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Abstract: Marine collagen is an ideal material for tissue engineering due to its excellent biological
properties. However, the limited mechanical properties and poor stability of marine collagen limit its
application in tissue engineering. Here, collagen was extracted from the skin of tilapia (Oreochromis
nilotica). Collagen-thermoplastic polyurethane (Col-TPU) fibrous membranes were prepared using
tilapia collagen as a foundational material, and their physicochemical and biocompatibility were in-
vestigated. Fourier transform infrared spectroscopy results showed that thermoplastic polyurethane
was successfully combined with collagen, and the triple helix structure of collagen was retained.
X-ray diffraction and differential scanning calorimetry results showed relatively good compatibility
between collagen and TPU.SEM results showed that the average diameter of the composite nanofiber
membrane decreased with increasing thermoplastic polyurethane proportion. The mechanical eval-
uation and thermogravimetric analysis showed that the thermal stability and tensile properties of
Col-TPU fibrous membranes were significantly improved with increasing TPU. Cytotoxicity experi-
ments confirmed that fibrous membranes with different ratios of thermoplastic polyurethane content
showed no significant toxicity to fibroblasts; Col-TPU fibrous membranes were conducive to the
migration and adhesion of cells. Thus, these Col-TPU composite nanofiber membranes might be used
as a potential biomaterial in tissue regeneration.

Keywords: collagen; Col-TPU composite nanofiber membranes; electrospinning; thermal stability;
mechanical properties

1. Introduction

As accidents and diseases lead to tissue damage, natural tissue repair materials are
a popular area of research [1]. Collagen has good biocompatibility and can promote cell
proliferation and differentiation [2]. What is more, fabricated collagen nanofiber mem-
branes have high-density pores and network structures from micro- to macro-length scales
via non-thermal electrospinning. Thus, collagen electrospinning nanofiber membranes
enable biomaterials to simulate the extracellular matrix (ECM) environment in vitro [3].
This, in turn, acts as a source of foundation materials for the repair of natural tissue and
provides an environment for cell adhesion and proliferation. These collagen-based natural
tissue repair materials are frequently used in skin, tendons, blood vessels, as well as nerve
and bone regeneration [4,5]. The risk of disease transmission and religious factors have
limited traditional collagen such as bovine and pig collagen [6]. Therefore, researchers have
focused on searching for marine collagen. Wang et al. separated types I and V collagens
from the skin of deep-sea redfish by chromatographic techniques [7]. Chen et al. separated
type I collagen from the scales of the lizardfish and maintained the triple-helical structures
with no cytotoxicity [8]. Recently, some Japanese scholars extracted collagen from the scales

Mar. Drugs 2022, 20, 437. https://doi.org/10.3390/md20070437 https://www.mdpi.com/journal/marinedrugs

https://doi.org/10.3390/md20070437
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/marinedrugs
https://www.mdpi.com
https://orcid.org/0000-0003-0632-1609
https://doi.org/10.3390/md20070437
https://www.mdpi.com/journal/marinedrugs
https://www.mdpi.com/article/10.3390/md20070437?type=check_update&version=1


Mar. Drugs 2022, 20, 437 2 of 20

of barramundi (Lates calcarifer), which was found to be comparable to that of mammals and
showed potential for three-dimensional cell cultivation [9]. Tilapia is a kind of freshwater
and saltwater fish promoted by the FAO for aquaculture all around the world, and the
production of tilapia is increasing year after year [10]. Marine tilapia collagens have also
received significant attention in recent years [11–13]. However, marine collagen, without
specific shape, structure, or function, cannot be directly applied. Collagen can be com-
pounded with other materials to prepare nanofiber membranes endowed with high-density
pores and a network structure with micro- to macro-lengths in scale. Researchers have de-
veloped a series of collagen-polymer nanofibrous membranes. Shue et al. fabricated a series
of composite fibrous membranes incorporated with fish collagen, nanohydroxyapatite, and
poly (lactic-co-glycolic acid) (PLGA) to guide bone regeneration [14]. He et al. prepared
collagen-polycaprolactone (PCL) nanofiber membranes, which had diameters of at least
150 nm [15]. However, marine composite fibrous membranes often have limited mechanical
properties and poor thermal stability, which hampers their use in tissue repair [16].

Thermoplastic polyurethane (TPU) is an elastomeric polymer with excellent mechan-
ical properties, wear resistance, good elasticity, and toughness [17]. TPU also has good
degradability when hydrolyzed, oxidized, or enzymatically degraded in vivo [18]. Routes
to degradation of TPU can combine materials in the degradation process to retain CO2
and water and modulate changes in pH and chemical stability of the surrounding tis-
sues [19]. Therefore, TPU promotes a stable environment for tissue regeneration; it has
good mechanical properties and is environmentally friendly [20]. However, there are
few reports of the micromorphology, microstructure, thermal stability, mechanical prop-
erties, and biocompatibility of collagen-thermoplastic polyurethane (Col-TPU) composite
fiber membranes.

For this reason, the aim of this study was to develop collagen-based nanofibrous
membranes that are suitable for the growth of fiber cells and have balanced mechanical
properties, good thermal stability, and the potential to become fundamental materials for
tissue repair. First, collagen was extracted from tilapia skin. Then, collagen and TPU funda-
mental materials were used to electrospin a series of Col-TPU nanofiber membranes. The
compatibility, micromorphology, microstructure, thermal stability, mechanical properties,
and biocompatibility of Col-TPU composite fiber membranes were then studied.

