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Abstract 

In this study, we aimed at constructing  polycaprolactone (PCL) reinforced keratin/bioactive glass composite scaffolds 
with a double cross-linking network structure for potential bone repair application. Thus, the PCL-keratin-BG com-
posite scaffold was prepared by using keratin extracted from wool as main organic component and bioactive glass 
(BG) as main inorganic component, through both cross-linking systems, such as the thiol-ene click reaction between 
abundant sulfhydryl groups of keratin and the unsaturated double bond of 3-methacryloxy propyltrimethoxy silane 
(MPTS), and the amino-epoxy reaction between amino groups of keratin and the epoxy group in (3-glycidoxymethyl) 
methyldiethoxysilane (GPTMS) molecule, along with introduction of PCL as a reinforcing agent. The success of the 
thiol-ene reaction was verified by the FTIR and 1H-NMR analyses. And the structure of keratin-BG and PCL-keratin-BG 
composite scaffolds were studied and compared by the FTIR and XRD characterization, which indicated the successful 
preparation of the PCL-keratin-BG composite scaffold. In addition, the SEM observation, and contact angle and water 
absorption rate measurements demonstrated that the PCL-keratin-BG composite scaffold has interconnected porous 
structure, appropriate pore size and good hydrophilicity, which is helpful to cell adhesion, differentiation and prolifera-
tion. Importantly, compression experiments showed that, when compared with the keratin-BG composite scaffold, 
the PCL-keratin-BG composite scaffold increased greatly from 0.91 ± 0.06 MPa and 7.25 ± 1.7 MPa to 1.58 ± 0.21 MPa 
and 14.14 ± 1.95 MPa, respectively, which suggesting the strong reinforcement of polycaprolactone. In addition, the 
biomineralization experiment and MTT assay indicated that the PCL-keratin-BG scaffold has good mineralization abil-
ity and no-cytotoxicity, which can promote cell adhesion, proliferation and growth. Therefore, the results suggested 
that the PCL-keratin-BG composite scaffold has the potential as a candidate for application in bone regeneration field.
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1 Introduction
In recent years, people pay more and more attention to 
bone defects due to traffic accidents, sports injuries and 
diseases [1–3]. Bone tissue engineering is promising 
and rapidly developing for application in bone repair, in 
which scaffold plays a crucial role by acting as a template 
for promoting the cell differentiation and growth within 
bone defects. In order to obtain scaffold materials with 
good biological properties to meet the requirements of 
bone regeneration, biomimetic bone composites con-
taining inorganic and organic components are usu-
ally prepared by mimicking the chemical components 
in natural bones. Organic components used in general 
include natural polymers such as gelatin[4], collagen[5], 
sodium alginate [6] and chitosan [7–9], and synthetic 
polymers like polylactic acid [10], polyethylene glycol 
[11], poly(lactic-co-glycolic) acid [12] and polycaprol-
actone [13]. Among them, the preparation of composite 
bone scaffold materials based on collagen and its deriva-
tive gelatin is the most extensive and in-depth research 
[4, 14–16], because collagen is the main organic com-
ponent of natural bone. Nevertheless, the high cost, 
poor mechanical strength, rapid degradation of collagen 
limit its practical applications. Therefore, it has become 
one of the important research directions to explore new 

alternative materials. In addition, polycaprolactone 
(PCL), as a synthetic polymer, is widely used to prepare 
composite scaffolds for bone repair [17, 18] because of 
its low cost, good mechanical properties and no toxicity. 
However, hydrophobicity and lack of functional groups 
that for cells growth and proliferation limit its interac-
tions between cells. Fortunately, these problems could be 
solved by modifying PCL with hydrophilic materials to 
enhance its cell compatibility and bone regeneration abil-
ity [19]. Furthermore, as it is well known, the mechani-
cal strength of scaffolds for bone repair is very important, 
but its great improvement is still a challenge. Therefore, 
it is worth noting that it is a good and promising strategy 
to combine the excellent cytocompatibility of hydrophilic 
natural polymer with the excellent mechanical properties 
of synthetic polymer.

