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Development of Ductile-Sticky Bone Fillers from
Biodegradable Hydrolyzed Wool-Keratin and Silk Fibroin

Serife Bekar, Tugba Sezgin Arslan, and Yavuz Emre Arslan*

In the present study, a method is proposed for preparing novel ductile-sticky
materials that can be used as bone void fillers using hydrolyzed wool-keratin
(WK) and silk fibroin (SF). This methodology uses citric acid as a cross-linking
agent in preparing keratin paste (KP) owing to its non-toxicity and plasticizing
properties. The Keratin paste-silk fibroin structure (KPSF) is obtained by
adding SF, which possesses biocompatible and superior mechanical
properties. Methanol treatment is employed on the KPSF mixture to convert
the Silk I structure in the SF to Silk II, resulting in a water-insoluble and tightly
packed proteinaceous structure. The physicochemical properties of both
bioscaffolds are investigated and discussed in detail by comparison. Based on
the findings, the presence of SF in the KPSF structure contributed to
properties such as flexibility and porosity. In ovo CAM analysis reveals that
both materials exhibit proangiogenic properties and are biocompatible. KP
and KPSF bioscaffolds can be converted into ductile-sticky forms by adding
water. It believes that these forms can easily apply to bone defect areas,
particularly cavitary bone defects. Furthermore, KPSF bioscaffolds, with better
mechanical properties, can be considered candidates for use in
non-load-bearing bone tissue engineering applications.

1. Introduction

Bone tissue, responsible for maintaining mineral storage, home-
ostasis, and blood pH, is a form of connective tissue that
imparts mechanical support and flexibility to the body. This
highly dynamic and vascularized tissue is a supportive element
in the organism, attributed to its extracellular matrix (ECM)
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structure comprising organic (primarily
made up of collagen type I) and inor-
ganic components (e.g., hydroxyapatite).[1]

Remodeling capacity, defined as contin-
uous destruction and construction activi-
ties regarding the intimate crosstalk be-
tween osteoclasts and osteoblasts in the
bone tissue, offers the opportunity to self-
heal upon the damage, such as fractures
or minor defects. However, bone’s natural
ability to renew itself remains inadequate
for repairing the significant bone defects
resulting from tumor resection, congeni-
tal malformation, trauma, fractures, and
diseases such as osteoporosis or arthritis,
and so necessitate surgical intervention.[2]

Utilizing bone grafts is among the fre-
quently employed surgical techniques to
enhance bone regeneration in orthopedic
procedures.[3] Worldwide, more than two
million procedures for bone grafting are
conducted annually to repair bone defects
using bone autografts, allografts, or syn-
thetic bone substitutes.[3,4] Even so, these
strategies have some limitations, such as

requiring a second surgical procedure, donor site morbidity, and
risk of disease transmission. Hence, different tissue engineer-
ing strategies using natural and synthetic biomaterials have been
studied to circumvent these limitations and increase bone re-
generation capacity. Compared to synthetic biopolymers, there
has been much attention on using natural ones for bone re-
placement due to their superior mimicry of ECM, biocompati-
bility, biodegradability, and versatility.[5,6] Also, they can be used
in combination to support suitable mechanical durability.[6] An-
imal or plant-sourced polymers can be classified as proteins,
polysaccharides, and polynucleotides. Prominent instances of
common proteins used for tissue engineering include collagen,
silk fibroin, albumin, elastin, keratin, and specially engineered
polypeptides designed for specific functions.[5] Among them,
keratin-based materials have been widely used in different forms,
such as sponges, films, and hydrogels, in many biomedical appli-
cations owing to their natural abundance, biodegradability, and
enhanced cell-material interactions.[7,8] Moreover, since keratin is
regenerated from keratinous waste materials such as hair, wool,
nails, and feathers, substantial quantities of this protein can be
produced without animal sacrifice, unlike other osteoconductive
proteins of animal origin.[8] Silk fibroin (SF) is another natu-
ral protein with a unique 𝛽-sheet-rich structure. It has received
significant attention in bone regeneration applications thanks to
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its excellent biocompatibility, biodegradability, mechanical prop-
erties, and easy processing in different forms.[9,10] Whether of
natural or synthetic biopolymer origin, an optimal bone substi-
tute should possess multiple characteristics, including bioactiv-
ity, biocompatibility, biodegradability, osteoconductivity and/or
osteoinductivity, adequate mechanical resistance for loading and
weight-bearing, an interconnected porosity for delivering nutri-
ents and oxygen to surrounding cells.[11,12] In this sense, chem-
ically modifying biopolymers is often necessary to obtain next-
generation biomaterials with the tailored substantial properties
mentioned above. Various crosslinking reactions between func-
tional groups within the repeat units (e.g., amines, hydroxyl
groups, carboxylic acids) of biopolymers, especially proteins, are
used to carry out these modifications. Thus, combining organic
and/or inorganic moieties with different properties into a sin-
gle hybrid structure to create biopolymeric networks tailored
to possess the desired characteristics for specific applications
is possible. The resulting bioscaffolds mechanical strength and
porosity properties depend on the crosslinking degree, method,
biopolymer concentration, and components.[13] With the inspira-
tion of native ECM, various techniques were applied in our pre-
vious studies for developing bone material in different forms, in-
cluding porous bioscaffolds,[14,15] cryogels,[16,17] and electrospun
fiber,[18] which had promising results. However, when it comes
to cavitary bone defects, which are challenging to reach, one of
the most valuable issues for surgery is fabricating innovative bio-
materials with intraoperative mouldability and appropriate use
properties. In that context, injectable (as liquid or as a paste) bone
substitutes with degradable properties are intensely studied to
ensure convenient handling characteristics.[12,19] Among these,
bone cement stands out as a promising candidate for clinical
use in orthopedic trauma surgery, owing to its favorable prop-
erties regarding bioactivity, osteoconductivity, injectability, and
moldability.[4,20,21] In a study by De Guzman and co-workers,[22]

