustainable sources instead of relying solely on synthetic mate-
rials. Natural materials offer excellent biocompatibility, minimiz-
ing the risk of adverse reactions and facilitating seamless
integration with the body, often possess inherent bioactive prop-
erties and they can closely mimic the composition and structure
of native tissues.'? Sustainability is another crucial consideration,
as using renewable sources reduces reliance on synthetic mate-
rials and the acceptance of natural materials by regulatory agen-
cies facilitates clinical translation, expediting the application of

innovative techniques in patient care. Collectively, these factors
drive the exploration and development of natural and sustainable
approaches in bone tissue engineering, ultimately improving
patient outcomes.

Keratin is a cysteine-rich fibrous protein derived from hair, wool,
horns, nails, claws and hooves of mammals and feathers, beaks
and claws of birds.? As a result, hair salons and some continually
growing industries such as poultry farms, slaughterhouses, the
wool industry and the tanning industry produce millions of tons
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stabilize keratin and provide considerable mechanical proper-
ties.* Because of their ability to form biologically stable interac-
tions and the lack of specific keratinases in mammals, keratins
do not undergo rapid proteolytic degradation in vivo as is com-
mon with other biologically derived materials.” In addition to
structural stability, human hair keratin contains cell adhesion
motifs such as leucine-aspartic acid-valine (LDV) and arginine-
glycine-aspartic acid (RGD).®° Due to its excellent biocompatibil-
ity, unique chemical structure, biodegradability and capability to
support cellular attachment, keratin has been recognized as an
effective naturally derived biomaterial.>'° Keratin-based biomate-
rials for bone tissue regeneration have been reported in recent
years. For example, human hair keratin/jellyfish collagen/egg-
shell-derived hydroxyapatite scaffolds fabricated by freeze-drying
method enabled the self-differentiation of human adipose mes-
enchymal stem cells into osteogenic lineage without any induc-
tion agents.'' Compared to collagen/hydroxyapatite scaffolds,
keratin-containing scaffolds allowed the formation of a calcified
matrix and significantly higher levels of osteopontin and osteo-
nectin expressions by cells. Keratin has been shown to possess
osteoinductive potential; in other words, it can stimulate the oste-
ogenic differentiation of stem cells.”? In another study, porous
keratin—hydroxyapatite composite scaffolds were implanted in
the long bones of adult sheep for up to 12 weeks to investigate
the osteoconduction response compared to a collagen matrix.">
Keratin—hydroxyapatite scaffolds showed a slower rate of degra-
dation in vivo than collagen matrix and the rate of bone ingrowth
into the keratin—-hydroxyapatite scaffolds was consistent with the
rate of keratin—hydroxyapatite resorption.

Despite the remarkable structural stability and biological prop-
erties of keratin, it needs to be mixed with other compounds to
meet the strength and elastic modulus requirements of bone.
To improve mechanical properties, combining keratin with hydro-
phobic polymers is an alternative way.

Polycaprolactone (PCL) is widely used in bone tissue engineer-
ing due to its superior mechanical properties, non-toxicity,
tissue-compatible properties and longer degradation time (2-
3 years)."* However, PCL is unable to provide bioactivity such as
osteoconductivity. To improve the mechanical properties, degra-
dation rates and bioactivity of PCL, natural or synthetic polymers
or inorganic fillers were added to PCL."* Different types of inor-
ganic fillers such as hydroxyapatite,'>'® tricalcium phosphate,'”
bioactive glass'® and calcium carbonate (CaCOs)'® can be incor-
porated within PCL-based matrices to improve these properties
for bone tissue engineering. Due to its close resemblance to the
inorganic component of human bone, bioactivity and biocompat-
ibility, hydroxyapatite has garnered significant interest in its incor-
poration into electrospun polymeric fibers. However, the
morphology, crystallinity and degradation properties of synthe-
sized hydroxyapatite are different from those of natural hydroxy-
apatite?®?' In some cases, the slow degradation of
hydroxyapatite?? can impede the natural healing process by inhi-
biting the timely replacement of the scaffold with newly formed
bone.” As an alternative to hydroxyapatite, CaCO5 offers better
natural biodegradation properties and additionally it has out-
standing properties that make it ideal for bone regeneration,
including biocompatibility, bioactivity and high osteoconductiv-
ity.>** In previous studies, CaCO; supported the osteogenesis
of bone marrow mesenchymal stem cells more effectively than
hydroxyapatite in the early stages.”®*’ In another study, the addi-
tion of CaCOs microspheres into fibrin-glue hydrogel improved
the osteoconductivity.?®