Keratin, as the main component of wool, hair, nails 
hooves, feathers and horns, is one of the most abundant 
protein sources, and has found diverse applications [20]. 
It has biological activity and biodegradability and is a 
promising substitute for collagen which is usually used as 
an organic component for preparing bone repair scaffold 
materials. This is because that keratin has unique signal 
motifs, such as leucine-aspartic acid-valine (LDV) and 
glutamate-aspartic acid-serine (EDS) peptide domains, 
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which make cells adhere well [21], and keratin contains a 
large number of functional groups, such as amino group 
and carboxyl group, especially abundant intramolecular 
and intermolecular disulfide bonds, which provide active 
reaction sites for modification according to needs [22]. In 
recent years, Some researches on keratin-based scaffolds 
for bone tissue regeneration have been reported. For 
example, keratin/jellyfish collagen/hyaluronic acid scaf-
fold prepared by freeze-drying method enabled better 
cell adhesive, improved the multilineage differentiation 
ability and cell proliferation, and had better osteointegra-
tion potential [22]. With poly(3-hydroxybutyrate) (PHB) 
and keratin as raw materials, the biomimetic scaffold 
with high porosity and hydrophilicity prepared by elec-
trospinning exhibited improved hydrophilicity, in  vitro 
degradability and significantly increased cell viability, 
which is due to the addition of keratin [23]. In addition, 
compared with the pure polylactic acid (PLA) membrane, 
the electrospun membrane using both keratin and PLA 
also showed improved cellular attraction owing to the 
addition of keratin [24]. Obviously, these reports prove 
that keratin is beneficial to improve the cell adhesion 
and hydrophilicity of composite scaffolds for bone repair. 
Interestingly, the existence of plenty of disulfide bonds 
and sulfhydryl groups offer more opportunities for kera-
tin to be modified and functionalized by thiol-ene reac-
tion [25]. The thiol-ene reaction can performed under 
mild reaction condition, is high efficiency and insensitiv-
ity to oxygen, and has high yield and no potential harm-
ful by-products, therefore it is usually used in the field of 
biomedical materials [26–28]. For example, the surface 
of poly(globalide-co-ε-caprolactone) (PGlCL) nanoparti-
cles containing double bonds can be functionalized with 
bovine serum albumin (BSA) by thiol-ene click chemis-
try, producing conjugates by covalently binding BSA to 
PGlCL [27]. In particular, Li [28] synthesized keratin-g-
PEG copolymers through thiol-ene click chemistry using 
keratin extracted from wool and poly(ethylene glycol) 
methyl ether methacrylate (MPEGMA) catalyzed by 
potassium persulfate. Considering that 3-methacryloxy-
propyltrimethoxysilane (MPTS) has an alkenyl structure 
similar to MPEGMA, it is an electron-rich olefin, and for 
the thiol-ene click reaction, the reaction speed of elec-
tron-rich olefin is faster than that of electron-deficient 
olefin. Therefore, although few report on the thiol-ene 
click reaction of MPTS and keratin under the thermal 
initiator, it can be conceived that MPTS can undergo 
thiol-ene reaction with keratin, which will be performed 
in this study.

As for the inorganic component, hydroxyapatite is 
often used for preparing composite scaffolds for bone 
regeneration, because it is the main inorganic component 
of natural bone. However, bioactive glass (BG) has been 

proved to be an ideal inorganic component for prepar-
ing bone repair scaffolds [29], which has attracted great 
attention recently because of its excellent bioactivity, 
biocompatibility, biodegradability, bone bonding ability 
[30], and enhanced biomineralization ability to promote 
osseointegration and low biotoxicity [31]. Considering 
that the mechanical properties of bone repair scaffolds 
are one of the vital factors for new bone formation and 
reconstruction, and the improvement of interfacial com-
patibility between components in composites is helpful 
to enhance mechanical properties, therefore coupling 
agents with multi-functional groups are often used to 
solve the problems. For example, the porous composite 
scaffold (BG-Gel-CNC) constructed by freeze-drying 
technology exhibited improved mechanical properties, 
which is due to the use of γ-glycidoxypropyltrimethoxy 
silane (GPTMS), a silane couple agent, to enhance the 
compatibility among components including gelatin (Gel), 
cellulose nanocrystals (CNC) and bioactive glass (BG). 
The principle is that the epoxy groups in GPTMS mol-
ecule reacts with the amino groups in gelatin, and simul-
taneously the Si–OH groups produced by hydrolysis of 
Si-OR groups in GPTMS reacts with the Si–OH groups 
in BG [16]. Ziba Orshesh [32] also prepared gelatin/
sodium alginate/45S5 BG scaffold using GPTMS as a 
cross-linking agent, and the similar results were obtained. 
Keratin contains lots of amino groups similar to collagen 
and its derivative gelatin. This strategy of using cross-
linking agents such as GPTMS to enhance the interface 
interaction between inorganic and organic components 
and further improve mechanical properties could also be 
carried out when preparing composite scaffolds for bone 
repair.