a keratose biomaterial, the oxidized form of hair filament pro-
teins via peracetic acid, was developed and evaluated its effec-
tiveness as a BMP-2 carrier system in bone tissue engineer-
ing applications. They also reported that these structures were
effective in filling the bulk injury gap in segmental bone de-
fects due to their malleability. Within this concept, this study
presents a method to produce novel ductile-sticky like materi-
als that can have potential use as bone void fillers. Citric acid,
which acts as a crosslinker, plasticizer, and compatibilizer was
used to obtain keratin-based paste (KP). A solution of silk fibroin
(SF) was thoroughly mixed with the KP, resulting in the forma-
tion of the keratin paste-silk fibroin (KP-SF) structure. To obtain
the uniform integration of the KP-SF structure, methanol treat-
ment, which converted water-soluble silk I to water-insoluble
silk II structures (antiparallel 𝛽-sheet crystal), was performed.
After KP and KPSF were molded in ductile-sticky form, they
were lyophilized to obtain porous bioscaffolds. Structure and
mechanical specifications were assessed for the KP and KPSF
bioscaffolds comparatively. Furthermore, angiogenic potential
and biocompatibility were investigated by in ovo chick chorioal-
lantoic membrane (CAM) assay. To our knowledge, no bone-
filling material in the literature has been obtained in a ductile and
sticky form comprising WK, SF, and/or other natural polymers
thus far.

2. Experimental Section

2.1. Materials

Raw wool samples were supplied by local wool manufacturers in
Çanakkale, Türkiye. Raw B. mori silk cocoons were purchased
from Koza Han, Bursa, Türkiye. Sodium hydroxide (NaOH, 98–
100.5%, pellets), sodium sulfite (Na2SO3, anhydrous), sodium
carbonate (Na2CO3), lithium bromide (LiBr), citric acid mono-
hydrate (C6H8O7.H2O), methanol (≥99.5%, MetOH), bovine
serum albumin (≥ 96%, lyophilized powder), sodium azide
(≥99.5%, NaN3), proteinase K from Tritirachium (≥30 units/mg
protein, lyophilized powder), 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB (Ellman’s Reagent), glutaraldehyde (25% in H2O) and
formaldehyde (≥36.0% in H2O) were purchased from Merck
(Germany).

2.2. Extraction of Wool Keratin (WK)

A sulfitolysis reaction was performed by following the instruc-
tions stated in our previous study to obtain wool keratin.[16]

Briefly, clean, and defatted wool fibers (5 g) were chopped into
snippets and immersed in an extraction solution (100 mL) con-
taining NaOH (5%, v/v) and Na2SO3 (5%, w/v). The mixture was
then incubated in a bench-top shaker incubator (Benchmark Sci-
entific, Incu-Shaker Mini, USA) set at 40–50 °C until no insolu-
ble parts remained for ≈2 h. After purification steps, including
filtration, centrifugation, and dialysis, the resulting extract was
lyophilized. Hydrolyzed wool-keratin (WK) powder was stored at
−26 °C for further experiments (Figure 1A).

2.3. Regeneration of Silk Fibroin (SF)

Pure silk fibroin (SF) protein was extracted from Bombyx mori
silkworm following a previously reported protocol with a moder-
ate modification.[23] Silk cocoons were cut into four equal parts
using scissors, and silkworms were disposed of. For degum-
ming processing, where the glue-like sericin protein was re-
moved, cocoon pieces were treated with a boiling aqueous so-
lution of 0.02 m sodium carbonate for 15 min. Meanwhile, it
was stirred with a spatula occasionally to obtain a good disper-
sion of silk cocoons. The whole content was rinsed with ultra-
pure water (Milli-Q water) three times and dried in a fume hood.
An aqueous silk fibroin solution was prepared by dissolving the
degummed silk (1 g) in 9.3 m LiBr solution (4 mL) for 2 h in a
water bath (Rotavapor R-210, Buchi, Flawil Switzerland) set at
60 °C. To remove excessive LiBr, the resulting silk fibroin so-
lution, which was in color amber, transparent, and highly vis-
cous, was dialyzed against ultra-pure water (Milli-Q water) using
a cellulose tubing membrane (MWCO:14000 Da, Merck) for 72 h
by changing the water daily. The dialysate was then centrifuged
for 20 min at 9600 rpm (Hettich, MIKRO 120, Germany) to re-
move impurities and insoluble parts. After the purification pro-
cesses, a colorless and optically clear silk fibroin solution was
obtained and stored at 4 °C for further analysis and reactions
(Figure 1B).
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Figure 1. Schematic representation of the proposed methodology: WK extraction and purification process A); overall process for the SF dissolution B);
preparation of KP C) and KPSF D) bioscaffolds.

