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Abstract. Superfine Particles (SP) of soluble eggshell membrane and medical grade polyurethane (MPU) blend nanofibers 
were prepared by electrospinning different blend ratios of SP/MPU suspensions for regeneration of the natural fiber-like 
structure of the eggshell membrane. The addition of SP had no obvious effect on the electrospinning process of MPU nanofi-
bers, and the SP were randomly dispersed in the MPU nanofibers with no agglomeration of SP when the amount of SP was 
less than 20 wt%. Although the average diameter of the blend nanofibers is approximately 30% larger than that of the pure 
MPU nanofibers, they exhibit excellent tensile strength and tensile resilience that are close to those for pure MPU nanofibers. 
In addition, the blend nanofibers become fully hydrophilic, and the water contact angle of the blend nanofibers decreases 
dramatically to 0°. Therefore, with the advantages of a collagen ingredient and good hydrophilicity, these blend nanofibers 
are suitable for applications such as facial masks, wound dressings, and pharmaceutical carrier materials.  
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1. Introduction 

Eggshell membrane (ESM), which constitutes approximately 1.02 wt% of a hen egg, contains about 

90 wt% collagen, 3 wt% lipid, and 2 wt% sugar and is an abundant natural proteinous resource that 

has been used as an effective traditional Chinese external medicine named ‘coating for phoenix’ for 

the treatment of burns and ulcers [1,2]. ESM is similar to natural extracellular matrix (ECM), in that it 

has a highly porous structure of interwoven protein fibers, surrounding the egg yolk which is an ovum 

cell [3,4]. It has been used as a biomaterial, particularly as a matrix for biosorption of heavy metal ions 

[5], a template for the formation of ordered tube networks [6], a platform for enzyme immobilization 
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[7], and as a scaffold material for tissue engineering [8]. However, natural ESM is neither soluble nor 

fusible, so that the reformation of natural ESM into various shapes and sizes is difficult. Soluble ESM 

(SESM) is prepared from ESM using reduction dissolved method, which has good bioactive protein 

[9]. Rather than employing natural ESM, soluble ESM has been considered for different applications.  

However, SESM is also difficult to form into different shapes and sizes, and even if it could be 

formed into film or fiber, its mechanical properties will be very poor due to its low molecular weight 

and wide molecular weight dispersion [10]. Therefore, recent research has focused on blending ESM 

with water-soluble polymers such as poly (vinyl alcohol) (PVA) and poly (ethylene oxide) (PEO) and 

then processing it into fibers or films with simultaneous cross-linking to make it insoluble [11,12], or 

grafting ESM onto the surface of water-insoluble polymers, such as polycaprolactone (PCL) or polye-

thylene (PE) fiber or film [13,14], to generate the natural fiber-like structure of ESM. However, either 

the processes for the preparation of such fibers or films were too complicated or the resultant mechan-

ical properties were poor, and the products were usually insoluble and not suitable for applications 

such as facial masks, wound dressings and pharmaceutical carriers. SESM can be made into superfine 

particles with excellent hydrophilicity, which is an important performance requirement of wound 

dressings, facial masks and other biomaterials [15]. Therefore, SESM can be blended directly with 

nontoxic polymers that possess good mechanical properties and then formed into nanofibers, which 

has significant potential for applications in wound dressings, facial masks and pharmaceutical carrier 

materials. 

Polyurethane (PU), a polymer material developed in the 1930s, offers high strength, good wear re-

sistance, tear resistance, flexibility, oil resistance, and excellent blood compatibility. Foam, plastic, 

elastomers, paints, adhesive materials, elastic fibers, and synthetic leather made from PU resin play an 

important role in modern industries [16]. In particular, PU can be easily formed into nanofiber webs 

by electrospinning, which have significant potential for applications such as separation filters, wound 

dressing materials, tissue scaffolds, and sensors [17–27]. However, to overcome the disadvantageous 

properties of traditional and pure PU products, such as hydrophobicity, superfine particles (SP) are 

widely applied in the modification of PU products [28–32]. Unlike traditional research on the modifi-

cation of PU products using inorganic nanoparticles, in this study, nanofibers were prepared from a 

blend of SESM superfine particles (SP) and medical grade PU (MPU) to reduce the hydrophobicity 

and realize the application of SESM as a biomaterial. The morphology, structure, surface wettability 

and mechanical properties of the MPU-SP blend nanofibers were investigated.  

2. Experiment 

2.1. Materials 

SP of SESM (Idemitsu Technofine Co., Ltd, Mw =6000, average diameter 2 µm) and MPU (Fluka, 

Selectophore ®, 81367-5G) were used as starting materials. Acetone (Nacalai Tesque) and dimethyla-

cetamide (DMAc; Wako) were used as solvents for MPU. 

