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Abstract
Therapeutic angiogenesis is pivotal in creating effective tissue-engineered constructs that deliver
nutrients and oxygen to surrounding cells. Hence, biomaterials that promote angiogenesis can
enhance the efficacy of various medical treatments, encompassing tissue engineering, wound
healing, and drug delivery systems. Considering these, we propose a rapid method for producing
composite silicon-boron-wool keratin/jellyfish collagen (Si-B-WK/JFC) inorganic-organic
biohybrid films using sol-gel reactions. In this approach, reactive tetraethyl orthosilicate and boric
acid (pKa⩾ 9.24) were used as silicon and boron sources, respectively, and a solid-state gel was
formed through the condensation reaction of these reactive groups with the keratin/collagen
mixture. Once the resulting gel was thoroughly suspended in water, the films were prepared by a
casting/solvent evaporation methodology. The fabricated hybrid films were characterized
structurally and mechanically. In addition, angiogenic characteristics were determined by the in
ovo chick chorioallantoic membrane assay, which revealed an increased vascular network within
the Si-B-WK/JFC biohybrid films. In conclusion, it is believed that Si-B-WK/JFC biohybrid films
with mechanical and pro-angiogenic properties have the potential to be possessed in soft tissue
engineering applications, especially wound healing.

1. Introduction

With the globally increasing healthy life expect-
ancy and human longevity, developing new mater-
ials to treat age-related diseases and repair lost or
damaged tissues and organs has become necessary
[1]. Developed biomaterials must have mechan-
ical (stiffness, elastic modulus, etc) physicochemical
(surface chemistry, porosity, biodegradation, etc) and
biological properties (cell adhesion, vascularization,
biocompatibility, etc) to reconstruct different ana-
tomical defects of complex organs and functional
tissues [2].

Inmaterial science and engineering, severalmeth-
ods and procedures have been used to constructmany
biomaterials in different fields, such as drug delivery,
wound healing, and tissue engineering applications.

Based on their chemical composition, biomater-
ials can be divided into five categories: metals,
bio-ceramics, natural and synthetic polymers, and
composites [3]. Unlike synthetic polymers, natural
bio-based materials are preferred for bioscaffold pro-
duction due to their appealing properties, such as bio-
logical activity, biodegradation rate, natural abund-
ance, mimicking of the extracellular matrix (ECM),
and low cost [4, 5]. Natural polymers can be obtained
from different biological sources, such as plants,
animals, and microorganisms, and have been recog-
nized as an attractive choice for tissue engineer-
ing applications. Renewable materials, such as ker-
atin, collagen, elastin, silk fibroin, etc, obtained from
animal/insect wastes, have been utilized in biomedi-
cine and biotechnology in various forms, includ-
ing scaffolds, coatings, hydrogels, and films. Keratin,
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obtained from keratinous waste materials, is a fib-
rillar protein that forms the epidermis structure and
its appendages, including hair, wool, feathers, nails,
horns, and hooves. Collagen, themain protein of con-
nective tissue, is abundant in the tendon, bone, and
cartilage tissues and is mainly isolated from these
sources [6]. However, due to the risk of spreading
bovine spongiform encephalopathy and prion dis-
eases, marine sources such as commercial fish, sharks,
and jellyfish have recently been used instead of mam-
malian collagen [7].

There is a substantial demand for the develop-
ment of innovative scaffolds to keep up with the latest
technological advancements. Given that situation, it
can be said that organic-inorganic nanocomposites
that combine the properties of both materials in a
single hybrid structure offer an intriguing strategy
to enhance the characteristics of good mechanical
strength and thermal and chemical stability. More
importantly, they can significantly impact permeab-
ility and selectivity due to the controllable pore size
and distribution in their structures [8].

Sol-gel reaction as a wet chemistry-driven syn-
thesis method is a well-known technique that can be
used to produce functional and innovative hybrid
materials, including glass, ceramics, and organ-
ic/inorganic hybrids. In this technique, once a
precursor solution such as tetraethyl orthosilicate
(TEOS) is hydrolyzed in an acidic or basic medium,
siloxane structures are formed due to condensation
and polycondensation reactions between the result-
ing reactive silanol groups. The sol-gel process offers
considerable advantages, such as easy incorporation
of organic-inorganic frameworks into the polymeric
network, solid and porous network gel formation,
and mild reaction conditions [9, 10].