2.4. Biochemical Characterization of Regenerated SF and WK
Extracts

The protein content of the WK dialysate was determined by Lowry
protein assay. The final concentration of the SF aqueous solution
was determined by weighing the solid mass after the lyophiliza-
tion of the silk solution with a specific volume. Additionally, the
molecular mass range of the regenerated SF solution, and bovine
serum albumin (BSA) as a negative control was determined us-
ing Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophore-
sis (SDS-PAGE) with the Laemmli method, employing a 12.5%
resolving gel and a 4% stacking gel. The amounts of proteins
loaded onto the gel per well were 0.5 μg and 125 μg for BSA and
SF, respectively. A routine Colloidal Coomassie Blue (CCB, G-
250) staining procedure was applied to make the protein bands
in the gel visible. The free thiol (─SH) content in the WK was
also determined by Ellman’s assay using the standard calibra-
tion curve obtained from external standards of L-cysteine. Equa-
tion (1) given below was used to calculate the amount of free ─SH
groups:

Free SH Groups
(mmol)

Keratin
(
mg

)

=

[(
OD412

slope

)
x (Dilution Factor x Total Volume)

]

Keratin Weight
(
mg

) (1)

The analysis mentioned above and the necessary additional
notes can be found in our previous studies.[14,16,24]

2.5. Construction of KP and KPSF Ductile-Sticky Void-Filling
Materials

Keratin was dissolved in distilled water at a concentration of 5%
(w/v). Subsequently, citric acid was gradually added to this so-
lution under stirring conditions until the final concentration of
citric acid in the solution reached ≈3.5% (w/v). Brown-colored
keratin aggregates were formed when the solution pH was 4–
4.2 with the addition of citric acid. These agglomerates were col-
lected and washed with distilled water three times for 5 min
to neutralize. The ductile-sticky keratin paste (KP) was molded
and lyophilized to obtain a porous KP bioscaffold (Figure 1C).
Lyophilized KP with a rigid structure was crushed into fine pow-
der. 50 mg of powder KP was added into 150 μL of silk solution
(5%, w/v); following this, the mixture was thoroughly kneaded by
hand to obtain KPSF as a ductile-sticky and lyophilized overnight.
The post-treatment process was made as in a previous study[25] to
convert the amorphous SF in the structure into a 𝛽-sheet crystal
structure to obtain water-insoluble, thermally, and mechanically
durable KPSF material. For this purpose, the lyophilized KPSF
bioscaffold was immersed in the methanol (>99.9% purity) for 15
min. After the washing and lyophilization process was repeated,
a post-treated KPSF bioscaffold was obtained (Figure 1D). The
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 14392054, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202400144 by C

anakkale O
nsekiz M

art U
ni, W

iley O
nline L

ibrary on [01/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mame-journal.de


www.advancedsciencenews.com www.mame-journal.de

Figure 2. An overview of the mechanism of cross-linking. KP was obtained by the formation of new covalent bonds between citric acid and functional
groups such as amine, hydroxyl, and sulfhydryl in keratin A). Treatment of the KPSF composite material with methanol leads to the conversion of Silk I
in SF into Silk II, obtaining tightly packed proteinaceous structures B).

schematic representation of the crosslinking reactions occurring
during the synthesis of KP and KPSF is presented in Figure 2A,B.

2.6. Physicochemical Analysis of KP and KPSF Materials

The structural changes of the KP and KPSF bioscaffolds were
evaluated using the attenuated total reflectance Fourier trans-
form infrared spectroscopy (ATR-FTIR) and X-ray diffraction
(XRD) analysis (PANalytical Empyrean, Malvern Panalytical,
Netherlands). The thermal behavior of the samples was also
investigated using a thermogravimetric analyzer (TGA 8000,
Perkin Elmer, USA). The microarchitecture and porous structure
of the materials were investigated using field emission scanning
electron microscopy (FE-SEM JFM 7100F EDS, JEOL, Japan). De-
tailed methods of the related analyses were presented in our pre-
vious study.[16]

A uniaxial compression test was applied to test the behav-
ior of materials under applied crushing with a 200N load cell
using a micromechanical testing device (Univert CellScale Bio-
materials Testing, Canada). KP (cylindrical, ø = 3.9 mm; h =
3.5 mm) and KPSF (cylindrical, ø = 3.6 mm; h = 3.8 mm) materi-
als were placed between the two plates and compressed at a rate
of 0.025 mm s−1. Meanwhile, a tripod camera (HD 1080p, Log-
itech) captured the real-time images at a frequency of 5 Hz. The
samples compressive modulus was calculated as the initial and
final slopes of the linear part of the stress–strain curve using the
Origin Pro 8SR0 (v8.0724, Origin Lab Corporation, Northamp-
ton, MA, USA) software.