A common source of the production of CaCOs is the lime-
stone magnesite from rocks. However, large-scale mining and
production of limestone cause some environmental damage
and high costs for environmental compliance.?® Therefore, uti-
lizing natural sources of CaCOs such as seashells and snail shells
in the context of shell waste recovery can be environmentally
friendly and economically feasible. Among the largest freshwa-
ter snails, the golden apple snail (Pomacea canaliculata) is a
popular aquarium snail, and it can be also found in freshwater
lakes, rivers, streams, ponds and marshes. This species is also
a serious pest of paddy rice and aquatic plants.3° Their shells
are mainly composed of 99.3% CaCOs, sodium oxide, silicon
dioxide and other oxide types.?' Calcium carbonate from snail
shells as a biomaterial in bone tissue engineering helps make
use of this readily available and sustainable resource, reducing
the dependence on scarce or costly materials. Typically, CaCO3
is encountered either in the amorphous calcium carbonate
form or as one of the three polymorphs: calcite, vaterite or ara-
gonite.>? Among these calcium carbonate polymorphs, calcite
is regarded as the most stable,>? whereas vaterite is the least
stable.33* A previous study demonstrated that calcite nano-
particles supported osteogenesis in human mesenchymal stem
cells.® Vaterite has the ability to transform into hydroxyapatite
when exposed to simulated body fluid (SBF) or an organic fluid
like interstitial body fluid.>3* Vaterite was shown to exhibit a
pivotal role in promoting osteogenesis, supporting angiogene-
sis and facilitating the repair of bone defects in vaterite-coated
PCL scaffolds during a 28-day implantation period in a rat
femur defect.®®

In the study reported here, electrospun PCL fibers incorporated
with keratin and calcium carbonate were developed. In this
regard, CaCO5 was isolated from the shells of freshwater snails
(P. canaliculata) and characterized using scanning electron
microscopy (SEM) and Fourier transform infrared (FTIR) spectros-
copy. Keratin was extracted from human hair waste by a reduction
method and characterized using FTIR and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Two kinds of
fibers were fabricated, namely PCL/keratin (PCL/Ker) and PCL/ker-
atin/CaCO; (PCL/Ker/CaCO:s) fibers. These fibers were character-
ized using SEM, FTIR spectroscopy, differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA). Addi-
tionally, in vitro bioactivity and in vitro cytotoxicity of the electro-
spun fibers were examined.

MATERIALS AND METHODS

Materials

PCL  (Mw =80000Da), 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), phosphate-buffered saline and all other reagents were
purchased from Sigma-Aldrich, USA. Urea was supplied by
Amresco Inc., UK. The 14 kDa dialysis membrane was from Bio
Basic Inc., Canada. For SDS-PAGE analysis, BLUeye Prestained
Protein Ladder and Coomassie Brilliant Blue R-250 were
obtained from GeneDireX Inc., USA, and Serva Electrophoresis
GmbH, Germany, respectively. GE Healthcare Whatman™ Quali-
tative Filter Paper Grade 1 was purchased from Fisher Scientific
Pte. Ltd, Singapore.