2.2. Electrospinning 

MPU was dissolved at 12 wt% in a DMAc/acetone (60/40 w/w) co-solvent under stirring for 24 h at 

room temperature. MPU-SP suspensions with various weight ratios (95:5, 90:10, 85:15 and 80:20, de-

noted as MPU-SP 5, MPU-SP 10, MPU-SP 15 and MPU-SP 20, respectively) were prepared by add-
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ing appropriate amounts of SP to the MPU solution and then stirring for 24 h at room temperature. 

MPU-SP suspensions were placed into a 2.5 mL syringe capped with a 22-gauge blunt end needle and 

mounted in a syringe pump (KD Scientific, 780,100E). The positive lead from a high voltage supply 

(Gamma High Voltage Research Inc., E S40P-20W) was attached via an alligator clip to the external 

surface of the metal syringe needle. A square (8×8 cm2) grounded target fabricated from stainless steel 

was mounted 15 cm from the tip of the syringe tip. At the onset of electrospinning, the syringe pump 

was set to deliver the source solution at a rate of 0.4 mL/h. A high voltage of 15 kV was simultaneous-

ly applied across the source solution and the grounded target mandrel. All nanofibers for characteriza-

tion were prepared by electrospinning for 1 h followed by vacuum drying for 24 h.  

2.2.1. Characterization  

Morphological observations of the MPU-SP nanofibers were conducted using a field emission scan-

ning electron microscope (FE-SEM; Hitachi, 4200) at an acceleration voltage of 8 kV. For each sam-

ple, fiber diameter was measured at 50 different points using Image J 1.42q. software.  

The water contact angle (WCA) was measured using a contact angle tester (Kyowa Interface 

Science Co., Ltd., CA-S150). Then 4 µL of deionized water was dropped onto the surface of electros-

pun nanofiber webs at 24°C and 60% relative humidity. The WCA was measured using Image J 1.42q. 

software. 

Tensile strength tests were performed at room temperature using a micro-tensile tester (Kato Tech 

Co., Ltd., KES-G5S). The micro-tensile tester was set up with a 0.5 cm gauge length and a crosshead 

speed of 0.1 cm/s. The length and width of the test samples were both 1 cm. Tensile resilience was 

obtained at a crosshead speed of 0.1 cm/s and a maximum load of 0.1 N/cm with ten-cycle tests; the 

length and width of the samples were both 1 cm. For each sample, at least five specimens were tested.  

The composition of the nanofibers was observed using Fourier transform infrared spectroscopy 

(ATR-FTIR PerkinElmer, Spectrum GX) in the wavenumber range of 700-4000 cm-1
 with a resolution 

of 8 cm
-1

. Each measurement was composed of an average of 16 scans. 

3. Results and discussion 

3.1. Morphology 

The formation of uniform MPU-SP nanofibers from suspension was continuous and stable when the 

weight ratio of SP to MPU was less than 20:80, where the SP were evenly distributed throughout the 

MPU solution. FE-SEM images (see Figure 1) of the electrospun nanofibers also confirmed that elec-

trospun MPU-SP nanofibers formed using these weight ratios were uniform. SP are randomly dis-

persed in the MPU nanofibers with no agglomeration of SP when the weight ratio of SP to MPU is 

less than 20:80, which indicates that there is at least a strong interaction force between SP and MPU in 

the nanofibers. However, when the weight ratio of SP to MPU was 20:80, SP were unevenly distri-

buted in the MPU nanofibers, though confined.  Moreover, as shown in Figure 2 and Table 1, with the 

increasing weight ratio of SP, although the average diameters of the nanofibers increased from 972 nm, 

which was the average diameter of pure MPU nanofibers, to above 1200 nm, the morphology of MPU-

SP nanofibers remained the same, and the variation tendency of the diameter of MPU-SP nanofibers 

was not obvious due to the wide diameter distribution. The increase of the diameter is probably due to 

the higher viscosity of the spinning solution than pure MPU spinning solution caused by the interac-

tion between MPU and SP [27], which also has a probable effect on the mechanical properties. 
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Fig. 1. FE-SEM images of different nanofibers of (a) MPU, (b) MPU-SP 5, (c) MPU-SP 10, (d) MPU-SP 15 and (e) MPU-SP 
20. 

(a)

(b)

(c)

(d)

(e)
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Fig. 2. The average diameters of MPU-SP nanofibers. 
 