One of our previous works reported that inor-
ganicmaterials such as silicon and boron are trace ele-
ments in the human body and contribute to wound
healing and bone homeostasis by binding to ECM
components such as collagen, glycosaminoglycans,
and proteoglycans [11, 12]. Moreover, Kakkar and
Madhan also stated that the hybrid biomaterials
containing silicon induce the proliferation of fibro-
blasts and osteoblasts that support collagen form-
ation. They fabricated sol-gel based keratin/silica
hybrid material with high mechanical properties
for the wound healing process [13]. Silicon–boron
containing glycerohydrogel [14], mupirocin silica
microspheres loaded collagen [15], and chitosan-
silica dressing incorporated with keratinocyte growth
factor [16] are the other substantial hybrid wound
dressing materials fabricated via sol-gel method.

The current study is directed at synthesizing sol-
gel based novel organic-inorganic hybrid films. In
this regard, three kinds of hybrid films were synthes-
ized, namely silicon-boron-wool keratin (Si-B-WK),

silicon-boron-jellyfish collagen (Si-B-JFC), and
silicon-boron-wool keratin/jellyfish collagen (Si-B-
WK/JFC). A comprehensive analysis assessed the
hybrid films’ structural, physico/biochemical, and
mechanical characteristics. In ovo chick chorioallan-
toic membrane (CAM) assay was also conducted to
test the biocompatibility and vasculogenic potential
of the biohybrid films.

2. Experimental section

2.1. Materials
Wool samples were provided from a local farm
in Çanakkale, Türkiye. Rhizostoma pulmo, com-
monly known as the barrel jellyfish, was caught
in the Dardanelles (Abydus), Çanakkale, Türkiye.
Sodium hydroxide (NaOH, 98%–100.5%, pel-
lets), sodium sulfite (Na2SO3, anhydrous), TEOS
(reagent grade, 98%, TEOS), hydrochloric acid
(HCl), boric acid (H3BO3, ⩾99.5%), acetic acid
(99.8%–100.5%), pepsin (powder, slightly beige,
500Umg−1), 2-(N-morpholino) ethane sulfonic acid
(MES, ⩾99%), N-hydroxysuccinimide (NHS, 98%),
N-(3-dimethylamino propyl)-N′-ethyl carbodiimide
hydrochloride (EDC, 8.00907.0025), ethyl alcohol
(⩾99.5%, EtOH), proteinase K from Tritirachium
(lyophilized powder, ⩾30 units mg−1 protein), were
purchased fromMerck (Germany).

2.2. Preparation of pepsin soluble jellyfish collagen
(PS-JFC) and wool keratin (WK)
Collagen derived from jellyfish was extracted accord-
ing to our previous studies with a moderate
modification [17, 18]. Keratin was also extracted
from wool using a sulphitolysis reaction previously
reported by our group [12]. The extraction steps of
PS-JFC and WK are given in figures 1(A) and (B),
respectively, and the relevant protocols are outlined
in the supporting information file (SI-1 and SI-2).

2.3. Biochemical analyses of PS-JFC andWK
extracts
WK and PS-JFC were extracted in our previous
studies, and biochemical characterization, such as
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), amino acid content analysis,
etc, was carried out in detail. Since protein extracts
obtained through the same method were used in our
current study, the mentioned analyses were not rep-
licated. However, a Lowry protein assay was con-
ducted to determine the protein content of WK and
PS-JFC extracts. Ellman’s assay was also performed
to determine free sulfhydryl groups in WK extracts
using Ellman’s reagent. The analyses above and the
required equations were detailed in our previous
studies [12, 17, 18].
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Figure 1. Representation of pepsin soluble jellyfish collagen (PS-JFC) (A), and wool keratin (WK) (B) extraction and purification
process.

2.4. Synthesis of organic-inorganic biohybrid films
First, the reactive TEOS (rTEOS) was obtained by
slightly modifying the reaction conditions according
to the study of Yuan and No [19]. Briefly, a mixture
consisting of TEOS (1.1 ml), HCl (0.1 M, 0.125 ml),
and Milli-Q water (0.816 ml) (Milli Direct-Q 3UV,
18 MΩ cm−1 at 25 ◦C, Merck-Millipore, Germany)
was vigorously stirred for 5min in a glass vial at room
temperature. Subsequently, the mixture was exposed
to ultrasonic agitation at 45 ◦C for 10 min until a
clear solution was achieved. The prepared stock solu-
tion was made daily, used freshly, and then stored
at ambient temperature (figure 2(A)). Boric acid was
dissolved in water at a concentration of 3% (w/v), and
then the solution pH was adjusted to⩾9.24 (equal or
greater than the pKa of boric acid) by dropwise addi-
tion of 1 M NaOH to obtain reactive tetrahydro bor-
ate anions (figure 2(B)). PS-JFC was first dissolved at
a concentration of 5% (w/v) in boric acid (pH⩾ 9.24)
by using an ultrasonic bath. An equal amount of WK
(5% w/v) was added to this solution, mixing gently
without foaming. To reduce brittleness and increase
film flexibility, glycerol, a plasticizing polyol, was
added to the protein solution at a concentration of
10% (v/v). To initiate the sol-gel reaction, rTEOS and
protein solution were mixed thoroughly at 1:10 (v/v),
respectively. The resulting mixture was left to rest at
room temperature overnight to complete the sol-gel