2. Results and Discussion
2.1. Collagen Structure Identification

The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis
showed three main bands, as seen in Figure 1. Tilapia skin collagen showed similar
electrophoretic patterns to type I rat tail collagen consisting of two different α-chains (α1
and α2), dimeric β-chains, and γ-chains. Tilapia collagen was also consistent with rainbow
trout (Onchorhynchus mykiss) [21] and black sea gilthead bream (Sparus aurata) [22]. Herein,
the molecular weight of collagen was analyzed using Quantity One 4.6.0 software (Bio-Rad
Laboratories, Hercules, CA, USA). Two bands had molecular weights of 130 and 121 kDa.
They were assigned to two α-chains of collagen: α1 and α2 [23]. The two high-molecular-
weight components had weights over 200 kDa. These were identified as a β-chain consisting
of two α-chains and a γ-chain consisting of three α-chains, respectively [24]. In addition, the
ratio of α1 and α2 was calculated with Image J software (VERSION 1.8.0, National Institute
of Mental Health, Bethesda, MD, USA); specifically, approximately 2:1 was consistent with
the molecular structure of type I collagen [α1]2α2, thus indicating that the prepared TSC
was type I collagen.
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Figure 1. Preparation and characterization of collagen. (A) Type I rat tail collagen, (B) Tilapia skin 
collagen. 
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Col90, Col80, Col60) are uniform and continuous with no beads and better straightness 
than pure TPU. They range in diameter from 112 nm to 858 nm. The porosity increased 
with increasing TPU ratios. The average diameters of Col100, Col95, Col90, Col80, and 
Col60 decreased from 379.96 ± 134.28 nm to 378.40 ± 151.87 nm, 316.80 ± 94.51 nm, 313.80 
± 102.88 nm, and 232.94 ± 87.82 nm, respectively (Table 1). The average diameters of the 
nanofibers decreased gradually with the increasing compound ratio of TPU. The porosity 
of all composite nanofiber membranes was higher than 45%, which benefits water and 
oxygen permeability. The appropriate porosity also facilitates cell migration and cell at-
tachment in the resulting pore structure.  

Table 1. SEM results of Col-TPU composite nanofiber membranes. 

Ratio (Col:TPU) Abbreviation Average diameter (nm) Porosity (%) 
100:0 Col00 379.96 ± 134.28 46.59 
95:5 Col95 378.40 ± 151.87 47.29 
90:10 Col90 316.80 ± 94.51 48.81 
80:20 Col80 313.80 ± 102.88 49.15 
60:40 Col60 232.94 ± 87.82 52.89 

Figure 1. Preparation and characterization of collagen. (A) Type I rat tail collagen, (B) Tilapia
skin collagen.

2.2. Structural Analysis of Col-TPU Composite Nanofiber Membranes
2.2.1. Scanning Electron Microscope (SEM) Analysis

SEM (Figure 2) revealed that Col-TPU composite nanofiber membranes (Col95, Col90,
Col80, Col60) are uniform and continuous with no beads and better straightness than
pure TPU. They range in diameter from 112 nm to 858 nm. The porosity increased
with increasing TPU ratios. The average diameters of Col100, Col95, Col90, Col80, and
Col60 decreased from 379.96 ± 134.28 nm to 378.40 ± 151.87 nm, 316.80 ± 94.51 nm,
313.80 ± 102.88 nm, and 232.94 ± 87.82 nm, respectively (Table 1). The average diameters
of the nanofibers decreased gradually with the increasing compound ratio of TPU. The
porosity of all composite nanofiber membranes was higher than 45%, which benefits water
and oxygen permeability. The appropriate porosity also facilitates cell migration and cell
attachment in the resulting pore structure.

Table 1. SEM results of Col-TPU composite nanofiber membranes.

Ratio (Col:TPU) Abbreviation Average Diameter (nm) Porosity (%)

100:0 Col00 379.96 ± 134.28 46.59
95:5 Col95 378.40 ± 151.87 47.29
90:10 Col90 316.80 ± 94.51 48.81
80:20 Col80 313.80 ± 102.88 49.15
60:40 Col60 232.94 ± 87.82 52.89
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Figure 2. SEM analysis. (A) Col100. (B) Col95. (C) Col90. (D) Col80. (E) Col60. (F) TPU.

2.2.2. FTIR
Main Characteristic Peak

All Col-TPU composite nanofiber membranes have five characteristic peaks that were
similar to collagen peaks (Figure 3A,B). The amide A band of collagen was near 3315 cm−1,
the amide B band was at 2920–2944 cm−1, the amide I was at 1625−1690 cm−1, the amide
II band was at 1500−1600 cm−1, and the amide III band was oriented at 1200−1300 cm−1.
Figure 3B and Table S1 shows that the amide A band of Col100 was oriented at 3311 cm−1,
and the Col-TPU composite nanofiber membranes were blue-shifted from 3307 cm−1 to
3309 cm−1 with increasing TPU, which may be caused by the N-H vibration (3310 cm−1)
coupling effect of the group in TPU. The amide B band reflects the ubiquitinated coupling
between the amide A band and the amide II band. Col100 was oriented at 2932 cm−1, and
Col-TPU composite nanofiber membranes were blue-shifted to 2939 cm−1 with increasing
TPU. This affected the asymmetric stretching of the C-H group (2942 cm−1) in TPU, thus
indicating that collagen and TPU were prepared successfully. The amide I and II bands of
Col100 were oriented at 1655 cm−1 and 1655 cm−1. The amide I and II bands of Col-TPU
composite nanofiber membranes were ultimately red-shifted to 1554 cm−1 and 1534 cm−1