Dulbecco's modified Eagle medium (DMEM), trypsin—-EDTA
(0.025%) and penicillin-streptomycin solution were purchased
from Biowest, France. Fetal bovine serum (FBS) was supplied by
Capricorn Scientific GmbH, Germany. Reagent alamarBlue™ was
from Invitrogen, USA. All reagents were used as received.
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Isolation of calcium carbonate from freshwater snails

CaCO; was isolated from the shells of freshwater snails
(P. canaliculata) (Fig. 1). Firstly, the shells were washed with dis-
tilled water and dried in an oven (Bicasa, Italy) for 24 h at 100 °
C. After grinding with a mortar, the shell powder was mixed with
2.0 mol L™" hydrochloric acid (HCI) in a 1:5 (w/v) ratio and stirred
for 30 min using a magnetic stirrer (MSH-20A, Daihan Scientific,
Korea) at room temperature. At the end of this reaction, the mix-
ture was filtered through Whatman Grade No. 1 filter paper to
remove impurities and large shell residues. Then, a 2.0 mol L™
sodium carbonate (Na,COs) solution, which had the same volume
as the HCl solution, was added to the filtered solution to precipi-
tate CaCOs. CaCO; was separated by using filter paper and dried
in an oven at 100 °C.

Isolation of keratin from human hair

Keratin was isolated from human hair samples collected from
local barbershops (Fig. 2). Firstly, the hair samples were kept in a
solution of chloroform-methanol (2:1, v/v) for 6 h to perform
the delipidation process. After filtration through Whatman Grade
No. 1 filter paper, delipidated hair samples were dried in an oven
for 24 h at 70 °C. Dried hair samples were decolorized with the
incubation in a solution of hydrogen peroxide-ammonia (2:1,
v/v) for 15 min and subsequently they were dried in an oven for
4 h at 70 °C. Dried hair samples were added into the extraction
solution prepared using 0.125 mol L™" sodium sulfide (Na,S),
0.500 mol L™ sodium bisulfide (NaHSO3), 8.00 mol L~" urea and
0.100 mol L™ SDS and stirred using a magnetic stirrer at 50 °C
for 4 h. Then, the hair-extraction mixture was filtered and dialyzed
against deionized water with a 12 kDa cellulose dialysis mem-
brane for 5 days with changes at regular intervals at room tem-
perature. After dialysis, obtained samples were lyophilized to
obtain keratin in powder form.

Fabrication of electrospun PCL fibers containing keratin

and calcium carbonate

To prepare the electrospun fibers, keratin isolated from human
hair and PCL were separately dissolved in the solvent HFIP at a
concentration of 10% (w/v). Afterward, PCL and keratin solutions
were mixed at a ratio of 7:3 (v/v). The resulting solution was stirred

- &

Washing with dH,0O
and drying at 100 °C

Freshwater snail
shells from Pomacea
canaliculata

Filtration

Grinding with mortar

Addition of 2.0 M Na:CO:s
solution to precipitate CaCO:s

overnight to obtain a homogeneous mixture, and then
electrospinning was performed. To prepare calcium carbonate-
containing fibers, calcium carbonate powder was added to the
10% PCL-HFIP solution at a ratio of 1:10 (w/v) before mixing with
the keratin solution. Electrospinning was performed with an elec-
trospinning setup (Fytronix, Turkey). Each prepared solution was
dispensed from a single nozzle (22 gauge) at a constant flow rate
of 1 mL h™" and electrospun at 20 kV. PCL, PCL/Ker and PCL/Ker/
CaCO;s fibers were collected on a grounded, flat metallic platform
fixed at 14 cm below the tip of the nozzle.

Morphological, physicochemical and thermal
characterizations

The microstructural properties of CaCOs; and fabricated fibers
were investigated using SEM (JEOL NeoScope JCM-7000, Japan)
without any conductive coating at an accelerating voltage of
15 and 5 kV, respectively. The particle size analysis of CaCO3 par-
ticles was performed on SEM images utilizing FlJI (ImageJ, NIH,
USA) software. A randomized approach was employed to mea-
sure the sizes of 100 individual particles from the SEM images.
Likewise, the mean diameters of fibers were ascertained by mea-
suring randomly selected fiber diameters extracted from the SEM
images (n = 100).

The crystalline structure of isolated CaCO5 was evaluated using
a powder X-ray diffraction (XRD) system (Empyrean, Malvern
Panalytical, Malvern, UK), equipped with a Cu Kal radiation
source. The diffraction angle (26) was varied from 20° to 80° using
a scanning speed of 2° min™".