On the other hand, PCL is widely used in bone tissue 
engineering to enhance the mechanical strength of scaf-
folds due to its good mechanical properties and biodeg-
radability [33, 34], despite its limited cell affinity due to 
its hydrophobicity and lack of surface cell recognition 
sites. However, PCL-protein composite materials, when 
appropriately constructed, could integrate the favorable 
biological properties of protein and favorable mechani-
cal properties of PCL [35–38]. Keratin-PCL composite 
nanofibers [37] fabricated by an electrospinning tech-
nique showed great increase in mechanical properties 
due to the introduction of PCL, and the larger the PCL 
content is, the stronger the mechanical strength. In other 
words, the Young’s modulus and tensile strength break-
ing strength of the keratin-PCL composite nanofibers 
increased greatly with the increase of PCL content. In 
addition, the compressive strength of electrospun PCL/
PEG film-coated 45S5 BG scaffolds (made by foam rep-
lication technology) increased significantly, about 2–5 
times higher than that of the pure BG scaffold [39]. These 
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studies have great reference significance for the prepara-
tion of keratin/BG hybrid scaffold materials reinforced by 
using PCL.

Non-toxicity, low immunogenicity, good biocompat-
ibility, biodegradability, porosity and mechanical prop-
erties matching with real bone are requirements of 
composite scaffold materials for bone repair. Considering 
that keratin has no cytotoxicity, good biocompatibility, 
biodegradability and easy modification, we proposed to 
construct a keratin/BG composite scaffold for bone repair 
by replacing collagen with keratin. In particular, in order 
to meet the requirements of the appropriate mechani-
cal properties, we first engineered a double cross-linking 
system, including thiol-ene reaction between keratin and 
MPTS, and amino-epoxy reaction between keratin and 
GPTMS, aiming at improving the interface interaction 
of keratin and BG due to the existence of Si–OH groups 
derived from Si-OR groups of both MPTS and GPTMS 
molecules. Secondly, in order to combine the excellent 
mechanical properties of PCL and the good biocompati-
bility of keratin to the composite scaffold, PCL was intro-
duced. In this study, porous PCL-keratin-BG composite 
scaffolds were prepared by in-situ sol–gel method and 
freeze-drying method. The chemical structure, porous 
morphology, hydrophilicity, compressive strength and 
biocompatibility of the prepared scaffolds were charac-
terized and analyzed. The double crosslinking system, 
especially the thiol-ene reaction aiming at improving the 
interfacial bonding between keratin and bioactive glass, 
was systematically studied, and the reinforcement effect 
of PCL on keratin/BG composite scaffold was discussed 
in detail. We expect that the idea of PCL to enhance the 
mechanical strength of keratin-based bone scaffold mate-
rials, as well as the strategy of introducing thiol-ene reac-
tions into keratin-based bone scaffold materials using 
thiol groups in keratin as reaction sites provide theoreti-
cal and practical support for the research and develop-
ment of keratin-based biomedical materials.

2  Materials and methods
2.1  Materials
Keratin and bioactive glass (BG) precursors were pre-
pared by the reduction extraction method from wool 
and the sol–gel method, respectively. The cytotoxic-
ity of extracted keratin was evaluated, and proved to 
be non-cytotoxic. Preparation and cytotoxicity evalu-
ation of keratin were shown in  1 and 2 of the  Addi-
tional file  1. The 3-methacryloxy propyltrimethoxy 
silane (MPTS), (3-glycidoxymethyl) methyldiethoxysi-
lane (GPTMS), polycaprolactone (PCL, MW ~ 60,000) 
were purchased from Chengdu Ding sheng Technology 
Co., Ltd. [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) came from Thermo Fisher 

Scientific, Inc. The L929 cell line was obtained from the 
Shanghai Cellular Institute of China Scientific Acad-
emy. Sodium hydrogen sulfite and potassium persulfate 
were supplied by Chengdu Ke Long Technology Co., 
Ltd. All reagents are used as they were received.