with increasing TPU ratios. This may be due to the combination of collagen and TPU,
thus showing the characteristic peak of TPU and resulting in a red-shift of the hydroxyl
peak. The C=C stretching vibration absorption peak (1532 cm−1) of TPU in the Col-TPU
composite nanofiber membranes approached the N-H out-of-plane vibration absorption
peak at 1537 cm−1 in collagen, thus leading to two peaks that expanded into one wide
absorption peak on the surface of Col-TPU composite nanofiber membranes [25].

The amide III band of Col100 was oriented at 1223 cm−1, and the Col-TPU composite
nanofiber membranes were blue-shifted to 1230 cm−1 upon the addition of TPU, which
may affect the vibration of C-C-N in the ethyl carbamate bond (-NHCOO-) in TPU near
1240 cm−1. Moreover, the absorption peaks in the region of 1100 cm−1 (stretching vibration
of C-O-C) in TPU were blue-shifted from 1000 cm−1 to 1100 cm−1 when the ratio is 60:40
(collagen:TPU). This suggests that TPU combined with collagen to form Col-TPU composite
nanofiber membranes during the interfacial interaction between collagen and TPU [26].
The absorption ratio of the amide III band to 1450 cm−1 (amide III/A1450) is an important
index to determine the integrity of the collagen triple helix structure. When the ratio is
<0.5, collagen unwinds the triple helix structure due to denaturation. The absorption ratio
of amide III/A1450 in Col100 was 1.114. After adding TPU, and the absorbance ratios of
Col-TPU composite nanofiber membranes were 1.131 (Col95), 1.127 (Col90), 1.036 (Col80),
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and 0.948 (Col60). These data indicate the presence of triple-helical structures of collagen
in Col-TPU composite nanofiber membranes [27].
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membranes; (D) XRD of Col-TPU composite nanofiber membranes.

Secondary Structure

The secondary structure ratios of Col-TPU composite nanofiber membranes were
associated with the amide I band including an α-helix structure, a β-sheet structure, and a
β-turn structure. Figure 3C shows that the ratio of β-sheet for collagen decreased from 45%
to 21% with increasing TPU ratios, thus suggesting that a more compact structure of the
composite nanofiber membrane was formed due to the interactions from larger volumes of
side-chain amino acids between collagen and TPU [28]. All Col-TPU composite nanofiber
membranes lacked a random collagen structure, suggesting that TPU would not destroy the
overall conformation of the secondary structure of collagen. The α-helix ratio of composite
nanofiber membranes increased from 40% to 59% with increasing TPU, thus suggesting
that the addition of TPU makes sense for the formation of the α-helix. The ratio of the
β-turn of Col100 is 14.18%. With increasing TPU ratio, the β-turn of Col-TPU composite
nanofiber membranes increased from 15% to 20%. The β-turn mostly transformed into a
β-sheet resulting from more -NH groups forming hydrogen bonds, thus indicating that the
composite reaction between collagen and TPU is conducive to the formation of an ordered
secondary structure leading to a stable collagen structure [29].

2.2.3. XRD

The tertiary structure of the Col-TPU composite nanofiber membranes is shown in
Figure 3D. Each Col-TPU composite nanofiber membrane has only one characteristic peak
at about 20◦ in the XRD pattern. This represents the distance between collagen frameworks
associated with the diffuse scattering of collagen fibers [30]. These data indicate that the
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collagen phase does not change upon the addition of TPU. TPU is an amorphous polymer,
and there is a wide diffraction peak from 16◦ to 26◦ caused by the polyether chain segment
in its amorphous structure [31].

Figure 3D shows that the wide peak of the Col-TPU composite nanofiber membranes
increased to a TPU diffraction peak with an increasing TPU ratio. No obvious characteristic
TPU peaks were observed in the pattern. These results indicate that TPU and collagen
have high compatibility, and the mixed-membrane matrix can accommodate TPU without
affecting its crystal shape. However, 2θ was at 28.72◦ when the ratio of TPU shifted to
almost 40◦ while maintaining the wide amorphous peak. This suggests that when the ratio
of collagen and TPU was lower than 6:4, the tertiary structure of the Col-TPU nanofibrous
membrane resulted in a wider diffraction peak. This result was caused by the strong
hydrogen bond action between groups of collagen and the secondary amine groups of
TPU, which is beneficial in improving the toughness of Col-TPU composite nanofiber
membranes [32].