The chemical properties of CaCOs, lyophilized keratin, PCL
fibers, PCL/Ker fibers and PCL/Ker/CaCOs fibers were investigated
by attenuated total reflectance (ATR) FTIR spectroscopy (Nicolet
iS50, ThermoFisher, France). The samples were positioned on
the ATR crystal plate and subjected to scanning at room temper-
ature, covering a spectral range from 500 to 4000 cm™" in absor-
bance mode, with a resolution of 4 cm™".

Additionally, lyophilized keratin was examined using SDS-PAGE.
An acrylamide/bisacrylamide separating gel with 1.5 mol L™
Tris—HCl buffer at pH 8.8 and a stacking gel with 0.5 mol L™
Tris—HCI buffer at pH 6.8 were used. Firstly, keratin solutions were
incubated for 2 min at 95 °C in Laemmli sample buffer before

Solution of 2.0 M HCI

and pestle at a ratio of 1:5 w/iv

Filtration

Drying at 100°C

Figure 1. Schematic depicting the process for isolating calcium carbonate from freshwater snail shells.
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Figure 2. Schematic detailing the method for isolating keratin from human hair.

loading on the gel. Afterward, keratin solution and Protein Ladder
were loaded into the gel wells. The electrophoresis was run at
100 V for 1 h by using a vertical electrophoresis system (Hoefer
Scientific Instruments, San Francisco, CA). After electrophoresis,
the gels were washed with deionized water and stained with Coo-
massie Brilliant Blue R-250.

The thermal properties of the fibers were analyzed using DSC
(DSC8000, PerkinElmer, USA). The samples underwent a tempera-
ture program involving two heating cycles, ranging from —70 to
230 °C, with a heating rate of 10 °C min™", all under a nitrogen
atmosphere.

TGA curves of PCL, PCL/Ker and PCL/Ker/CaCOs fibers were gen-
erated using a TGA device (TGA8000, PerkinElmer, USA) under a
nitrogen atmosphere with a gas flow rate of 20 mL min™". The
samples underwent heating from 25 to 600 °C at a ramp rate of
10 °C min~". The analysis software provided by the equipment
was utilized to determine the remaining weight percentages.

In vitro bioactivity

To determine the in vitro bioactivity of the PCL, PCL/Ker and
PCL/Ker/CaCOs fibers, the electrospun fibers were soaked in
5 mL of SBF (pH 7.4) at 37 °C for 7 days. SBF was prepared by a
method described in the literature.®” At the end of the 7th day,
soaked fibers were taken out and rinsed three times with deio-
nized water. Finally, they were dried at 40 °C overnight and char-
acterized by SEM.

In vitro cell viability
The human osteogenic sarcoma cell line (Saos-2) was used for
in vitro cell viability studies. Cells were cultured in DMEM-high
glucose with stable glutamine containing 10% (v/v) FBS and
100 U mL™" streptomycin/penicillin at 37 °C under a humidified
atmosphere of 5% CO, in an incubator (PHCbi Corp., Japan). The
medium was changed after every 3 days. Cells were detached
with trypsin (0.25%)-EDTA (0.02%) in Hank's balanced salt solu-
tion for passaging.

Electrospun fibers were sterilized by UV exposure for 30 min on
each side of the sample. An amount of 100 pL of Saos-2 cell

suspension with a density of 3.6 x 10* cells mL™" was seeded on
the sterilized PCL, PCL/Ker and PCL/Ker/CaCOs fibers as well as
with no material (cells seeded on tissue culture plate (TCP) was
considered as control group) and incubated in a CO, incubator
at 37 °Cfor 1, 2, 3, 7 and 14 days (n = 5). To study cell viability
on fibers, an Alamar Blue assay was performed. After each incuba-
tion period, cell culture media were removed, and fiber and con-
trol groups were rinsed with phosphate-buffered saline
(pH 7.20). Then, phosphate-buffered saline was replaced with
DMEM containing 10% (v/v) Alamar Blue, and the samples were
incubated at 37 °C for 3 h in a CO, incubator. After incubation,
the Alamar Blue solution of groups was transferred into a
96-well plate and the absorbances were recorded at 570 and
600 nm utilizing a microplate reader (Epoch BioTek, USA). The
same procedure was also applied to fiber groups without cell
seeding to include Alamar Blue percent reduction calculations.