2.7. In Vitro Enzymatic Biodegradation Study

A proper balance between new tissue formation and resorption
was crucial in organisms. Therefore, new-generation biomateri-
als that support regeneration must be capable of achieving this
balance. In that context, in vitro biodegradation rates of the KP
and KPSF bioscaffolds were determined by the enzymatic pro-
cess described in our previous study.[16] According to this proce-
dure, after the initial dry weights (mi) of the samples were noted,
they were immersed in Tris-HCI buffer (0.02 m, pH 8.0), includ-
ing preservative (NaN3, 0.05%, w/v) and proteinase K (0.01%,
w/v). Samples were incubated in the enzyme solution at 37 °C
for 3 and 10 days. After each time point, the samples were re-
trieved, washed, lyophilized, and reweighed (mf: final weight).
The degradation rate was calculated using the Equation (2) given
below:

Weight Loss (%) =

(
mi

)
−
(
mf

)
(
mf

) × 100 (2)

2.8. In Ovo Chick Chorioallantoic Membrane (CAM) Assay and
Characterizations

To evaluate the biocompatibility and angiogenic response of the
KP and KPSF materials, a chicken in ovo cam assay was per-
formed as in our previous studies.[26,27] Freshly fertilized chicken
eggs were supplied from a local farm in Çanakkale, Türkiye. Fol-
lowing cleaning and disinfection, eggs were placed vertically in

Macromol. Mater. Eng. 2024, 309, 2400144 2400144 (4 of 12) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202400144 by C

anakkale O
nsekiz M

art U
ni, W

iley O
nline L

ibrary on [01/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mame-journal.de


www.advancedsciencenews.com www.mame-journal.de

the rotating tray inside an egg brooder (Brinsea Ovation 28 Ad-
vance Ex, U.K.) and incubated at 37.5 °C and 60% relative hu-
midity (RH) while rotating every 120 min for 3 days. On the
3rd day of embryonic development (EDD3), small windows were
cut from the sharp end of the eggs and stretched to close with
a sterile parafilm on openings to prevent contamination or dry-
ing of the egg contents. Incubation of windowed eggs was main-
tained in the same conditions until material implantation. On
EDD9, sterilized materials were carefully placed between promi-
nent veins on the CAM surface and imaged using a stereo micro-
scope (Stemi 305, Zeiss) with a digital camera (Axiocam 105 color,
Zeiss). Four days after implantation (EDD 13), micro vessels fol-
lowing to the grafts were captured. The images were then ana-
lyzed using ImageJ 1.51j (National Institutes of Health, Bethesda,
MD, USA) to measure vascular density within the 1 mm imag-
inary area surrounding the grafts. The angiogenic response was
assessed using the vascular index, calculated as the ratio of vascu-
lar density at EDD13 to EDD9. After the imaging process, the ex-
periment was terminated, and the materials were dissected with
≈1 cm of CAM around them. CAM-materials complexes were
processed as in our previous study[26] for SEM and histological
analyses (sectioning and routine hematoxylin and eosin stain-
ing). Chick embryos do not suffer pain during any application
until the 15th day of their development and were not considered
alive before the 17th of their development[28,29] Therefore, ethical
approval was unnecessary as the in-ovo CAM analysis was com-
pleted within 13 days.

2.9. Statistical Analysis

The results were presented as mean ± standard deviation, and
each experiment was conducted in triplicate for quantitative anal-
ysis. Statistical significance between groups in experimental sets
was determined using one-way analysis of variance (ANOVA)
with Origin Pro 8 SR0 software (v8.0724, Origin Lab Corpora-
tion, USA), followed by Tukey’s test. Experimental groups were
considered to have a statistically significant difference if the p-
value was < 0.05 obtained from the ANOVA test.

3. Results and Discussion

3.1. Biochemical Assessments of WK and SF Extracts

Biochemical characterization of human hair keratin extracted
by sulfitolysis reaction was carried out in-depth in our previous
study.[16] In the current study, wool, which is very similar to the
structure of hair, was used as the raw material, and other nec-
essary processes were applied precisely. Keratin content in the
dialysate was found to be 8.31 ± 0.46 mg mL−1 using the cali-
bration curve obtained by the modified Lowry assay (Figure 3A).
Additionally, the yield based on dry weight was 40.52 ± 0.16%.
Keratin differs from other structural proteins due to its extensive
cysteine linkage. During WK extraction with the sulphitolysis re-
action, disulfide bonds in cysteine residues of the keratin are bro-
ken to give cysteine thiol (cysteine-SH) and S-sulfonated residue
structures. Therefore, the amount of -SH sulfhydryl groups re-
flecting the cysteine residues in WK extracts was quantitatively