2.3. Differential Scanning Calorimetry (DSC)

The DSC curves of the Col-TPU composite nanofiber membranes are shown in Figure 4.
The changes in disappearance of the endothermic peak, the emergence of new peaks, and
the change in the enthalpy potentially indicate the components are incompatible [33]. From
Figure 4, the endothermic peak of Col100 is 70 ◦C. There was no obvious peak in TPU
because it belongs to the elastomer. Therefore, it does not contain boundaries between soft
and hard phases. According to the peaks of collagen-based composites, the addition of
TPU in collagen did not generate a new crest, indicating the two had good compatibility.
Due to the uniformity of compatibility, the summits of the endothermic peak will be in
close proximity to each other if the two phases are compatible [34]. The endothermic peaks
of Col95, Col90, and Col80 were 72.1 ◦C, 74.4 ◦C, and 73.7 ◦C, respectively. When the ratio
of TPU to composite nanofiber membranes increased to 20, the endothermic peak began to
decrease. When the ratio of TPU doubled (60:40), the peak appeared at 65.5 ◦C. Thus, at
the appropriate TPU proportion, the compatibility could be maintained. In addition, the
melting enthalpy (∆Hf) of Col100, Col95, Col90, Col80, and Col60 was 49.5 J/g, 47.5 J/g,
46.4 J/g, 41.3 J/g, and 31.8 J/g, respectively. The decrease in enthalpy, in association with
the changes in the temperature transition, may indicate there is a limited consistency in the
boundary of the two phases [35].
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2.4. TGA

The thermal stability of Col-TPU nanofibrous membranes was evaluated by thermo-
gravimetric analysis (TGA). The thermogain-loss trend of all samples can be divided into
two stages (Figure 5A–F). In stage one, the temperature leading to a 5% weight reduction
is caused by the evaporation of free water in the sample defined as T5% (Table S2). The
T5% of the Col-TPU composite nanofiber membranes with different ratios are roughly the
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same. When the ratio of TPU increased to 40, the weight loss temperature of Col-TPU
nanofibrous membranes increased from 65.0 ◦C to 75.7 ◦C, which implied enhanced water
retention of nanofibrous membranes. Col100 and Col-TPU composite nanofiber membranes
have weight loss caused by thermal decomposition in stage two. The temperature of the
maximum decomposition rate (Tp) was used to characterize this thermal decomposition
temperature [36]. The weight-loss curves of all Col-TPU composite nanofiber membranes
were higher than those of Col100. Table S2 shows that the Tp in Col100 is at 314 ◦C. With
increasing TPU, the Tp of Col-TPU composite nanofiber membranes gradually reached
314 ◦C, 320.5 ◦C, 320.7 ◦C, and 321.8 ◦C, respectively. These data indicate that the thermal
stability of Col-TPU composite nanofiber membranes improved versus collagen with in-
creasing TPU. We also investigated the weight-loss stage when the weight dropped by half
(with the decomposition temperature defined as T50%). This was a good metric of thermal
stability. When the ratio of TPU increased, the T50% of Col100 changed from 327.0 ◦C to
331.0 ◦C, 342.3 ◦C, 343.0 ◦C, and 353.7 ◦C. These further indicated that the addition of
TPU led to better heat resistance with improved decomposition temperatures. At the same
decomposition temperature, the residual Col-TPU composite nanofiber membranes were
5% higher than that in Col100 after heating. The Col-TPU composite nanofiber membranes
had less decomposition at high temperatures. These data indicate that TPU might slow
the decomposition of the collagen matrix and prevent external diffusion and release, thus
improving the thermal stability of Col-TPU composite nanofiber membranes.

2.5. Water Contact Angle (WCA)

The hydrophilicity of Col-TPU composite nanofiber membranes was assessed with
the WCA. Figure 6A shows that the WCA of Col100 was 87.1 ± 0.6◦, thus indicating
that collagen is hydrophilic [37]. When the ratio of TPU increased, the WCA of Col-TPU
composite nanofiber membranes increased to 96.7 ± 0.0◦, 95.5 ± 0.1, and 91.1 ± 0.5◦. The
diameter of fibers, the surface roughness, and the pore structure of the membrane affect
the hydrophilicity of the material [14]. TPU decreased the diameters of the nanofiber
membrane so that the surface of the membranes had more visible pores. This further
weakened the barrier properties of the composite material, making it easy for water to
penetrate and leading to a lower water contact angle [38]. Moreover, Col-TPU composite
nanofiber membranes are hydrophobic, which may be caused by electrospinning disrupting
the hydrophilic balance and producing a higher WCA. When the ratio of TPU increased to
40, the WCA of the Col-TPU composite nanofiber membrane (Col60) was 79.1 ± 1.4◦, thus
indicating that the wetting behavior of Col-TPU composite nanofiber membranes gradually
changed from hydrophobic to hydrophilic. These data indicate that the hydrophilic groups
on the TPU molecular chain gap and collagen microfiber were transferred to the side of
the low-moisture section after absorbing water at the high-moisture section when TPU
reached a certain ratio [39]; this, in turn, increased the hydrophilic groups in the Col-TPU
composite nanofiber membranes and greatly increased the water absorption performance
of the composite nanofiber membranes. These observations were consistent with the
FTIR results.