Statistical analysis

All data are expressed as mean + standard deviation. Statistical
differences were determined by one-way analysis of variance fol-
lowed by post hoc Tukey test by utilizing the SPSS Version 26.0
and differences were considered statistically significant
at P < 0.05.

RESULTS

Morphological, physicochemical and thermal
characterizations

For the preparation of PCL/Ker/CaCOs; fibers, CaCO3 was isolated
from the shells of freshwater snails (P. canaliculata). The
isolated CaCOs; has been found to exhibit two polymorphs,
namely vaterite and calcite, as revealed by SEM, XRD and FTIR
analysis.

SEM images of CaCOs used in the fabrication of fibers are given
in Fig. 3(a),(b). CaCOs isolated from P. canaliculata shells was
observed to be composed of mostly spherical and some minor
amount of rod-like particles. The mean size of CaCOs particles is
found to be 3.56 + 1.66 pm.
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Figure 3. SEM images of CaCOs (a, b); PCL fibers (c, d); PCL/Ker fibers (e, f); and PCL/Ker/CaCOs fibers (g, h). Arrows indicate selected CaCO3 depositions
on fibers.
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Figure 4. Powder XRD pattern of isolated CaCOs (calcite and vaterite phases are denoted by squares and triangles, respectively).
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Figure 5. FTIR spectra of CaCO3, keratin (Ker), PCL, PCL/Ker fibers and PCL/Ker/CaCOs fibers.

SEM images of PCL, PCL/Ker and PCL/Ker/CaCOs fibers at differ-
ent magnifications are given in Fig. 3(c)-(h). As seen in Fig. 3(c),(d),
random PCL fibers were produced, and a notable observation was
the absence of bead formation along the fiber structures. The
mean diameter of PCL fibers was measured at 457 + 345 nm
(Fig. 1(d)). On the other hand, the SEM images in Fig. 3(e),(f) reveal
the presence of a limited number of clusters on the random
PCL/Ker fibers. The average diameter of the PCL/Ker fibers, mea-
sured from Fig. 3(f), was determined to be 371 + 103 nm. More-
over, PCL/Ker/CaCOs fibers have some clusters and CaCOs
particles (Fig. 3(g),(h)). The mean diameter of PCL/Ker/CaCO3
fibers was found to be 258 + 76 nm from Fig. 3(h).

The XRD pattern of isolated CaCOs is given in Fig. 4. The peaks
are indexed to vaterite (ICDD: 00-033-0268) or calcite (ICDD:
00-005-0586) polymorphs.*® The characteristic peaks of vaterite
at 25.15°, 27.29° and 33.01°, and those of calcite at 29.65°,
36.22° and 39.66° were recorded, aligning with the literature.>®

FTIR spectra of CaCOjs isolated from the shells of P. candliculata,
keratin isolated from human hair, PCL fibers, PCL/Ker fibers and
PCL/Ker/CaCOs fibers are given in Fig. 5. In the FTIR spectrum of
CaCOs, the absorption band at around 1395 cm™' can be
assigned to the stretching vibration of the C=0 bond in the car-
boxylate of CaCOs. Additionally, the absorption bands of carbon-
ate at 1395 (asymmetric stretching, v mode), 1088 (symmetric
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Figure 6. SDS-PAGE analysis of keratin isolated from human hair. Lane
1 (K1) and 2 (K2): two different Coomassie Blue-stained samples of isolated
keratin. Lane 3: protein ladder.