transformation and maturate the gel. The solid gel
was then mixed with pure water at a ratio of 1:4 and
exposed to ultrasound agitation until well-dispersion
was achieved. A volume of 5 ml from this mixture
was poured into round-shaped silicone molds. After
the solvent was evaporated by an incubator set at
constant temperature (40 ◦C) and relative humidity
(RH) (60%), The produced soft films were cured at
110 ◦C for 2 h to extract films easily from the mold
by eliminating excess glycerol (figure 2(C)). Finally,
a transparent, translucent, and brownish organic-
inorganic Si-B-WK/JFC hybrid film was achieved.
Similar reactions were repeated for sol-gel reactions
and filmproduction after preparing 10% (w/v) of ker-
atin and 5% (w/v) of collagen solutions in boric acid.
Thus, Si-B-WK and Si-B-JFC inorganic-organic films
were obtained as well. (figures 2(D) and (E)). The
network structure of the formed inorganic-organic
biohybrid films is given in figure 2(F). To improve
mechanical properties, all inorganic-organic hybrid
films were cross-linked for 2 h at room temperat-
ure by the EDC/NHS method, as described in our
previous study [12]. The mechanism of the coupling
reactions between keratin and collagen in the Si-B-
WK/JFC organic-inorganic biohybrid network is also
presented in figure 2(G). The coupling mechanism of
NHS/EDC is also detailed in the supporting inform-
ation file (SI-3, figure S1). The resulting films were
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Figure 2. An overview of the proposed synthesis method. Production of rTEOS in acidic media (A). Preparation of reactive
tetrahydroxy borate anions from boric acid in aqueous solution (pKa⩾ 9.24) (B). Schematic illustration of all organic-inorganic
biohybrid film production processes via sol-gel reaction (C). Macro images of sol-gel transformation (D), organic-inorganic
biohybrid films (E) and crosslinked with NHS/EDC coupling reactions organic-inorganic biohybrid films (H). The possible
network structure of organic-inorganic Si-B-WK/JFC biohybrid film before (F) and after (G) crosslinking with NHS/EDC.
Abbreviations: WK (wool keratin), JFC (jellyfish collagen), UPW (ultra-pure water), Si-B-JFC (silicon-boron-jellyfish collagen),
Si-B-WK (silicon-boron-wool keratin), Si-B-WK/JFC (silicon-boron-wool keratin/jellyfish collagen).

washed withMilli-Q water under ambient conditions
to remove any residue or excessive reagents. More
durable and flexible biohybrid films (figure 2(H))
were stored in a humid environment as they could be
more fragile, particularly at lower relative humidities.

2.5. Physicochemical examinations of
organic-inorganic biohybrid films
For the investigation of the chemical structures in
the resulting hybrid films, attenuated total reflect-
ance Fourier transform infrared spectroscopy (ATR-
FTIR), solid state 29Si Cross-PolarizationMagic Angle
Spinning (CP-MAS), and 11B MAS nuclear mag-
netic resonance (NMR) spectroscopy and x-ray dif-
fraction (XRD) analysis were carried out. Brunauer–
Emmett–Teller (BET) and Barrett–Joyner–Halenda
(BJH) methods were conducted to determine the
total surface area of solid biohybrid materials. The
thermal behavior of the samples was also invest-
igated using a thermogravimetric analyzer (TGA
8000, Perkin Elmer, USA). Surface morphology and
elemental mapping of hybrid films were investig-
ated using scanning electron microscopy (SEM) and