Appropriate hydrophilicity has great significance for biomaterials, and improved
surface hydrophilicity is expected to promote cell adhesion and proliferation [40]. Thus, the
proper addition of TPU can lead to stable hydrophilicity of Col-TPU composite nanofiber
membranes. This, in turn plays an important role in improving the adhesion and growth of
cells on the surface of nanofibers.
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2.6. Mechanical Properties

The mechanical properties of Col-TPU composite nanofiber membranes were evalu-
ated as shown in Figure 6B and Table 2. The breaking strength reflects the anti-aging ability
of the material [41]. The breaking strength of Col100 is 36.21 cN, which is lower than all
Col-TPU composite nanofiber membranes. With an increase in the TPU ratio, the breaking
strength gradually increases from 43.26 cN (Col95) to 56.28 cN (Col60), thus indicating that
the Col-TPU composite nanofiber membranes had better wear resistance and mechanical
durability. Elongation at breaking reflects the toughness and elasticity of the composites’
mechanical properties. The elongation at the breaking of Col100 is 3.20%, which has tensile
mechanical properties caused by the relaxation process immediately after fiber forma-
tion. However, during the relaxation process, the poor deformation ability of the collagen
molecular chain and the loss of molecular orientation generate poor tensile properties.

Table 2. Properties of Col-TPU composite nanofiber membranes.

Samples Thickness
(mm) Width (mm) Breaking

Strength (cN)
Tensile

Strain (%)
Tensile

Strength (MPa)

Col100 10.50 0.0242 36.21 3.20 1.40
Col95 9.80 0.0264 43.26 8.90 1.64
Col90 10.20 0.0200 44.06 16.50 2.12
Col80 10.60 0.0190 51.10 41.90 2.49
Col60 10.40 0.0174 56.28 48.30 3.05

TPU is an elastic body with excellent elasticity and wear resistance. It is very soft
and flexible with a low modulus. After adding TPU, the values for elongation at break of
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Col95, Col90, Col80, and Col60 were 8.90%, 16.50%, 41.90%, and 48.30%, respectively. The
elongation at break of Col-TPU composite nanofiber membranes increased significantly
with increasing TPU content. Tensile strength is commonly used to describe the external
force that the composite material can bear, which in turn depends on the maximum external
force for each fiber in the unit area; Col100 was 1.40 MPa. As TPU increased gradually,
the tensile strength of Col95, Col90, Col80, and Col60 increased to 1.64 MPa, 2.12 MPa,
2.49 MPa, and 3.05 MPa, respectively. The tensile strengths of Col90, Col80, and Col60 were
similar to the tensile strength of human tissues [42]. For instance, the native blood vessel
structures in the human body, such as the left internal mammary artery (4.1–4.3 MPa),
saphenous vein (1 MPa), and femoral artery (1–2 MPa), limit the burst strength to prevent
rupture due to variation in blood pressure [43]. Similarly, stiffness of ECM in vivo was
verified in the approximate range of 0.1 kPa (brain tissues) to 100 GPa (bone tissues) [38].

Ideal tissue repair materials are expected to have sufficient long-term mechanical prop-
erties to support tissue growth—especially scaffold materials such as tissue-engineered
cartilage, bone, muscle legs, and ligaments [44]. Furthermore, the excellent elastic proper-
ties can withstand repeated dynamic loads and maintain structural stability to simulate
human tissues; these properties are needed for tissue engineering applications in the heart,
skin, blood vessels, and cartilage [45]. The ratio of TPU in Col-TPU composite nanofiber
membranes significantly affected the mechanical properties. Col-TPU composite nanofiber
membranes give the material better flexibility and can lead to close contact with the sur-
rounding tissues after implanting the chosen tissue repair material [39]. Col-TPU composite
nanofiber membranes have high strength, good anti-aging ability, and suitable flexibility in
comprehensive mechanical properties. As such, Col-TPU composite nanofiber membranes
can theoretically contribute to a stable environment for tissue regeneration.

2.7. Cytocompatibility
2.7.1. Cell Proliferation and Cytotoxicity

To evaluate the biocompatibility of Col-based composite nanofiber membranes, a CCK-
8 assay was used to investigate the proliferation of MC3T3-E1 cells on Col100 and Col-TPU
composite nanofiber membranes for 1, 2, and 3 days (Tables S3 and S4 as well as Figure 7G).
After culturing for 3 days, all samples showed a significant difference compared to the
control group with higher absorbance. The proliferation rate of all samples was higher than
164% after 3 days of culture, which was higher than that of polycaprolactone/poly compos-
ite nanofiber membranes (approximately 111%), polycaprolactone/poly/hydroxyapatite
composite nanofiber membranes (approximately 112%), and silk fibroin nanofiber mem-
branes (ranged from 83% to 90%) [46,47]. The cytotoxicity assay is also an important
index reflecting the biocompatibility of fabricated materials. Specifically, the cytotoxicity of
composite nanofiber membranes was grade 0, according to the ISO standard (ISO10993.12-
2004). The presence of collagen on composite nanofiber membrane surfaces improved the
tendency of cells to adhere to the scaffolds [48]. Col-TPU composite nanofiber membranes
support cell growth.