stretching, v; mode), 873 (out-of-plane bending, v, mode) and
746 cm™' (in-plane bending, v, mode) could be attributed to
the characteristic vaterite bands.***' The bands of carbonate
out-of-plane bending (v, mode) and in-plane bending (v, mode)
vibrations of calcite are expected to appear at 876 and
713 cm~'*® For the FTIR spectrum of keratin, the absorption
peaks at 1644 and 1531 cm™" ae attributed to the C=O0 stretching
vibration of the amide | structure® and the N—H bending and C—H
stretching vibration peak of the amide Il structure,*? respectively.
The broad absorption band at about 1197 cm™ is attributed to
the C—N stretching and C=0 bending vibrations of amide IIl.**
The absorption band at 3295 cm™" can be assigned to peptide
bonds (—CONH-) known as amide A.*? In addition, the absorption
peak at 1024 cm™' could be attributed to the S—O symmetric
stretching vibration of cysteine-S sulfonate residue.® The FTIR
spectrum of PCL shows asymmetric and symmetric CH, stretching
peaks at 2941 and 2867 cm™, respectively.** The characteristic
carbonyl (C=0) stretching has a strong absorption band at
1723 cm™".** The remaining absorption bands can be assigned
to CH, bending (1469, 1419 and 1365 cm™"), C—O—C stretching

(1239, 1109 and 1048 cm™"), C—O stretching (1165 cm™") and
C—C stretching (1294 cm™").** The spectra of PCL/Ker fibers
and PCL/Ker/CaCOs; fibers showed the characteristic absorption
bands of PCL, keratin and CaCOj3 but the relative strengths and
positions of these bands changed.

Structural stability and the molecular masses of the isolated ker-
atin proteins were investigated by the SDS-PAGE method (Fig. 6).
Isolated keratin has a-keratin (45 kDa) and p-keratin (63 kDa)
structures.

In Fig. 7, the DSC curves obtained from the second heating scan
of PCL, PCL/Ker and PCL/Ker/CaCOs fibers are presented. The peak
temperatures (T,,,) on the graph indicate the average melting tem-
perature of the crystallites, measured as 74.41, 77.09 and 76.17 °C
for PCL, PCL/Ker and PCL/Ker/CaCOs fibers, respectively. Addition-
ally, the onset temperatures (T,,) were determined to be 69.30,
74.37 and 72.88 °C, respectively, for the same samples.

Figure 8 displays the TGA curves of PCL, PCL/Ker and PCL/Ker/
CaCoO;s fibers, wherein the remaining material weight percentages
are 0.42%, 7.49% and 9.59%, respectively. The TGA curves exhibit
distinct thermal degradation patterns. Specifically, PCL fibers
exhibit a single-stage thermal degradation profile, while keratin-
containing fibers show one major step and two smaller steps of
mass loss.

In vitro bioactivity

PCL, PCL/Ker and PCL/Ker/CaCOj fibers were fabricated using
electrospinning and subsequently immersed in SBF for 7 days to
assess their in vitro bioactivity as fibers. After 7 days, the morpho-
logical characteristics of the tissue fibers maintained in SBF were
analyzed using SEM (Fig. 9). Remarkably, the SEM images demon-
strated the nucleation of apatite on the surface of all fibers
exposed to SBF.

In vitro cell viability

The cell viability on the PCL, PCL/Ker and PCL/Ker/CaCOs fibers
was assessed using the Alamar Blue assay. Figure 10 shows the
Saos-2 cell viability on fibers after 1, 2, 3, 7 and 14 days of cell cul-
ture with respect to control (TCP). No significant differences were
observed among any of the groups compared to the control after
the second day of incubation. The increase in cell viability
observed on the first day is due to the larger surface area of the
fiber structures compared to TCP, resulting in enhanced cellular
attachment.

DISCUSSION

The development of sustainable biomaterials for tissue engineer-
ing holds crucial importance in addressing the ever-growing
demand for effective solutions in regenerative medicine. In this
context, the utilization of electrospun PCL scaffolds enriched with
freshwater snail calcium carbonate and waste human hair keratin
is explored as a sustainable approach for bone tissue engineering.
For the preparation of PCL/Ker/CaCOs fibers, CaCO5 was isolated
from the shells of freshwater snails (P. canaliculata). The
isolated CaCOs was found to exhibit two polymorphs, namely
vaterite and calcite, as revealed by XRD, FTIR and SEM analysis.
The XRD pattern of CaCOs exhibited remarkably sharp peaks,
which were obtained without the need for heat treatment, in con-
trast to previous studies.>*> This finding underscores the effi-
ciency of the isolation method in obtaining highly crystalline
CaCOs without the necessity of calcination. Similarly, the success-
ful isolation of keratin from human hair was confirmed through
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Figure 7. DSC curves during the second heating scan of PCL, PCL/Ker and PCL/Ker/CaCOjs fibers. The plot displays peak temperatures (T,,,) representing
the average melting temperature of the crystallites, labeled accordingly.
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Figure 8. TGA curves of PCL, PCL/Ker and PCL/Ker/CaCOs fibers.