determined by Ellman’s analysis using the L-cysteine calibration
curve (Figure 3B) and Equation (1), yielding 0.0682± 0.011 mmol
SH/mg keratin. The findings regarding the analysis of protein
content and free-SH group quantities are consistent with our
previous study.[16] Furthermore, in our previous study,[16] SDS-
PAGE and matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF) mass spectrometry (MS) analysis was con-
ducted to determine the molecular weight (MW) profile of keratin
polypeptide chains extracted through the sulphitolysis reaction.
The SDS-PAGE pattern of the keratin extract showed a band at
≈6–8 kDa. In order to determine the MW distribution of the ker-
atin extract more accurately, MALDI-TOF MS analysis was per-
formed within the mass range of 0–10,000 Da according to the
findings (6–8 kDa) obtained from the SDS-PAGE. Based on the
MALDI-TOF MS spectrum obtained previously, we stated that hy-
drolyzed keratin was obtained in small fractions with a Mw of
≈2–3 kDa, as the polypeptide backbone of keratin was disrupted
during the extraction process in an alkaline environment. Small
fractions of keratin can provide more active functional groups
that can react with other natural and synthetic polymers. This is
important for synthesizing new-generation materials used in tis-
sue engineering applications. In addition, the proposed method
can offer other advantages, such as being non-toxic, cheap, and
having a short reaction time.[16]

The concentration of the regenerated SF solution was deter-
mined to be 6.8–7% (w/v) using the gravimetric method, which
involved weighing freeze-dried samples of a known volume of the
SF solution. In studies[23,30] where extraction protocol with LiBr
was used to dissolve the SF, the concentration was obtained as
7–8% (w/v), similar to our findings.

Figure 3C shows the SDS-PAGE pattern of the regenerated SF
solution. From the electrophoretic profile of the SF, a very broad
band in the range of 50–350 kDa corresponds to the peptides de-
rived from the degradation of the heavy chains of fibroin, while
a distinct band at ≈24 kDa represents the light chains.[31] The
broad smear band above 250 kDa was formed due to the serious
damage to the peptide chains of silk fibroin caused by the Na2CO3
used during degumming.[32,33]

3.2. Physico-Chemical Evaluations Lyophilized KP and KPSF
Scaffolds

ATR-FTIR spectroscopy was utilized to detect functional groups
of production materials and characterize chemical bonding.
Figure 4A shows the FT-IR spectra of the WK, SF, KP, and
KPSF materials. Vibrations due to the four characteristic bands
of proteins are seen in all spectra. The Amide A broad band
between 3200–3400 cm−1 corresponds to the H-bonded N─H
stretching vibration. The amide I, II, and III bands that elucidate
the conformational structures of proteins and polypeptides are
also seen. The amide I band at 1600–1700 cm−1 and the amide
II band at 1500–1600 cm−1 are related to the C═O stretching
and N─H deformation with some contributions of C─N stretch-
ing, respectively. The amide III band at 1200–1300 cm−1 be-
longs to C─N and C─C stretching absorptions and N─H and
C─O bending absorptions.[16,34] Compared to the WK spectrum,
the KP spectrum has a small shoulder peak at ≈1740 cm−1, as-
signed to the C═O stretching modes of citric acid, indicating that
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 14392054, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202400144 by C

anakkale O
nsekiz M

art U
ni, W

iley O
nline L

ibrary on [01/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mame-journal.de


www.advancedsciencenews.com www.mame-journal.de

Figure 3. Standard calibration curves were obtained with Lowry’s Assay A) and Ellman’s Assay B) to calculate the protein content and free -SH groups
of hydrolyzed WK, respectively. The SDS-PAGE pattern of regenerated SF C).

cross-linking reactions between citric acid and keratin have been
achieved.[34] On the other hand, citric acid, with multi-carboxylic
groups, forms strong hydrogen bonds with the hydroxyl and
amine groups in the protein structures.[35,36] Therefore, the in-
tensity differences in the amide peaks of WK and KP may be
attributed to the formation of hydrogen bonds. Silk fibroin can
be in a water-soluble amorphous (Silk I) and a water-insoluble
crystalline conformation (Silk II). Silk I represents an intermedi-
ate state between 𝛼-helix and 𝛽-sheet, while Silk II represents an
anti-parallel 𝛽-sheet structure and is more stable than Silk I. The
amide peaks observed in the SF spectrum correspond to alpha-
helix and 𝛽 sheet structures. However, it can be said that SF con-
sists mainly of Silk II, as its lyophilized form is insoluble in wa-
ter. Moreover, a decrease in the intensity of the amide peaks is
observed in the KPSF spectrum compared to the SF, indicating
the 𝛽-sheet structures decrease by incorporating KP containing
more 𝛼-helix to the SF.[37]

Structural changes and the crystal phase of the samples were
also determined using XRD analysis; the obtained spectra are
shown in Figure 4B. The diffraction peak ≈20° was related to the
anti-parallel 𝛽-sheet structure in the WK structure. On the other
hand, the XRD pattern of the WK does not exhibit the peak ≈2𝜃 =

9° corresponding to the 𝛼-helix structure in natural wool, as the 𝛼-
helix is disrupted by an alkaline treatment during the sulphitoly-
sis reaction.[38] The newly appeared peak ≈2𝜃 = 9° in the KP spec-
trum indicates that the alpha-helix structure was re-established
after crosslinking with citric acid. This can be attributed to the
formation of strong hydrogen bonds between the carboxyl groups
of citric acid and the ─OH groups of the wool keratin structure
to trigger conformational changes.[35] The appearance of a peak
in the SF spectrum confirmed the 𝛽-sheet structure in the Silk
II crystalline conformation.[39] The presence of two significant
peaks ≈2𝜃 = 9° and 20° in the spectrum of KPSF, corresponding
to the 𝛼-helix and 𝛽-sheet structures, along with a slight increase
in their intensity due to the overlapping of peaks in the same re-
gion, can provide evidence for the successful preparation of the
composite. Another explanation of why KPSF gave a similar spec-
trum to the KP can be the usage of many amounts of KP during
the preparation of KPSF material.