2.7.2. Cell Morphology

The morphology of MC3T3-E1 cells cultured on Col100 and Col-TPU composite
nanofiber membrane surfaces was preliminarily evaluated by SEM analysis; the cell mor-
phology can be observed in Figure 7A–F. After 3 days of culture, the cells grew well
on Col00 and Col-TPU composite nanofiber membranes and showed a natural spindle
shape. Similar changes in morphology were found in Liu’s research [49]. These Col-TPU
composite nanofiber membranes were well distributed with increased pseudopodia and
spreading area. Compared to the control group (Figure 7A), cells adhered to fibers well,
thus indicating that Col-based composite nanofiber membranes can support cell adhesion
and diffusion.
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2.7.3. Cell Adhesion

Figure 8 shows that MC3T3-E1 fibroblasts adhered and diffused evenly along the fibers
inside and on the surface of the Col100 and Col-TPU composite nanofiber membranes.
The cells adhered firmly with a normal and round shape, thus presenting a dense amount
along the length of the fiber edges. The number of high-density cells was observed over
time. There were more cells at 3 days than at 1 day, which is consistent with the CCK-8
cell proliferation assay. Few apoptotic nuclei were observed on Col100 membranes, which
indicated that collagen may affect intracellular signaling and cellular responses [50]. As the
collagen ratio decreased, fewer cells adhered to Col-TPU composite nanofiber membranes.
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Figures 9 and S2 show similar trends. After 3 days, there were many viable cells filled
with MC3E3-E1 fibroblasts on the material’s surface. Col100 was significantly better than
the Col-TPU composite nanofiber membranes. The number of adherents decreased with
reduced collagen proportion in the Col-TPU composite nanofiber membranes. Identifying
the appropriate ratios between collagen and TPU is key to the success of the material. As a
result, processed tissue engineering materials can be developed with the desired properties
and biocompatibility.
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Overall, the Col-TPU composite nanofiber membranes promoted migration and adhe-
sion of MC3T3-E1 cells on the surface of the materials and also supported the proliferation
of MC3T3-E1 cells on the surface. This result was consistent with the conclusions of similar
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experiments [51], thus indicating that the Col-TPU composite nanofiber membranes have
good biocompatibility.

3. Materials and Methods
3.1. Materials

Tilapia (Oreochromis nilotica) skin was obtained from Beihai Quality Aquatic Prod-
ucts Co., Ltd. (Beihai, China). Type I collagen from rat tail and protein markers (26634)
were purchased from Thermo Fisher Scientific (St. Louis, MO, USA). TPU was purchased
from Dongguan Jiayang New Material Technology Co., Ltd (Dongguan, China). The
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was from Sigma-Aldrich (Shanghai, China) Trad-
ing Co., Ltd. (Shanghai, China). The separating gel buffer (pH = 8.8), stacking gel buffer
(pH = 6.8), sodium dodecyl sulfate (SDS), and loading buffer (5×, with DTT) were pur-
chased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). Coomassie
Brilliant Blue R-250 and N,N,N′,N′-tetramethylethylenediamine (TEMED) were obtained
from Bio-Rad Laboratories (Hercules, CA, USA). Coomassie Brilliant Blue (CBB, R-250)
was purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Phosphate
buffer solution (PBS, pH = 7.4) was purchased from Wuhan Servicebio Technology (Wuhan,
China) Co. Ltd., and potassium bromide (KBr, spectral pure) powder was purchased
from PIKE (Mount Airy, NC, USA). Mouse embryo osteoblast precursor (MC3T3-E1) cells
(Cat No. CBP60946) were provided by Cobioer (Nanjing, China). The pression vector
(LV-GFP) was synthesized by Amer Genomics Biotechnology Co., Ltd. (Xiamen, China).
The cell counting kit-8 (CCK-8) was obtained from Dojindo (Beijing, China). In addition, 4’,
6-diamino-2-phenylindole (DAPI) and paraformaldehyde (POM, pH = 7.4) were purchased
from Solarbio (Beijing, China). All reagents were of analytical grade.

3.2. Preparation and Characterization of Collagen

Collagen was prepared by acid treatment according to the methods described by Li
et al. [52] with slight modifications. Before preparation, the adhering residue tissues of
skins were removed manually. Then, the non-collagenous proteins and pigments of skins
were removed by treatment with 10 volumes of 0.1 mol/L NaHCO3 for 6 h. As shown in
Figure 1, the pretreated skins were soaked in 0.5 M acetic acid with a sample-to-solvent
ratio of 1:40 (w/v) for 24 h. The extracted liquid was then centrifuged at 9000× g for 30 min.
The supernatant was precipitated by adding 4% NaCl, salted out for 30 min, and allowed
to rest for 30 min. The resulting precipitate was collected using a freezing high-speed
centrifuge (J-26 XP, Beckman Coulter Inc., Miami, FA, USA) at 9000× g for 30 min. The
supernatant was then discarded, and the precipitate was removed until no precipitate
remained. The collection was then dissolved and redispersed at a 1:9 (w/v) ratio in 0.5 M
acetic acid and dialyzed against 20 volumes of 0.1 M acetic acid for 24 h, followed by 24 h of
dialysis with distilled water five times. Thereafter, the tilapia skin collagen was lyophilized
and stored at −20 ◦C until further use. All of these steps were conducted at temperatures
below 4 ◦C.