Figure 9. SEM images of PCL, PCL/Ker and PCL/Ker/CaCOs fibers kept in SBF for 7 days. Arrows indicate selected inorganic depositions on fibers.
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SDS-PAGE and FTIR analysis, revealing the presence of a-keratin
structures of around 45-50 kDa and p-keratin structures of around
55-60 kDa, as demonstrated in a previous study.'’

According to SEM studies, it was observed that the diameter of
PCL/Ker fibers was thinner than that of pure PCL fibers, and this
diameter was further reduced with the addition of CaCOs. These
observations align with findings from a previous study,*® which
reported that the incorporation of keratin into PCL led to a signif-
icant decrease in fiber diameter from 552 + 66 to 196 + 51 nm.
This reduction in fiber diameter was attributed to the increased
electroconductivity of the electrospinning solution with the addi-
tion of keratin. The amino acid groups of keratin conferred nega-
tive charges to the protein, thereby enhancing the solution's
electroconductivity. Such nano-sized fibers have been reported
to be beneficial for improving cell adhesion and proliferation. Fur-
thermore, it was also confirmed in another study47 that the pres-
ence of keratin resulted in narrower diameter distributions,
whereas PCL/gelatin fibers exhibited wider diameter distribu-
tions, potentially as a result of difficulties in achieving homoge-
neous gelatin mixing in the HFIP solution.

On the other hand, while SEM studies demonstrate a reduction
in fiber diameter with the addition of CaCOs to the PCL/Ker matrix,
contrasting findings have been reported in previous studies.
According to the findings of an earlier study,*® which investigated
the incorporation of ellipsoidal CaCO; into a chitosan/poly(vinyl
alcohol) (PVA) mixture followed by electrospinning, it was
observed that the addition of CaCOj; resulted in the formation of
web-like nanofiber connections among electrospun chitosan/
PVA fibers. The diameters of fibers increased from 71.5 + 23.4 to
281.9 + 51.2 nm for 9 wt% of CaCOs loading. The branch fibers
were attributed to the instability of the polymer jet induced by
the presence of ellipsoidal calcium carbonate. Unlike chitosan/
PVA, PCL/Ker did not show instability in the present study. This
highlights the complexity of interactions between different poly-
mer systems and CaCOs.

According to the results of DSC analysis, the incorporation of
keratin into PCL results in a slight upward shift in the melting
onset and peak temperatures, while the addition of CaCOj; leads
to a 1 °Cdecrease in these values. A previous study indicated that
the inclusion of 10% wool had a negligible impact on the melting
point of PCL,*® which is consistently reported to be around 71 °

C,*2°° aligning with the results of this study. Based on the TGA

curves, it can be observed that the mass loss of the
keratin-containing (PCL/Ker and PCL/Ker/CaCOs) fibers started at
lower temperatures in comparison to the pure PCL group. This dif-
ference in mass loss can be attributed to the release of sulfur diox-
ide and hydrogen sulfide reported in the literature, which typically
occurs between 230 and 250 °C due to the breakage of disulfide
bonds.>" The residual ash contents in the TGA thermograms can
be attributed to the residual quantities of keratin and CaCO;
within the PCL matrix, considering that pure PCL was almost
entirely consumed. Specifically, for the PCL/Ker/CaCOs fibers ini-
tially containing 10% (w/w) CaCOs;, a remaining ash content of
9.59% was observed.