2.2  Fabrication of keratin‑BG and PCL‑keratin‑BG 
composite scaffolds

For the preparation of keratin-BG composite scaffold, 
the main processes are conducted as follows. In order 
to make the click reaction proceed effectively, firstly, 
the keratin powder was reduced by sodium bisulfite (the 
procedure for reduction of keratin was provided in  4 
of the Additional file 1) so as to obtain a thiol content 
(e.g. 3.8  mmol/g), then MPTS containing unsaturated 
double bonds (the same mole as thiol group), and ini-
tiator potassium persulfate (50% of thiol content) and 
sodium bisulfite (the same mole of potassium persul-
fate) was added to the reduced keratin solution to take 
the thiol-ene reaction at 50 °C for 15 h. After that, the 
reaction mixture was dialyzed, and then GPTMS con-
taining epoxy groups (50% of mass of keratin powder) 
was added for further reaction for 2  h. Subsequently, 
the BG precursor sol (twice the mass of keratin pow-
der) was added and stirring at 50 °C for 6 h. Finally, the 
composite mixture was moved to the specific mold and 
frozen at − 20 °C for 12 h and further freezing dried at 
− 57 °C for 48 h to obtain the keratin-BG scaffold.

For the PCL-keratin-BG scaffold, except that the PCL 
solution obtained by dissolving in dichloromethane was 
added when the reaction proceeded for 2 h after adding 
BG precursor, the other steps were the same as those of 
preparing keratin-BG scaffold. The preparation process 
of the composite scaffold is shown in Fig. 1.

3  Characterization
3.1  Analyses of chemical structure
3.1.1  Fourier transform infrared spectroscopy (FTIR)
Samples of keratin, MTPS, BG, keratin-BG and PCL-
keratin-BG were ground separately, pressed together 
with the KBr crystal, and characterized by FTIR 
(MAGNA IR560, Nicolet, USA), respectively. The scan-
ning wavenumber ranges from 500 to 4000  cm−1.

3.1.2  1H NMR
KH-570 was dissolved in chloroform, keratin and ker-
atin-MPTS were dissolved in  D2O. 1H NMR measure-
ments were recorded with a Bruker 400 MHz Advance 
NMR instrument (Bruker AV, Bruker, Switzerland) at 
25 °C.
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3.2  Morphology observation and porosity detection 
of scaffolds

3.2.1  Morphology observation
The cross-sectional morphology of scaffolds was 
observed by an JSM-5900LV(JEOL) scanning electron 
microscope at 15 kV. Firstly, the sample was brittle bro-
ken under liquid nitrogen, and then the cross section was 
sprayed with gold. The treated samples were put into the 
instrument to observe the whole picture of the sample 
under different multiples.

3.2.2  Porosity
Porosity was measured by liquid displacement method 
[16]. A small square sample of ~ 1  cm3 was immersed in 
anhydrous ethanol with a volume of V1 for 24 h. V2 was 
the total volume of the sample and anhydrous ethanol. 
After the sample was taken out of the measuring tube, 
the remaining absolute ethanol volume was V3. The for-
mula (1) for calculating the porosity of the sample is 
shown below.

3.3  Hydrophilicity testing
3.3.1  Contact angle
The surface wettability of the scaffold was analyzed by 
Video Optical Contact Angle (Dataphysics, Germany). 

(1)P =

V 1− V 3

V 2− V 3
× 100%

Samples was processed into a rectangular block, and 
placed in the designated position of the instrument. And 
4 μL double distilled water was used as indicator liquid, 
and 5 different points were selected for each sample to 
measure. Finally, the average value was acquired.

3.3.2  Water absorption
The water absorption capacity was measured according 
to the literature [48]. Cutting samples into a 1 cm × 1 cm 
square and recording its weight as W1, then soaking it in 
deionized water and taking it out at different time points. 
The surface of the square sample was slightly wiped, and 
then its weight was recorded as W2. The water absorp-
tion rate of the scaffold was calculated according to the 
following formula (2), and each sample was tested three 
times to calculate the average value and the variance.

3.4  Mechanical properties
Mechanical properties of the scaffolds were detected by 
INSTRON 5967 (Instron, USA) at room temperature. In 
dry state, the cylindrical sample was compressed to 80% 
at a compression rate of 1  mm/min. Each sample was 
tested five times in parallel, and the average value was 
calculated as the final result.

(2)W (%) =

(W2−W1)

W1
× 100%

Fig.1 Schematic illustration of preparation of PCL-Keratin-BG composite scaffold
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3.5  In vitro biological activity evaluation
3.5.1  In vitro mineralization experiment
Simulated body fluid (SBF) was prepared by the method 
described in the literature [40]. First, samples were cut 
into 1 × 1  cm2 square, and then put into centrifuge tubes 
containing SBF, and centrifuge tubes were placed in a 
shaker at 37  °C for in  vitro mineralization. The sam-
ples were soaked for 1, 3 and 7 days, then taken out and 
rinsed 3 times with deionized water. Finally, it was dried 
at 40 °C, and its mineralization effect in vitro was charac-
terized by SEM and EDS.