The SDS-PAGE of the sample was conducted in accordance with the method of Chen
et al. [53] with slight modifications. The samples were dissolved in cold distilled water and
mixed at a 4:1 v/v ratio with sample loading buffer (277.8 mM Tris-HCl, pH 6.8, 44.4% (v/v)
glycerol, 4.4% SDS, and 0.02% bromophenol blue) followed by boiling for 10 min. Next,
10 µL of samples were loaded onto a gel consisting of 8% separating gel and 3% stacking
gel at a constant voltage of 110 V for electrophoresis (Bio-Rad Laboratories, Hercules, CA,
USA). After electrophoresis for 90 min, the gel was soaked in 50% (v/v) methanol and
10% (v/v) acetic acid followed by staining with 0.125% CBB R-250 containing 50% (v/v)
methanol and 10% (v/v) acetic acid. The gel was finally destained with a mixture of 50%
(v/v) ethanol and 10% (v/v) acetic acid for 30 m. Marker 46634 was used to estimate the
molecular weight of collagen, and type I collagen from rat tail was used as a standard.
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3.3. Collagen-Based Composite Electrospun Fiber Membranes

The 4% collagen and 3% TPU were dissolved in HFIP separately in accordance with
Jiang et al. [54]. A series of collagen-based composite spinning solutions were prepared
with collagen and TPU solutions in different ratios (100:0, 95:5, 90:10, 80:20, 60:40) at room
temperature. The spinning solutions were stirred using a magnetic stirrer (RCT digital S025,
IKA, Staufen, Germany) until the solution was uniform and free of bubbles after mixing
for 1 h. The mixture was then placed in a 2.5 mL syringe. The collagen-based composite
electrospun fiber membranes were fabricated using an electrospinning apparatus (WL-2,
Beijing Albizhi Ion Technology Co. Ltd., Beijing, China) with an applied voltage of 20 kV.
The distance from the needle to the collector plate was 15 cm, and the propelling rate
of the pump was 0.1 mL/h. The entire electrospinning process was conducted at room
temperature at a relative humidity of 30–50%. The samples obtained from electrospinning
were dried in a desiccator overnight to remove any residual organic solvent until use.

3.4. Structural Analysis of Col-TPU Nanofiber Membranes
3.4.1. SEM

The morphology of the collagen-based composite electrospun fiber membranes was
visualized using a scanning electron microscope (Quanta 450, FEI, Hillsboro, OR, USA). The
sample was fixed on the sample platform with conductive adhesive, and sputtered with a
gold coating for 30 s. The images were captured with SEM, with an accelerating voltage of
5–10 kV. The average nanofiber diameter of each sample was randomly measured using
ImageJ (version 1.8.0, National Institute of Health, Bethesda, OR, USA) software in parallel
three times by calculating the average and standard deviation per micrograph with more
than 50 counts per image.

3.4.2. FTIR

The infrared spectra of the samples were obtained with a Bruker FTIR spectrophotome-
ter (Tensor27, Bruker, Madison, Germany) at room temperature. The samples were mixed
with KBr by grinding at the ratio of 1:100 (w/w). The wavelength range was 4000-400 cm−1

with a resolution of 4 cm−1. The signals were collected automatically over 32 scans and
ratioed against a background spectrum recorded from KBr. The secondary structure of
the samples was then analyzed with OMNICTM software (Version 8.2, Thermo Nicolet
Corporation, Madison, WI, USA) and PeakFit software (Version 4.12, Systat Software Inc.,
San Jose, CA, USA).

3.4.3. XRD

The diffractograms of the samples were recorded with an X-ray diffractometer (X’Pert
Pro XRD, PANalytical, The Netherlands) operating at 40 kV and 25 mA with CuKα radiation
(λ = 1.5418 Å). The data were collected at a scanning speed of 10◦·min−1 and a 2θ range of
5–90◦.

3.5. DSC

The DSC curves were obtained using a DSC instrument (DSC 204 F1, Netzsch, Selb,
Bavaria, Germany) and the method reported by Kun et al. [55]. A certain amount of the
samples (approximately 2–5 mg) were loaded into the bottom of an aluminum crucible and
pressed with a lid. The samples were then transferred to the DSC instrument. During DSC
scanning, the sample was cooled quickly with liquid nitrogen to −60 ◦C from room tem-
perature and then heated to 200 ◦C at a heating rate of 10 ◦C/min in nitrogen atmosphere
(purge flow of 50 mL/min and protective flow of 70 mL/min). Indium metal standard was
used for temperature calibration.

3.6. Thermal Stability

The thermogravimetric analysis was conducted according to the methods described
by Krishnakumar et al. [56] with some modifications. Thermogravimetric analysis (TGA2,
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Mettler Toledo Co. Ltd., Shanghai, China) used continuous nitrogen (flow rate 50 mL/min)
in the sample chamber. Approximately 1 mg of the sample was placed in a crucible and
pressed to create complete contact followed by sequential heating from 20 ◦C to 600 ◦C at a
constant heating rate of 10 ◦C/min; the thermogravimetric data at the first heating curve
were then recorded.

3.7. WCA

The static water contact angle was recorded following the protocol reported by Lalia
et al. [57]. The WCA of all samples was studied with a video optical contact angle mea-
surement instrument (OCA15EC, DataPhysics, Filderstadt, Germany) and the sessile drop
method. The samples were fixed on a glass slide, and deionized water (2 µL) was dispensed
slowly onto the surface with a water rate of 5 µL/s. The water contact angle was measured
at 3 s, and five different sites were measured from each sample to determine the uniform
distribution of the samples. The images and calculation of the angle of the drop contact
surface on both sides were recorded and analyzed with SCA20 (DataPhysics, Filderstadt,
Germany) software.