energy dispersive x-ray analysis (FE-SEM JFM 7100F
EDS) JEOL, Japan). Related analysis methods can
be found in the supporting information file (SI-
4). Mechanical properties such as Young’s mod-
ulus, strain at break, and ultimate strength were
determined by applying a uniaxial tensile test of
biohybrid films on a micromechanical testing device
(UniVert, CellScale Biomaterials Testing) with a 50 N
load cell. A biohybrid film with a rectangular shape
in a wet form (width: 12 mm, length: 14 mm,
thickness: 0.2 mm) was placed between the two
jaws of the device, and the tensile stiffness of the
sample was determined by applying a strain rate
of 0.16 mm s−1 until breaking occurred. Real-time
images were captured using a tripod camera (HD
1080p, Logitech) at a frequency of 5 Hz throughout
the measurement process. At the end of the measure-
ment, the stress-strain curve, an essential graphical
measure of a material’s mechanical properties, was
obtained by processing the force and displacement
data. The calculation regarding Young’s modulus val-
ues can be found in the supporting information file
(SI-5, figure S2).
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2.6. In vitro enzymatic biodegradation study
Striking a balance between resorption of the scaf-
folds and remodeling is crucial for tissue engineer-
ing applications. To track the resorption rate and the
in vitro behaviors of the composite films, a degrada-
tion assay was conducted using protease treatment as
previously described by our group [12]. Briefly, initial
dry biohybrid films were weighed (mi) and soaked in
Tris-HCI buffer (0.02 M, pH 8.0) containing preser-
vatives (sodium azide 0.05%, w/v) and proteinase K
(0.01%, w/v). Samples were incubated in the enzyme
solution at 37 ◦C for 3 and 6 d. At the end of each
time point, the samples were removed, washed, lyo-
philized, and reweighed (mf). The resorption rate was
calculated using the equation given below:

Weight Loss (%) =
[
(mi) –

(
mf

)
/(mi)

]
× 100.

2.7. In ovo CAM assay and characterizations
Chicken in ovo CAM assay was conducted to exam-
ine the effects of inorganic-organic hybrid films on
angiogenesis and biological activity. To this end, as
applied in our previous studies [20, 21], freshly fer-
tilized chicken eggs purchased from a local provider
(Çanakkale, Türkiye) were cleaned, disinfected with
ethanol, and placed vertically in the rotating tray
inside an egg incubator (Brinsea Ovation 28 Advance
Ex, U.K.). Eggs were then incubated at 37.5 ◦C and
60% RH while rotating every 120 min. On the third
day of embryonic development (EDD3), an open-
ing was created at the top of the egg. Sterile para-
film was placed over the newly opened window to
prevent contamination or desiccation of the egg con-
tents. The eggs were then incubated in the egg tray in
a stagnant position until material implantation. The
embryos’ survival rates were checked daily. On EDD7,
sterile samples were placed between the prominent
veins on the CAM surface using a stereomicroscope
(Stemi 305, Zeiss) with a digital camera (Axiocam
105 color, Zeiss). Macroscopic images of the grafted
embryos were captured on EDD7 and EDD10. The
images were analyzed using ImageJ 1.51j8 (National
Institutes of Health, Bethesda, MD, USA) to meas-
ure the vascular density of a 1 mm imaginary bound-
ary drawn around the material on the CAM surface.
Angiogenic response was evaluated using the vascu-
lar index, which is obtained from the ratio of vas-
cular density at EDD10 to EDD7. The experiment
was terminated after all imaging processes were com-
pleted at EDD10. The materials were excised with
the CAM by leaving a 1 cm space around them.
The resulting CAM-material complexes were used
for SEM and histological analyses (sectioning and
routine hematoxylin and eosin staining). For this pur-
pose, all necessary processing stepswere carried out as
described in our previous study [21]. Until the 15th
day of their development, it is generally accepted that

chick embryos do not suffer pain. Moreover, in many
countries, they are not recognized as living animals
before the 17th day of their embryonic development
[22, 23]. Therefore, ethics approval is not required
because all experiments were accomplished within
10 d.

2.8. Statistical analysis
Quantitative assays were performed in triplicate
for all experiments. The data were presented in
Microsoft 365 Excel as the mean ± along with
the standard deviation of the variables. Variations
between the groups were assessed using OriginPro®

2023b (Origin Lab Corporation, MA, USA) software,
employing a one-way analysis of variance followed
by Tukey’s test. When p-values were ⩽0.05, the dif-
ference between groups was considered significant
statistically.