3.5.2  In vitro cell culture study
The cytotoxicity of the scaffolds was evaluated in  vitro 
by the MTT assay [35]. L929 fibroblasts were seeded in 
96-well tissue plates. Before sterilization, the samples 
were made into 3 × 3 square centimeters, and then they 
were co-cultured with 3  ml of culture medium (Sigma 
Aldrich) for 1 day. Then, 200  μL of the extractive medium 
was introduced into the 96-well plastic tissue plates. The 
culture conditions were kept constant with the tempera-
ture of 37 °C, 5%  CO2 and 95% relative humidity. At dif-
ferent time intervals (1 day, 3 days, and 5 days), the cell 
seeding plates were taken out of the incubator. And 20 μL 
of MTT was introduced to each well. After incubation for 
4 h, blue thyroxine crystals were formed. After dissolving 
the crystals with dimethyl sulfoxide, the plate was shaken 
in the dark for 15  min. Finally, absorbance values were 
measured at a wavelength of 490 nm by using microplate 
reader (ELX808IU, Bio-Tek, USA).

3.6  Statistical analysis
Samples were used in triplicate for water absorption test, 
five for porosity, mechanical properties and contact angle 
measurements, and four for biological experiments (i.e. 

MTT assay). The experimental results were expressed 
as mean value ± standard deviation (SD). Two-way 
analysis of variation (ANOVA) was used for statistical 
analysis using Origin Pro software (Origin Lab Corpora-
tion, Northampton, MA, USA). A significant difference 
between the scaffolds was considered at the p-value of 
less than 0.05 (p < 0.05).

4  Results and discussion
4.1  Characterization of chemical structure
4.1.1  Thiol‑ene click reaction
For the preparation of keratin-BG and PCL-keratin-BG 
composite scaffolds, the first step is the modification 
of keratin with MPTS via thiol-ene click reaction. Fig-
ure  2a showed the FTIR spectra of MPTS, keratin and 
their reaction resultant (keratin-MPTS). The spectrum of 
keratin showed that the absorption bonds at 3336  cm−1, 
1652   cm−1, 1543   cm−1, 1240   cm−1 were the character-
istic peaks of amide A, amide I, amide II and amide III, 
respectively [41]. And the characteristic peaks of MPTS 
were observed at 810  cm−1 and 1637  cm−1, which belong 
to the absorption bands of Si–C and C=C, respec-
tively. In particular, compared with keratin, in the spec-
trum of keratin-MPTS, the characteristic peaks of Si–C 
(800   cm−1) appeared, which indicated that the silicone 
segments of MPTS molecules were introduced to kera-
tin. It can also be found that the stretching vibration peak 
of the bond C=C (1637  cm−1) was weakened in keratin-
MPTS, which indicated that the double bonds partici-
pated in the thiol-ene reaction. Furthermore, the peak at 
1637   cm−1 was widened, which is attributed to that the 
amide I band of keratin fell the overlapping area of MPTS 
absorption. Importantly, the C–S–C stretching vibration 
peak appeared at 1156   cm−1, which indicated that the 
double bonds of MPTS have really reacted with the thiol 

Fig. 2 a FTIR and b 1H-NMR spectra of MPTS, keratin and keratin-MPTS
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groups in keratin. These results indicated that the thiol-
ene reaction of keratin and MPTS has been successfully 
carried out.

In addition, the success of the thiol-ene reaction was 
further confirmed by 1H NMR characterization (Fig. 2b). 
In the 1H NMR spectrum of keratin-MPTS, the peak at 
3.58 ppm was attributed to the protons of –CH2–CH2–
O– of MPTS, which is obviously due to the success of 
the thiol-ene click reaction of MPTS and keratin [28]. 
Besides, the signal at 4.7 ppm was ascribed to  D2O.