Thermogravimetric curves of the samples depicting changes
in weight by thermal degradation are given in Figure 4C. In all
curves, the first stage of the weight losses observed below ≈100 °C
indicates the evaporation of moisture. The second stage of weight
loss in the temperature range of ≈300–600 °C is mainly attributed

Macromol. Mater. Eng. 2024, 309, 2400144 2400144 (6 of 12) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. ATR-FTIR spectra A), XRD patterns B), and TGA curves of WK, SF, KP, and KPSF bioscaffolds C).

to the degradation of proteins.[40] At 600 °C, the weight losses for
WK and SF are 80% and 60%, respectively. Additionally, KP and
KPSF exhibited similar thermal degradation curves, with mass
losses at 600 °C approximately reaching 70%. The reason KP ex-
hibits better thermal stability than WK can be attributed to the
formation of new covalent bonds between citric acid and func-
tional groups such as amine, hydroxyl and sulfhydryl in keratin
during a crosslinking reaction.[41] According to our findings, the
natural biomaterial with the highest thermal stability is SF. Con-
trary to expectations, we observed that the inclusion of SF did
not enhance the thermal stability of the KPSF material. This is
because there is too much KP with less thermal stability than SF
in the composite.

3.3. Investigation of Pore Sizes and Microarchitectures of
Lyophilized KP and KPSF Bioscaffolds

SEM analysis was performed to investigate the morphology and
pore arrangement of the materials. SEM micrographs at x250,

x1000, and x2500 magnifications of KP and KPSF bioscaffolds
are given in Figure 5. The formation of a porous structure in
both materials was achieved using the lyophilization technique.
Figure 5A shows that the KP bioscaffold had irregular pore
shapes and sizes. In Figure 5B, the KP-SF scaffold exhibited
homogeneous and interconnected 3D structures. In conclusion,
the addition of pure SF with a 𝛽-sheet structure resulted in the
formation of a well-interconnected porous structure through
molecular interactions between the polypeptide chains of SF
and KP.[37] In addition, the mean pore sizes of the KP and KPSF
scaffolds were found to be 35.64 ± 20.93 and 45.76 ± 14.50 μm,
respectively. A suitable biomaterial needs to be porous to allow
the proliferation, migration, and differentiation of cells, as well
as vascularization. In addition, porosity ensures the integration
and mechanical stability between the biomaterial implanted in
the damaged area and the surrounding natural tissue.[42] Even
though optimum pore size depends on the used material type,
application area, and strategy, a pore size range of 10–100 μm
can be appropriate for bone engineering scaffolds in vitro.[43,44]

In this context, micropores provide a larger surface area that

Macromol. Mater. Eng. 2024, 309, 2400144 2400144 (7 of 12) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. SEM micrographs of KP A) and KPSF bioscaffolds B) at x250, x1000, and x2500 magnifications with pore size distribution histograms.

facilitates ion exchange and bone protein adsorption, while
macropores are beneficial in cell infiltration and differentiation
events that occur during osteogenesis.[45] Based on our findings,
KPSF would be a good candidate in bone tissue engineering
applications as it offers the mentioned balance regarding pore
size and interconnected network.

3.4. Assessment of Mechanical Durability of KP and KPSF
Bioscaffolds

Compression tests were carried out to investigate the mechani-
cal properties of KP and KPSF bioscaffolds in dry form, and real
images were captured during the test (Figure 6). Compressive

Figure 6. The Stress–Strain curves and compressive testing images of the KP A) and KPSF B) bioscaffolds.

Macromol. Mater. Eng. 2024, 309, 2400144 2400144 (8 of 12) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202400144 by C

anakkale O
nsekiz M

art U
ni, W

iley O
nline L

ibrary on [01/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mame-journal.de


www.advancedsciencenews.com www.mame-journal.de

Table 1. Compressive test results.