3.8. Mechanical Properties

Sample mechanical properties were measured using a uniaxial tensile test according
to the methods described by Zhu et al. [58]. Samples were trimmed into 1 cm × 5 cm strips,
and both ends (1 cm on each side) of the samples were gripped by the fiber tensile tester
(XQ−1C, New Fiber Instrument Co. Ltd., Shanghai, China). Material stress–strain curves
were obtained through load deformation. The data were recorded by measuring the tensile
strength and elongation at break at a tensile speed of 20 mm/min.

3.9. Cytocompatibility
3.9.1. Cell Proliferation

The proliferation evaluation of samples on MC3T3-E1 (Cat No. CBP60946) cells lines
used a CCK-8 assay as reported by Yuan et al. [59] with slight modifications. The Col-
TPU composite nanofiber membranes were spun on 14 mm-diameter round coverslips.
Before culturing, samples were soaked in 75% ethanol for 30 min and UV-sterilized for
1 h. Subsequently, the samples were placed in a 24-well culture plate. After sterilization
with 75% ethanol for 30 min, cells were rinsed three times with sterilized PBS solution
(0.1 M) and cultured in Roswell Park Memorial Institute (RPMI)−1640 medium (Gibco, CA,
USA) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin mixture
(100 unit/mL penicillin, 100 µg/mL streptomycin) (Solarbio, Beijing, China). The cell
density of MC3T3-E1 cells was adjusted to 1 × 104 cells/well and seeded onto the samples
cultured in the 24-well plate. The cells were cultured in a cell incubator with an atmosphere
of 5% CO2 at 37 ◦C (HERAcell 150i, Thermo Scientific, Waltham, MA, USA). The CCK-8
solution was added to each well at 1, 2, and 3 days after culture. The optical densities of
each well were measured using a multi-function microporous plate analyzer (Mithras2 LB
943, Berthold, Germany). The 14 mm-diameter round coverslips with no samples were
used as the control; wells with no samples or coverslips were used as the blank; and the
cell proliferation was calculated as follows:

Cell proliferation (%) = As − A0/Ac − A0 × 100%, (1)

where Ac, As, and Ab were the absorbance at 450 nm of the control group, the experimental
group, and the blank group, respectively.

3.9.2. Cell Morphology

Samples containing cultured MC3T3-E1 were immobilized in 2.5% POM for 3 days
after inoculation. Before observation, the samples were washed with PBS and then washed
with distilled water at least three times. Finally, all samples were gold-sputtered before cell
morphologies were examined using SEM.
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3.9.3. Cell Adhesion

After 1, 2, and 3 days of cell inoculation, the MC3T3-E1 cells were fixed with 2.5%
glutaraldehyde at pH = 7.4. During observation, the sample was washed with PBS three
times for 5 min each, and the excess water was absorbed by the filter paper. After removal,
the cells were inverted with 10 µL of DAPI and stained for 5 min. The adhesion of cells was
observed with a laser scanning confocal microscope (LSCM) (TCSSP5, Leica Microsystems,
Heerbrugg, Germany) or a positive fluorescence microscope (Axio Imager A2, ZEISS,
Oberkochen, Germany). After 3 days of cell inoculation, the cells were fixed in 5% POM,
and cell growth was observed using an automatic Cellomics Arrayscan (VTI-HCS, Thermo
Scientific, Waltham, MA, USA).

3.10. Statistical Analyses

The analysis of variance was calculated using SPSS Version 17.0 software (IBM SPSS
Statistics, Ehningen, Germany), and a value of p < 0.05 was used to indicate a significant
deviation. Different letters indicate significant differences between samples.

4. Conclusions

In this study, collagen was extracted from tilapia fish skin and identified as type I
collagen by SDS-PAGE. A series of Col-TPU composite nanofiber membranes (Col95, Col90,
Col80, and Col60) were prepared via electrospinning and shown to be stable and have a
nanostructure. There was relatively good compatibility between collagen and TPU. Besides
maintaining the triple-helical structures of collagen, the addition of TPU enhanced the
porosity, thermal stability, and mechanical properties of the composite. Thus, it was found
to be more suitable for human tissue environments for long-term growth. In vitro fibroblast
culture demonstrated a high cell proliferation rate with no cytotoxicity. The Col-TPU
composite nanofiber membrane allowed the proliferation and migration of MC3T3-E1
cells and promoted fibrogenesis of cells; there was good biocompatibility. These results
suggested that Col-TPU composite materials with different ratios of TPU were candidate
biomaterials for tissue repair.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20070437/s1, Figure S1: HCA scan of Col-TPU composite
nanofiber membranes, scale bar is 150 µm; Table S1: Comparison of Col-TPU composite nanofiber
membranes different spectral peak positions in FTIR spectra; Table S2: The thermogravimetric
analysis of Col-TPU composite nanofiber membranes; Table S3: CCK-8 assay OD450 of Col-TPU
composite nanofiber membranes. The sequence of letters a–d represents the size of the mean value
(a > b > c > d). The same letter indicates no statistically significant difference (p < 0.05, n = 4); Table S4:
Cell proliferation and cytotoxicity evaluation of Col-TPU composite nanofiber membranes respect to
control, % and grade.
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