4.1.2  Structure of keratin‑BG and PCL‑keratin‑BG composites
From the FTIR spectrum of keratin (Fig.  3), it can be 
seen that a broad peak appeared at 3336   cm−1, which 
may be caused by the overlapping of –NH2 and –OH 
groups. However, in the spectrum of keratin-BG 
(Fig. 3), the peaks of stretching vibration peak of –OH 
(3442  cm−1) and –NH2 (3349   cm−1) were clearly sepa-
rated, and the peak intensity of –OH increased, but 
that of –NH2 displayed a tendency to decrease. This 
phenomenon is probably the reason that the increase 
of peak intensity of –OH groups may be caused by the 
introduction of BG, and the decrease of that of –NH2 
may be caused by the reaction of –NH2 with the epoxy 
group in GPTMS [16]. The peaks at 789   cm−1 and 
1075   cm−1 in the keratin-BG scaffold or PCL-keratin-
BG were attributed to the asymmetric stretching vibra-
tion of Si–O–Si bonds, which may be mainly due to the 
condensation between the Si–OH groups in BG and the 
Si–OH groups in MPTS or GPTMS [42]. Furthermore, 
the bands at 2924   cm−1 and 2856   cm−1 that ascribed 
to asymmetric and symmetric stretching vibration of 

–CH2– respectively [17], that appeared in the FTIR 
spectrum of PCL and PCL-keratin-BG as well (Fig. 3), 
which indicated that polycaprolactone was successfully 
introduced into the keratin-BG composite [38].

4.2  Porous morphology of keratin‑BG and PCL‑keratin‑BG 
scaffolds

Composite scaffolds for bone repair play an important 
role in creating space for the adhesion, growth and pro-
liferation of osteoblast cells and to provide channels for 
the transportation of nutrients and metabolic wastes 
during the repair of damaged or diseased bones. Inter-
connected pore structure is conducive to the adhe-
sion and proliferation of cells. It can be seen from the 
SEM images (Fig.  4a, b) that both the keratin-BG and 
PCL-keratin-BG scaffolds showed the interconnected 
porous structure. Especially, the surface of keratin-BG 
scaffold (Fig. 4a) was smoother, and the distribution of 
BG in the scaffold material was more uniform, which 
indicated that the compatibility between keratin and 
BG was better. This phenomenon may be explained 
as follows: on the one hand, the epoxy groups of the 
GPTMS could react with the amino groups in keratin 
to form covalent bonds, which is similar to gelatin-BG 
composite prepared by introducing GPTMS reported 
by Gao [16] and Ziba Orshesh [32]; and the sulfhydryl 
groups of keratin could react with the C=C bonds of 
MPTS through thiol-ene reaction. On the other hand, 
the hydrogen bonds would be formed, or co-condensa-
tion between the Si–OH groups of BG and the Si–OH 
groups of GPTMS or MPTS would lead to form Si–O–
Si bonds. As for the PCL-keratin-BG scaffold (Fig. 4b), a 
tightly packed structure was observed, which increased 
the roughness of the scaffold and would facilitate cell 
adhesion [54]. In Fig.  4c, d, the keratin-BG and PCL-
keratin-BG scaffolds showed the pore size range mainly 
concentrated in 65–165  μm and 100–220  μm, and the 
average pore diameter (Fig.  4e) about 126 ± 23.6  μm 
and 153 ± 27.8  μm, respectively. Many researchers 
determined the range to be above 100 μm when search-
ing for the ideal pore size. The average size of the 
human bone unit is 223 μm [43]. Clearly, the pore size 
fell within the size range (around 100–200 μm), which 
is favorable for cell proliferation and growth  [16, 44]. 
In addition, after the introduction of polycaprolactone, 
the porosity (Fig.  4e) of the PCL-keratin-BG scaffold 
decreased from 83.08 ± 3.2% of keratin-BG scaffold to 
72.12 ± 1.79%, which may be due to hydrophobicity of 
PCL. Nevertheless, the porosity of PCL-keratin-BG is 
still more than 70%, which could provide enough space 
for cell migration, proliferation and nutrient transfer 
[45, 46].

Fig. 3 FTIR spectra of BG, PCL, and keratin-BG and PCL-keratin-BG 
composites
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4.3  Hydrophilicity of scaffolds
Hydrophilicity is one of the important characteristics 
of tissue engineering scaffolds, which could enhance 
the cell attachment, proliferation, migration and vital-
ity. The smaller the water contact angle is, the stronger 
the hydrophilicity of the material surface is, and vice 
versa. Figure  5a showed that the contact angle of kera-
tin-BG scaffold material was 21.4 ± 1.14°, showing excel-
lent hydrophilicity. This is likely due to that keratin is 

hydrophilic biomaterial containing many hydrophilic 
groups such as amino and carboxyl groups, and bioac-
tive glass contains lots of hydrophilic hydroxyl groups 
[47]. On the contrary, PCL is hydrophobic material, 
which reduces the hydrophilicity and increases the con-
tact angle of the scaffold. As a result, the contact angle 
of the PCL-keratin-BG scaffold (31.8 ± 4.7°) increased 
slightly, which still maintained excellent hydrophilicity. 
The results indicated that the PCL-keratin-BG scaffold 