The assessment of bioactivity in SBF revealed the presence of a
minimal quantity of mineral deposits on the pure PCL scaffold,
aligning with earlier findings in the literature concerning electro-
spun PCL scaffolds.> As previously explained, hydrolytic degrada-
tion of PCL primarily involves the cleavage of ester bonds on the
surface of PCL fibers, resulting in the formation of carboxyl (-
COOH) and hydroxyl (-OH) groups. This process is followed by
the electrostatic attraction between Ca®* cations and the nega-
tively charged groups on the fiber surface, resulting in the forma-
tion of hydroxyapatite crystals containing PO,>~ ions. Similarly,
the presence of calcium phosphate accumulation has been noted
on the PCL/Ker and PCL/Ker/CaCOs fibers. However, this accumu-
lation did not advance beyond the nucleation stage, since the
restricted 7-day timeframe within the SBF was inadequate to facil-
itate substantial mineral deposition. It is known that the growth of
the apatite layer in SBF depends on factors such as surface area,
incubation time, solution temperature and ionic concentration.
The process of calcium phosphate accumulation may extend for
a duration of 4 to 8 weeks, even with 10% hydroxyapatite in elec-
trospun PCL-based fibers acting as nucleation sites,>* or with 30%
calcium silicate and bioactive glass (BG45S5) by weight.>* As a
result, increasing the amount of CaCO; was considered to help
facilitate the nucleation and acceleration of mineralization.

As indicated by the outcomes of the Alamar Blue assay, it was
determined that PCL, PCL/Ker and PCL/Ker/CaCO; fibers are
non-toxic and offer sufficient support for the growth and prolifer-
ation of Saos-2 cells. Likewise, it was reported that there was no
significant difference in the proliferation of fibroblast cells (3T3)
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between PCl/keratin fibers (70:30) and TCP.>> In contrast,
PCL/keratin fibers (50:50) exhibited an enhancement in the viabil-
ity of human mesenchymal stem cells compared to pure electro-
spun PCL fibers.*” This increase in human mesenchymal stem
cell proliferation was attributed to the presence of RGD-like and
LDV-like adhesion motifs within the keratin structure, which
improved the interaction between cells and the materials. Given
the limited influence of CaCO; addition on Saos-2 cell prolifera-
tion observed in this study, it is apparent that further optimization
is necessary for the successful addition of CaCOs5 and keratin into
PCL fibers. Future studies should comprehensively investigate
their potential effects on the adhesion, proliferation and differen-
tiation of bone cells, taking into account a broader array of mate-
rial proportions to gain a more comprehensive understanding of
their biological consequences.

CONCLUSION

This study presents a novel approach to sustainable biomaterials
for tissue engineering by harnessing the synergistic potential of
freshwater snail-derived calcium carbonate and waste human
hair-derived keratin to enhance electrospun PCL scaffolds. The
main conclusions of this study are the following.

Keratin was effectively extracted from human hair, and CaCOs
in the form of vaterite and calcite was obtained from freshwater
snail shells.

PCL/Ker and PCL/Ker/CaCOs fibers were fabricated via an elec-
trospinning process, utilizing a weight ratio of 70:30 for PCL to
keratin, with the addition of 10% CaCOs; nanoparticles by
weight to the PCL/Ker solution.

The morphology analysis of electrospun fibers, PCL, PCL/Ker
and PCL/Ker/CaCOs;, revealed a smooth nanostructure without
any observable bead formations.

The addition of keratin and CaCO; did not have a substantial
impact on the melting point of the PCL fibers. However, thermal
degradation was observed to initiate at lower temperatures in
the PCL/Ker and PCL/Ker/CaCOj; fibers, attributed to the
decomposition process of keratin within these composite
materials.

While calcium phosphate accumulation was observed on the
PCL/Ker and PCL/Ker/CaCOs fibers, it did not progress beyond
the nucleation stage within the limited 7-day timeframe in
SBF. This suggests that further optimization is required to facil-
itate substantial mineral deposition.

The PCL, PCL/Ker and PCL/Ker/CaCOs fibers exhibited non-
toxicity and supported the growth and proliferation of Saos-2
cells.

Overall, this study not only underscores the potential of PCL-

based fibers incorporated with keratin and CaCOs; for bone tissue
engineering applications, but also highlights the importance of
further exploration and optimization in this promising field.
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