3. Results and discussion

3.1. Biochemical evaluations
In our previous study [12], human hair keratin was
extracted by sulphitolysis reaction, and the biochem-
ical characterization of the resulting low molecu-
lar weight (Mw) keratin extracts was investigated in
depth. In this study, sheep WK, which has struc-
turally similar properties to hair keratin [24], was
extracted with the same method. According to Lowry
protein analysis, the WK content in the dialysate
was 8.81 ± 0.10 mg ml−1, and the yield based on
dry weight was about 40%. As known, during the
sulphitolysis reaction, the disulfide bonds in the ker-
atin structure are cleaved, and bunte salt (cysteine-
S-sulfonate anions) and cysteine-thiol (cysteine-SH)
are formed [25, 26]. A small number of reactive-
SH groups can contribute to gelation by forming
hydrogen bonds during the sol-gel reaction [27].
These groups were determined by the reactions with
Ellman’s reagent, and the amount was found to be
0.067 ± 0.009 mmol SH mg−1 keratin. Findings
regarding the content of keratin and free-SH groups
are similar to our previous study [12]. Additionally,
we performed SDS-PAGE and matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF,
Bruker Daltonics, Microflex LT, USA) analysis to
determine the Mw distribution of keratin hydrolys-
ates more accurately. As a result of our findings, we
stated that keratinwas obtained into small fractions of
2–3 kDa in size because of the highly alkaline environ-
ment used during the sulfitolysis reaction. However,
many different-sized keratin fragments provide more
active groups to trigger sol-gel reactions. In addi-
tion, the sulphitolysis method has the potential to
be used in tissue engineering and cosmetic applica-
tions, as it is cheap, non-toxic, and has a short reac-
tion time [12].
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On the other hand, PS-JF content in the dia-
lysate was 16 mg ml−1, and the dry extract yield
was also determined to be 93.5%, which shows a
higher collagen recovery yield than our previous
studies [17, 18]. The proposed modified method is
ideal for PS-JF extraction with higher efficiency in a
shorter time. Additionally, SDS-PAGE, hydroxypro-
line, and amino acid content analysis for the PS-JFC
were performed and well-discussed in the mentioned
studies.

3.2. Synthesis of organic-inorganic biohybrid films
and physico-chemical evaluations
During the inorganic-organic hybrid film synthesis
carried out via sol-gel reactions, the concentrations
of solutions containing SW, PS-JFC, andWK/PS-JFC
mixtures were adjusted at a concentration of 10%
(w/v). However, Si-B-JFC biohybrid films containing
10% (w/v) of collagen and 10% (v/v) glycerol exhib-
ited fractured surface morphology during solvent
evaporation and curing processes. Therefore, the
optimum amount of collagen for relatively smooth
and stable film synthesis was investigated and determ-
ined as 5% (w/v). Physiochemical characterizations
were performed after completing the production and
optimization processes of biohybrid films.

FT-IR, NMR and XRD analyses were performed
for the structural characterization of all samples.
The FT-IR spectra of the WK and PS-JFC extracts
and organic-inorganic biohybrid films are shown in
figure 3(A). The peak of Amide A associated with
the stretching vibration of N–H bonds was found
between 3200–3400 cm−1. Prominent characteristic
bands helpful in explaining the conformational struc-
tures of proteins and polypeptides are amide I, amide
II, and amide III bands seen in the infrared spec-
tra. Bands that fall in the 1600–1700 cm−1 range
relate to the Amide I, demonstrating the stretch-
ing vibration of the C=O bonds. Amide II band
in the 1500–1600 cm−1 range arises primarily from
N–H bending and C–H stretching vibrations. The
Amide III band, susceptible to the helical structure,
in the range of 1200–1300 cm−1, belongs to the C–N
and C–C stretching absorptions and N–H and C–
O bending absorptions [13, 17, 28]. In the spectra
of the inorganic-organic biohybrid films, bands at
1090 cm−1 corresponding to the Si–O–Si asymmetric
vibration provide evidence of TEOS being bonded to
the structure [29]. Peaks at 1345 cm−1 and 1190 cm−1

belonging to B–O stretching and B–OH vibration
indicate that boron has been incorporated into the
polymeric network. The weak bands at 880 cm−1

indicate the presence of Si–O–B bonds, and absorp-
tions at 810 cm−1 and 637 cm−1 are related to sym-
metric B–O–Si and asymmetric B–O–B bond vibra-
tions, respectively [30, 31]. The appearance of new
bands relating to boron and silicon compounds in

the inorganic-organic hybrids shows that sol-gel reac-
tions were successfully carried out.

Solid state 29Si and 11B NMR spectra of Si-
B-WK/JFC hybrid films are given in figures 3(B)
and (C). Three characteristic types of active cen-
ters, named geminal groups (Q2; chemical shift
δ = −91 ppm), free and bonded groups (Q3; chem-
ical shift δ = −101 ppm), and siloxane groups
(Q4; δ = −110 ppm), are identified in the 29Si-
CP-MAS NMR spectra of organic-inorganic hybrid
molecules synthesized via sol-gel reactions [11, 12,
32]. The Q4 characteristic peak belonging to silox-
ane bonds (Si(OX)4, X = Si, and B) was observed
at approximately −110 ppm [33]. The chemical shift
at −98.815 ppm refers to the Q3 peak resulting
from Si(OX)3OR (functional groups such as X = Si,
R= –OH, –NH2, –SH) bonds [11]. This peak mainly
exhibits the Si–O–R bonds formed due to reac-
tions between rTEOS and functional groups in the
WK/JFC.