Sample Compression Stress [MPa] Compression Strain [%] Young’s Modulus [MPa]

Initial Final

KP 4.193 ± 0.443 26.830 ± 1.877 11.32 ± 0.96 25.75 ± 0.52

KPSF 4.952 ± 0.102 63.068 ± 2.056 3.92 ± 0.27 20.16 ± 0.92

stress and Young’s modulus values were summarized in Table
1. The ultimate compressive stress of the KP and KPSF bioscaf-
folds were found to be 4.193 ± 0.443 MPa and 4.952 ± 0.102 MPa,
while the strain (%) values were observed as 26.830 ± 1.877%
and 63.068 ± 2.056%, respectively. The Young’s modulus of the
KP and KPSF bioscaffolds was computed from the initial and fi-
nal slope values of the linear regions of the stress–strain curves
in Figure 6A,B. MaximumYoung’s modulus values of KP and
KPSF bioscaffolds were found as 25.75 ± 0.52 MPa and 20.16
± 0.92 MPa, respectively. The mechanical compression tests in-
dicated that KP, with a higher Young’s modulus value, possesses
a more rigid structure and exhibits greater resistance to defor-
mation and stretching under exposure to force in comparison
to the KPSF scaffold. This result also explains why KP shows a
lower strain value when subjected to a given stress. Moreover,
the stress-strain curve of KP exhibits a minor fracture caused
by the sudden release of stored energy when subjected to com-
pressive stress (Figure 6A). In contrast, the stress–strain curve
of the KPSF scaffold did not exhibit any failure under the com-
pression test, suggesting its elastic structure (Figure 6B). While
the influences of porosity and pore size on the mechanical prop-
erties of materials remain controversial in the literature, some
studies have reported that porous materials, especially with larger
pore sizes, lead to a decrease in stiffness.[46,47] Based on our find-
ings, it can be concluded that incorporating SF resulted in a KPSF
bioscaffold with a more porous and elastic structure. When com-
pared with the literature, it was seen that KP and KPSF bioscaf-
folds had higher compressive strength and modulus in dry con-
ditions than natural-based biomaterials containing keratin,[48,49]

silk fibroin,[50] and silk fibroin/wool keratin.[37]

Moreover, owing to its robust and flexible structure, the
lyophilized KPSF bioscaffold can be considered a candidate for
use in non-load-bearing bone tissue engineering applications. Af-
ter adding water to lyophilized KPSF and KP readily reverted to
its original ductile-sticky form. You can see the wettability and
moldability properties of KPSF and KP in Videos S1–S4 (Sup-
porting Information), given in the supporting information file.
The resulting moldable KP and KPSF materials can effectively
fill cavitary bone defects and provide mechanical support.

Table 2. In vitro resorption rates of KP and KPSF bioscaffolds.

Sample Biodegradability, Weight Loss [%]

Day 3 Day 10

KP 3.29 ± 1.09 7.44 ± 2.40

KPSF 8.82 ± 1.63 16.96 ± 0.78

3.5. Determination of In Vitro Resorption Rates of KP and KPSF
Bioscaffolds

Tissue-engineered scaffolds should possess a proper biodegrada-
tion rate, which is essential for inducing the regeneration of di-
verse tissues or organs. To this end, the in vitro resorption rates
of KP and KPSF bioscaffolds were determined by exposing the
samples to the enzymatic solution for 3 and 10 days at 37 °C. At
the end of the experimental sets, it was observed that the bioscaf-
folds incubated in the enzymatic solution retained their morphol-
ogy and structural integrity, albeit with a slight softening in the
aqueous solution. Resorption rates of the KP and KPSF bioscaf-
folds were calculated as a percentage of weight loss and given
in Table 2. The total weight losses of KP and KPSF bioscaffolds
were 3.29 ± 1.09% and 8.82 ± 1.63% on day 3, respectively. On
the other hand, weight losses on day 10 for the same scaffolds
were 7.44 ± 2.4% and 16.96 ± 0.78%. These results indicate min-
imal weight changes in both bioscaffolds for the incubation days
3 and 10. However, it was observed that the weight loss of KPSF
increased about two times on both incubation days compared to
KP, which can be attributed to KPSF being more porous than
KP. Due to their high water uptake capacities, porous materials
exhibit increased uptake rates of the enzyme solution used in the
experiment, making the biomaterial more susceptible to prote-
olytic attacks and accelerating weight loss.[51]

3.6. In Ovo CAM Assay

CAM assay has been extensively used as an alternative to conven-
tional animal models to assess the angiogenic potential and bio-
compatibility of the materials. Therefore, we performed in ovo
cam assay and gained macroscopic, microscopic, and histologi-
cal insights about the angiogenic potential and biocompatibility
of our bioscaffolds (Figure 7A–D). Stereomicroscopic images of
the lyophilized KP and KPSF bioscaffolds on the CAM surfaces
at EDD9 and EDD13 revealed that their structural integrity was
retained during the incubation (Figure 7A). The vascular index
of the newly formed blood vessels within a specific area around
the bioscaffolds was calculated using ImageJ software. From the
binary images with a black-and-white scale, the blood vessel den-
sity indexes for KP and KPSF bioscaffolds were determined to be
1.13 ± 0.053 and 1.25 ± 0.057, respectively, with no statistically
significant differences (Figure 7B, p > 0.05).