Fig. 4 SEM images and pore size distribution of (a, c) keratin-BG and (b, d) PCL-keratin BG, respectively, (e) porosity and mean pore size of 
keratin-BG and PCL-keratin-BG

Fig. 5 a Contact angle and b water absorption rate of keratin-BG and PCL-keratin-BG
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possessed good surface wettability, which is beneficial to 
cell adhesion and proliferation. Furthermore, as shown 
in Fig. 5b, both scaffolds showed rapid water absorption 
when immersed in water. Especially, the water absorption 
rate of keratin-BG and PCL-keratin-BG scaffolds gradu-
ally stabilized after 2.5 h and 3.5 h, and finally remained at 
245.7 ± 23.7% and 176.8 ± 20.2%, respectively. Although 
the water absorption rate of the PCL-keratin-BG scaffold 
was lower than that of the keratin-BG scaffold due to its 
lower porosity [22] and hydrophobicity of introduction of 
PCL, the PCL-keratin-BG scaffold was of still benefit to 
the cell attachment, proliferation and migration.

4.4  Mechanical properties
The bone repair composite scaffold must provide cer-
tain mechanical support during the bone regeneration 
process to keep the tissue from deforming. In general, 
PCL is used to improve the mechanical strength of bio-
medical materials because it has excellent mechanical 
properties [48–50]. In this study, the dual cross-linking 
system containing thiol-ene and amino-epoxy reac-
tion at the same time was selected (as shown in 5 of the 
Additional file 1) along with the introduction of polycap-
rolactone (PCL) were used to enhance the mechanical 
properties of the PCL-keratin-BG scaffold. Mechani-
cal properties such as compressive strength and Young’s 
modulus of the keratin-BG and PCL-keratin-BG scaf-
fold were measured (Fig.  6a). The average compressive 
strength and average Young’s modulus of the keratin-
BG scaffold were 0.91 ± 0.06  MPa and 7.25 ± 1.7  MPa, 
respectively. However, PCL-keratin-BG after intro-
ducing PCL showed increased average compressive 
strength (1.58 ± 0.21 MPa) and enhanced average Young’s 
modulus (14.14 ± 1.95  MPa), which indicated that it 

meets the requirement of cancellous bone (compres-
sive strength 1–10  MPa). As shown in the stress–strain 
curves (Fig.  6b), the PCL-keratin-BG scaffold can with-
stand greater pressure under the same displacement in 
comparison with the keratin-BG scaffold, which is just as 
we expected. In addition, compared with the keratin-BG 
scaffold, the low porosity of the PCL-keratin-BG scaf-
fold may be also one of the reasons for its high mechani-
cal strength [51]. As compared with the compressive 
strength of scaffolds for bone regeneration reported in 
literature, such as the biomineralized keratin/HA scaf-
fold (0.778  MPa) [48], and PCL/BG-SA/Gel scaffold 
(1.44  MPa) [4], the PCL-keratin-BG scaffold possessed 
relative stronger mechanical properties, which further 
indicated that its potential to the application of regenera-
tion of cancellous bone.

4.5  In vitro mineralization characterization
Ion concentration in simulated body fluid (SBF) is almost 
similar to that in human blood. After immersion in a sim-
ulated body fluid, the detection of apatite formation on 
the scaffold surface is a standard for evaluating the bone 
conductivity of the scaffold [52]. As shown in Fig. 7, with 
the increase of mineralization days, the amount of crys-
tals formed on the surfaces of two scaffolds increased. 
From Table 1 and EDS inserted in Fig. 7, it can be seen 
that the calcium/phosphorus ratio of the obtained crys-
tals was close to 1.67, which is consistent with the cal-
cium-phosphorus ratio of natural hydroxyapatite. The 
results suggested that, as expected, hydroxyapatite was 
formed on the scaffold surface after mineralization in 
simulated body fluids. Furthermore, compared with the 
keratin-BG, the introduction of PCL to PCL-keratin-
BG had a slight negative effect on the production of 