11B MAS NMR spectra contain trigonal (BO3

groups, 3B) and tetrahedral (BO4 groups, 4B) boron
species. A narrow peak, usually at 0 ppm, represents
tetrahedral boron species (B-(OSi)4) surrounded by
silicon atoms. However, when the boron atoms in the
4B structure are replaced by silicon atoms, a chem-
ical shift of 2–3 ppm is observed. Therefore, a dis-
tinct peak seen in the spectrum around 3.757 ppm
corresponds to 4B-(2B, 2Si) or 4B (1B, 3Si) species
[12, 32, 34]. The other three distinct peaks seen
in the spectrum belong to 3B species. The differ-
ent chemical shift values at 11.5 ppm, 15.6 ppm,
and 17.29 ppm represent B(OSi)3, B(OSi)2OH, and
BOSi(OH)2 structures, respectively. As can be seen
in figure 3(C), as the number of B–O–Si bridges
increases, the chemical shift values of trigonal boron
decrease. It can also be seen that as the chemical shift
values increase, the silicon content in the structure
decreases [12, 34, 35].

XRD analysis was carried out to elucidate the
materials’ crystallinity degree; the results are shown in
figure 3(D). The amorphous peak at about 2θ = 20◦

belongs to the β-sheets structures in WK and PS-
JF extracts [36, 37]. However, the characteristic peak
around 2θ = 9◦ related to a-helix structures was not
observed in the XRD pattern of the WK extracts.
This might be explained by damage to the pro-
tein backbone and these structures during extraction
[37]. On the other hand, the broadband centered at
2θ = 20–25◦ in the inorganic-organic hybrid mater-
ials patterns represents the amorphous structure of
silica. Additionally, the peaks at 2θ = 43◦ and 62◦ are
characteristic peaks that prove the incorporation of
the boron in the structure [38].

Thermal analyses of WK, PS-JFC, and sol-gel
based inorganic-organic hybrid films have been stud-
ied, and the resulting thermograms are given in
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Figure 3. ATR-FTIR spectra (A), XRD patterns (B), 11B MAS NMR (C), and 29Si MAS NMR (D) spectra and thermograms (E) of
organic-inorganic biohybrid films.

figure 3(E). The mass losses seen in the curves
of all samples at temperatures below approxim-
ately 100 ◦C indicate the removal of structurally
bonded water. The thermal degradation curves of
WK and PS-JFC are relatively similar and appear

to lose about 80% and 60% of their mass weight,
around 600 ◦C. Thermograms show that WK has a
weaker structure than PS-JFC, as it undergoes more
thermal degradation at the same temperature. This
explains why the thermal stability of the Si-B-JFC
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Figure 4. Assessment of robustness of organic-inorganic biohybrid films by using uniaxial tensile test. Real-time images of the
biohybrid films at the breakpoint during the tensile test (A). Tensile stress/strain curve (B).

composite film decreases with the addition of WK
[17]. Furthermore, mass losses at 600 ◦C for Si-
B-WK, Si-B-JFC, and Si-B-WK/JFC are 50%, 30%,
and 40%, respectively. Compared to WK and PS-
JFC extracts, the increased thermal stability of the
inorganic-organic hybrid films produced is evidence
of successfully incorporating the boron and silicon
into the polymeric network through sol-gel reactions.

Specific surface area and porosity parameters of
hybrid films were investigated using the BET and BJH
techniques. The data in table S2 clearly shows that
the Si-B-WK/JFC film had a larger surface area than
the Si-B-WK film. Thus, the results uncover a more
comprehensive interconnected porous network was
formed with the incorporation of PS-JFC into the
hybrid films.

A higher surface area is generally associated with
superior wettability. This characteristic, in turn, pro-
motes the initial stages of cell adhesion, proliferation,
and differentiation [39].

Moreover, we compared the mechanical proper-
ties of the single-component filmswith their compos-
ite counterparts. Wet films were used for these ana-
lyses as the film is too brittle to be subjected to the
tensile deformation tests. Uniaxial tensile tests were
performed until the point of breakages as shown in
figure 4(A), and the force-displacement data were
recorded for each hybrid film.