Hematoxylin and eosin staining were applied to view cellular
and tissue structures in CAM-bioscaffold complexes. Figure 7C
demonstrates that both bioscaffolds serve as favorable environ-
ments for cell infiltration and proliferation compared to the nega-
tive control groups. Additionally, the linkage regions represented
by yellow arrows in the histological images provide evidence of

Macromol. Mater. Eng. 2024, 309, 2400144 2400144 (9 of 12) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 7. Assessment of biocompatibility and proangiogenic properties of KP and KPSF bioscaffolds. Stereomicroscopic and binary images of both
bioscaffolds on CAM surface for EDD9 and EDD13 A). Blood vessel vascular index graph B). H&E staining of KP-CAM and KPSF-CAM complexes tissue
sections at the EDD 10. Compared to the control groups, cell infiltration and proliferation were clearly seen on both bioscaffolds-CAM structures. In
these histological images, red arrows indicate newly formed blood vessels, while yellow arrows indicate the linkage region between the CAM and the
bioscaffold. Scale bars represent 200 μm (10X) C). SEM images at x1000, x1500, and x2500 magnifications. Yellow arrows indicate microvessel structures
on the surface of bioscaffolds D).

Macromol. Mater. Eng. 2024, 309, 2400144 2400144 (10 of 12) © 2024 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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cell invasion that fills the space between the CAM and bioscaf-
folds. The blood cells and vessels grooving toward the scaffolds
were also observed. These results suggest that the scaffolds inte-
grate effectively into the surrounding tissues. Furthermore, the
bioscaffolds-CAM complexes did not cause adverse effects such
as acute or chronic inflammation and necrosis, proving that both
bioscaffolds were biocompatible.

Figure 7D shows SEM micrographs at magnifications x1000,
x1500, and x2500 of the bioscaffolds-CAM tissue sections. Similar
to histological evidence, blood cell adhesion, migration, prolifer-
ation, and microvascular networks were seen on the surfaces of
both bioscaffolds.

4. Conclusion

This study introduces a novel pasty and moldable material pre-
pared with wool keratin and silk fibroin. Citric acid has been uti-
lized as a cross-linking agent in the preparation of KP owing to
its non-toxicity, plasticizing, and stabilizing properties. A water-
insoluble, mechanically and thermally durable, and ductile-sticky
material was produced through cross-linking reactions between
the three carboxylic acid groups in citric acid and functional
groups such as ─NH2, ─SH, and ─OH in WK. The easily shaped
material was lyophilized to obtain a porous KP bioscaffold. Silk
fibroin, possessing biocompatible and superior mechanical prop-
erties in liquid form, was mixed thoroughly with the KP bioscaf-
fold until complete homogeneity was achieved. The resulting
KPSF was treated with methanol to convert the Silk I structure
in the SF to Silk II, which is insoluble in water and consists of 𝛽-
sheet structures; thus, the proteinaceous structures in the com-
posite were tightly packed. Water-insoluble, flexible, and mold-
able KPSF was then lyophilized to produce the KPSF bioscaf-
fold. When kneaded with water, KP and KPSF bioscaffolds ex-
hibit a ductile-sticky structure, allowing for easy shaping of the
desired form. An in-depth investigation was performed into the
structural, mechanical, and morphological properties of both
lyophilized bioscaffolds, and the results were well-discussed by
comparing. Based on our findings, the addition of SF to the KP
structure resulted in a relative increase in the porosity and flex-
ibility of the composite KPSF bioscaffold. Both bioscaffolds ex-
hibited pro-angiogenic properties without causing any adverse ef-
fects, such as necrosis, during the in ovo CAM assay, suggesting
their biocompatibility. Overall, the lyophilized and ductile-sticky
forms of both biomaterials obtained can be applied in various de-
fect areas in bone tissue engineering applications. In segmental
defects characterized by the absence of a portion of bone tissue
and must be structured to meet the primary mechanical strength,
both lyophilized bioscaffolds can be considered ideal. Addition-
ally, due to its flexible and robust structure, the KPSF bioscaffold
can play an essential role in non-load-bearing bone tissue engi-
neering applications. Given their ductile-sticky form upon knead-
ing with water, it is crucial to assess whether KPSF bioscaffolds
can maintain structural stability and durability in a complex phys-
iological environment for effective bone reconstruction. In this
context, in vitro biodegradation tests and in vivo CAM analysis
results can address these concerns. As a result of the in vitro en-
zymatic biodegradation test performed by exposing the samples
to the enzymatic solution for 10 days at 37 °C under shaking,
it was reported that minimal weight changes were observed and

maintained their structural integrity, albeit with a slight softening
in the aqueous solution. Furthermore, stereomicroscopic images
from in ovo CAM analysis show that the implanted materials re-
mained on the CAM surface for four days, demonstrating their
stability and structural integrity even in a motile chick embryo.
However, it should be noted that the results of this study may not
fully simulate real body conditions.

On the other hand, the easily moldable ductile-sticky forms of
both materials are more suitable for cavitary defects where only
the defect area needs to be filled without providing mechanical
support. Due to the plasticizing effect of citric acid used as a
crosslinker, KP and KPSF materials have gained a ductile-sticky
form. In cavitary bone defects, the ductile-sticky nature of ma-
terials offers an advantage in terms of facilitating adhesion and
filling the damaged area.

Furthermore, the proposed methods for preparing both bio-
materials are easily applicable for incorporating bio-ceramic ma-
terials such as hydroxyapatite and resorbable calcium phosphates
to enhance osteoinductive properties for further studies in bone
tissue engineering applications.
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