Fig. 6 a Compressive strength, Young’s modulus and b stress-displacement curves of keratin-BG and PCL-keratin-BG
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hydroxyapatite. The reason may be that the hydroxyapa-
tite layer is easily to form on the surface of the bioactive 
glass through interactions, while hydroxyapatite cannot 

be produced on the pure PCL scaffold or scaffold with-
out bioactive inorganic component (such as CaP) [34]. 
Importantly, keratin has a large number of hydrophilic 
active groups, such as carboxyl, which is beneficial to the 
deposition of inorganic minerals such as calcium carbon-
ate and calcium phosphate and plays an important role 
in mineralization. In addition, the amino acid residues in 
keratin, such as aspartic acid, glycine and serine, could 
modulate the mineralization [53, 54]. It is worth noting 
that after biomineralization for 7 days, the surface of the 
two scaffolds were almost covered by hydroxyapatite, 

Fig. 7 SEM images of keratin-BG and PCL-keratin-BG scaffolds immersed in simulated body fluid for 1, 3, and 7 days

Table 1 The radio of calcium to phosphorus (Ca/P) of HA after 
mineralization in keratin-BG and PCL-keratin-BG scaffolds

Day 1 Day 3 Day 7

Keratin-BG 1.77 1.67 1.73

PCL-keratin-BG 1.59 1.73 1.69
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which proved that the keratin-BG scaffold and PCL-kera-
tin-BG scaffold have excellent mineralization ability, sug-
gesting that they would play a positive effect on inducing 
bone regeneration.

4.6  Biocompatibility–cell viability assay
Composite scaffold materials for bone repair should be 
non-toxic, non-teratogenic, favorable for cell adhesion 
and provide a good growth microenvironment. MTT 
method and CCK-8 method can reflect the cytotoxicity 
of scaffold by detecting the survival and proliferation of 
cells in the leaching solution of the scaffold material or 
on the scaffold surface [15]. In this study, the MTT assay 
was used to detect the growth of L929 mouse fibroblasts 
in the extracts of keratin-BG scaffold and PCL-keratin-
BG scaffold. The results (Fig. 8) showed that, compared 
with the negative control group (containing medium 
and cells), two kinds of scaffold materials were not only 
non-toxic, but also had a certain promotion effect on cell 
growth and proliferation. The OD values of the keratin-
BG scaffold and the PCL-keratin-BG scaffold are almost 
the same on day 1, day 3, day 5, illustrating that PCL has 
only little effect on the cytotoxicity of the scaffold [55]. 
During the process of cell growth, the cell growth rate 
from the 3rd day to the 5th day was slower than that from 
the first day to the 3rd day. This may be due to the insuffi-
cient space and nutrients, which restricted cell prolifera-
tion. On the 5th Day, the porosity of the PCL-keratin-BG 
scaffold was slightly lower than that of the keratin-BG 
scaffold, which makes the OD value of the PCL-keratin-
BG scaffold lower than that of the keratin-BG scaffold. 
This was consistent with WU’s research on the viability 
of cells [47]. Relative growth rate (RGR) and cytotoxicity 
grade were calculated and shown in 6 of the Additional 
file  1.  Both scaffolds have almost no cytotoxicity, and 

both of them reach grade 0, which meets the in vivo use 
standard.

5  Conclusion
In this paper, both keratin-BG scaffold and PCL strength-
ening PCL-keratin-BG composite scaffold with double 
cross-linked network structure were prepared by in situ 
sol–gel process and freeze-drying method. Firstly, FTIR 
and 1H-NMR analyses proved the success of the thiol-ene 
click reaction between rich sulfhydryl groups of keratin 
and the unsaturated double bond of MPTS. Secondly, 
keratin, BG, PCL, and keratin-BG and PCL-keratin-BG 
composite scaffolds were characterized via the FTIR and 
XRD, which showed that the PCL-keratin-BG compos-
ite scaffold was successfully prepared. Subsequently, the 
SEM observation showed that keratin-BG and PCL-ker-
atin-BG had interconnected pore structure and suitable 
average pore size (153 μm ± 27.8). Water absorption and 
water contact angle measurements demonstrated they 
had good wettability. These results are more conducive 
to the adhesion, growth and proliferation of bone cells. 
In particular, compression test results showed that the 
double cross-linked network formed by the both thiol-
ene reaction and amino-epoxy group reaction, together 
with the introduction of polycaprolactone can improve 
mechanical properties of the composite scaffolds. In 
addition, both the biomineralization experiment and 
cytotoxicity test (MTT assay) manifested that the intro-
duction of PCL has only negligible negative effect on 
the biological properties of the composite scaffolds, and 
showed PCL-keratin-BG composite scaffold has almost 
no-cytotoxicity. Therefore, PCL-keratin-BG composite 
scaffold prepared by using the strategy proposed in this 
study has great potential to be applied in bone repair 
field.
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