The tensile stress and Young’s modulus of freest-
anding inorganic-organic hybrid films were meas-
ured. The results are shown in figure 4(B). As can be
seen in the stress–strain curves, the ultimate tensile
stress was 38.40, 257.99, and 282.36 kPa for the Si-
B-WK/JFC, Si-B-WK, and Si-B-WK/JFC biohybrid
films, respectively. The Si-B-WK/JFC biohybrid films

displayed a noticeable increment in Young’s modu-
lus compared to Si-B-WK and Si-B-JFC. Strain at
break percentage was also determined to assess the
deformation behavior of the hybrid films (table S1).
Based on the stress-strain curve, Si-B-WK/JFC film
was considered the most robust as it exhibited a max-
imum stress value of 282.36 kPa and a strain value of
18.45% at the breaking point. Zuniga et al made the
collagen/keratin multi-protein hydrogels and repor-
ted that the critical factor influencing the enhance-
ment in mechanical strength of the composite mater-
ial is the collagen concentration rather than keratin
concentration [40]. Glycerol is a prevalent plasticizer
in producing proteinaceous films, employed in con-
centrations of 15%–50% parallel to protein mass.
Its role is to enhance film flexibility by mitigating
intramolecular and intermolecular attraction forces,
thereby facilitating the mobility of polymeric chains
[41]. However, some studies on the effect of adding
glycerol on the mechanical properties of keratin and
collagen-based films have reported that as the num-
ber of glycerol increases, the tensile strength decreases
while the elongation at a break increase [42, 43]. In
the work presented here, Si-B-WK/JFC film exhib-
ited lower mechanical properties than Si-B-WK film.
Combining the resultsmentioned above, two possible
explanations arise for this phenomenon. The first
explanation is that the protein amount in the Si-B-PS-
JFC film is halved (5% w/v), and the second explana-
tion is the use of excess glycerol despite the low pro-
tein amount. A previously publishedwork established
that the marine source collagen film with 2% (w/v)
of glycerol and collagen had the 200 kPa maximum
tensile stress [44]. In another study, wool-sourced
keratin film was fabricated without adding glycerol,
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and the maximum tensile stress was 486 kPa [45].
Considering the excess glycerol used in our study,
the mechanical properties of our inorganic-organic
hybrid Si-B-WK/JFC films containing collagen and
keratin align with the findings from the mentioned
studies. In addition, it can be said that incorporating
-Si and -B elements in biohybrid films positively con-
tributes to mechanical strength.

3.3. In vitro biodegradation study
Biomaterials with suitable degradation rates are good
candidates for regenerative processes. Tracking of
degradation rates provides essential clues to predict
the behavior of materials in vivo. To this end, the
biodegradability of the inorganic-organic biohybrid
films was determined by following a protease treat-
ment for 3 and 7 d of incubation. Obtained results are
summarized as a percentage of weight loss in table S2.
The total weight loss of B-Si-WK, Si-B-JFC, and Si-B-
WK/JFC inorganic-organic hybrid films were found
to be 15± 1.15%, 57.21± 6.57% and 39.41± 2.53%
on day 3, respectively. On the other hand, it was seen
that the weight loss of the same hybrid films increased
significantly after 7 d of incubation and the highest
increase was in the collagen film, with a mass loss
rate of 81.99 ± 2.52%. Increasing structural features,
such as porosity, hydrophilicity, and total surface area
in the biomaterials, increase the water uptake capa-
city, rendering the biomaterial more susceptible to
hydrolytic attacks [12, 46]. Considering the relation-
ship between increasing total surface areas and biode-
gradation rates of hybrid films, we can conclude that
the results are consistent.

3.4. SEM-EDS observations
SEM-EDS technique was used to evaluate the sur-
face morphology and elemental composition of the
inorganic-organic hybrid films. SEM micrographs
at 250x and 50000x magnifications are given in
figure 5(A). All hybrid films displayed a rough
appearance and uniform distribution over the sur-
face. In the EDS spectrum, the atomic mass per-
centages of the elements on all hybrid film surfaces
are similar regarding carbon, oxygen, and nitrogen,
which proves proteinaceous content. Additionally,
both Si-B-WK and Si-B-WK/JFC inorganic-organic
biohybrid films also exhibit composition of 0.5%
sulfur, indicating keratin content in the structures.
Furthermore, boron and silicon were detected in
the EDS spectrum of all the hybrid films, proving
that the organic-inorganic network within the hybrid
films successfully occurred through sol-gel reactions.
On the other hand, the elemental mapping for all

inorganic-organic hybrid films given in figure 5(B)
shows the distribution of boron and silica atoms over
the surface is homogeneous.

3.5. In ovo CAM assay
The CAM assay is a well-known in vivo system to
study the effects on both pro- and anti-angiogenic
response and biocompatibility of materials for regen-
erative strategies and tissue engineering applic-
ations. Furthermore, a straightforward observa-
tion of angiogenesis was performed by macro-
scopic, microscopic, and histological evaluation of all
biohybrid films using the CAM assay in vivo animal
model (figures 6(A)–(D)). Stereomicroscopic images
revealed that transparent biohybrid films seen on the
CAM surface in EDD7 maintained their structural
integrity although swollen slightly in the aqueous
environment after the 3 d of incubation (EDD10).

ImageJ software was used to calculate the dens-
ity and index of newly formed vessels in a designated
area around the biohybrid films. By using the bin-
ary images with a black-white scale, the blood vessel
density index for the Si-B-WK, Si-B-JFC, and the Si-
B-WK/JFCwas calculated as 1.8± 0.092, 3.02± 0.041
and 2.89± 0.054, respectively. Based on the statistical
analysis, there were no significant differences between
the vascular index values of Si-B-WK/JFC and Si-B-
JFC biohybrid films. However, the vascular index was
increased significantly with the inclusion of collagen
in the biohybrid structure.We reasoned that the Si-B-
WK/JFC biohybrid films with a high surface-area-to-
volume ratio provide more interconnections for cel-
lular infiltration and vascular formation. Moreover,
collagen, the primary component of the dermis, pro-
motes growth and endothelial cell proliferation and
migration [47]. This explains why a higher vascular
index is observed in collagen-containing hybrid films.

SEM micrographs indicated that all biohybrid
films supported blood cell adhesion, migration,
and proliferation. On the other hand, microvas-
cular networks were also observed on the sur-
faces of inorganic-organic biohybrid films containing
collagen.

Hematoxylin and eosin staining were applied to
investigate cellular structures in the CAM-biohybrid
film tissue sections. The histological appearance
revealed that the cell infiltration and development
increased in the CAM-biohybrid film complex com-
pared to the negative control groups. In addition,
there was no evidence of acute or chronic inflam-
mation, necrosis, or other unfavorable tissue in the
biohybrid film-CAM complex, proving that the films
were biocompatible [48].
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Figure 5. The SEM micrographs at X250, X50000 magnifications and EDS spectra (A), and elemental mappings (B) for silicon
(red) and boron (green) of the organic-inorganic biohybrid films surfaces.
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Figure 6. Assessment of biocompatibility and proangiogenic properties of inorganic-organic biohybrid films. Stereomicroscopic
and image j software illustrations obtained from in ovo CAM assay. Black arrows show the transparent biohybrid films on the
CAM surface. Scale bars represent 2000 µm (A). Blood vessel vascular index graph (B). SEM images at various magnifications
(X50, X250, X500, X1000, X1500). Yellow arrows and an inset micrograph (X250) indicate micro vessels on the film surfaces. Cell
clusters are also seen on surfaces and lateral sections of the films (C). H&E staining. Compared to control groups, cell infiltration
and formation of blood vessels (represented as black arrows) are seen in CAM-biohybrid complex tissue sections at the EDD10.
Scale bars represent 50 µm (40X) and 100 µm (10X).

4. Conclusions

The work presented here demonstrates the synthesis
of organic-inorganic hybrid films incorporating sil-
icon and boron through a practical sol-gel method.
Proteinaceous organic biopolymers served as mac-
romolecular soft templates for pore formation due

to their containing reactive functional groups (–OH,
–COOH, –NH2). These reactions, utilizing rTEOS
as a silica precursor, were based on forming cross-
links between B-Si structures and mixtures of kerat-
in/collagen proteins. Within this framework, the syn-
thesis of inorganic-organic hybrid films containing
Si-B-WK and Si-B-JFC was conducted to explore the
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influence of keratin and collagen in composite films.
An in-depth investigation of all synthesized films’
structural and mechanical properties was performed.
Structural characterization revealed successful syn-
thesis of the inorganic-organic polymeric network.
Comparing the results of tensile tests performed to
determinemechanical properties with literature find-
ings, it was observed that adding glycerol increased
the films’ elongation. However, it also led to a signi-
ficant reduction in their tensile strength. Despite the
considerably higher glycerol used in our study, the
obtained tensile strength values align with the liter-
ature findings, suggesting a positive contribution to
mechanical strength from the incorporated B-Si net-
work in the structure. The network of blood vessels
is an essential component of the tissue environment,
delivering nutrients and oxygen to neighboring cells.
In ovo CAM test was conducted to assess biocom-
patibility and pro-angiogenic properties. Histological
and microscopic evaluations revealed increased cell
adhesion, proliferation, and migration on all syn-
thesized biohybrid structures, with no observed
adverse effects. Based on the results above, we con-
cluded that the Si-B-WK/JFC composite inorganic-
organic hybrid films exhibited superior specifications
thanks to the incorporation of collagen. Collectively,
these characteristics demonstrate that the optim-
ized composite inorganic-organic biohybrid Si-B-
WK/JFC films could serve as a promising biomaterial
for soft tissue engineering applications, particularly in
wound healing. Nonetheless, further investigation is
necessary for this specific application.
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