Table 1  

The average diameters of MPU-SP nanofibers 

Samples MPU MPU-SP 5 MPU-SP 10 MPU-SP 15 MPU-SP 20 

Diameter (nm) 972±179 1255±207 1242±187 1357±231 1408±213 

3.2. Wettability 

To investigate the wettability of MPU-SP nanofiber webs, the WCAs were measured, and the results 

are given in Figure 3 and Table 2. The WCAs of MPU nanofiber webs decreased from 112.4° to 0° 

after the addition of SP at SP:MPU weight ratios less than 20:80. The WCA does not vary with the 

variation of the SP:MPU weight ratio at less than 20:80, because the blends are fully hydrophilic as a 

result of the excellent water solubility of SP. However, when the SP:MPU weight ratio is 20:80, the 

WCA of the MPU-SP blend nanofiber web is very small, but fluctuates widely due to the uneven dis-

persion of SP, which is evident in Figure 1.  

3.3. Mechanical properties 

3.3.1. Tensile strength 

For the tensile strength tests, the sample of 1 cm wide was used as the initial loading unit to calcu-

late the tensile load and Young’s modulus, considering the precise thickness of the nanofiber webs 

was difficult to be measured. Stress-strain curves of MPU-SP nanofiber webs are shown in Figure 4, 

and the tensile properties of MPU-SP nanofiber webs obtained from these stress-strain curves are 

summarized in Table 3. The tensile strength at break and elongation at break for MPU-SP nanofiber 

webs show the maximum extension under the testing conditions. All the MPU-SP nanofiber webs ex-

hibit excellent mechanical properties similar to those of pure MPU nanofibers. After the addition of SP

the tensile strength at break is lower and the elongation at break and Young’s modulus are higher 

compared with pure MPU nanofiber webs. Moreover, the tensile strength at break, elongation at break 

and Young’s modulus of the MPU-SP nanofibers first increase with the increasing weight ratio of SP 

to MPU, and then decrease. It was reported that the geometrical arrangement of electrospun nanofibers 

and the density and distribution of bonded points in nanofiber mats have a significant effect on the 

mechanical behavior of electrospun nanofiber mats [33]. In the present study, these factors are mainly 

affected by both the diameters of the MPU nanofibers and the distribution and the number of SP. The 
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diameters of all MPU-SP nanofibers are larger than those of pure MPU nanofibers, and as the amount 

of SP increases, SP are firstly distributed evenly in the MPU nanofibers and act as physical crosslink 

Table 2  

Contact angle values of M-PU-SP nanofiber webs 

Samples M-PU M-PU-SP 5 M-PU-SP 10 M-PU-SP 15 M-PU-SP 20 

Contact(º) 112.4±0.5 0 0 0 Fluctuate widely 

 

 

 

 

Fig. 3. Contact angle pictures of different nanofibers of (a) MPU, (b) MPU-SP 5, (c) MPU-SP 10, (d) MPU-SP 15 and (e) 
MPU-SP 20. 

 

ing points. However, although a greater amount of SP result in uneven distribution, weak spots, a 

change in the tensile strength at break, SP are more rigid than MPU and act as a “lubricant” between 

the MPU nanofibers,  leading to the increase of Young’s modulus and elongation at break. 

(a) 

(c) (d)

(e) 

(b)
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Fig. 4. Strain-stress curves of MPU-SP nanofiber webs. Fig. 5. Typical resilience curves of MPU-SP nanofiber webs 
for the first load-extension testing. 

3.3.2. Tensile resilience 

As is well known, the flexibility of a material is not only dependent on its extensibility, but also on 

its resilience. According to the results for the tensile properties, MPU-SP blend nanofiber webs show 

higher extensibility than pure MPU nanofiber webs. The resilience properties of the test samples were 

measured by cyclic tensile tests. Typical resilience (RT) curves of MPU-SP nanofiber webs prepared 

using different ratios of SP to MPU are shown in Figures 5 and 6, and the tensile properties obtained 

from these curves are summarized in Table 4. The RT values of the blend nanofiber webs for the first 

load-extension testing (Figure 5) are slightly lower than those of pure MPU nanofiber webs and in-

crease then decrease with the increasing weight ratio of SP to MPU. The average RT values of the 

blend nanofiber webs for the 10 cycle tests are very similar to those of the pure MPU nanofiber webs. 

This confirms that the blend nanofiber webs have similar excellent resilience to that of pure MPU na-

nofiber webs and the addition of SP does not obviously affect the resilience property. At maximum 

extension, the same variation tendency to that above elongation at break is observed. This difference 

in resilience results from the interaction between SP and MPU, where SP act as physical crosslinking 

points of MPU nanofibers, which varies according to the variation of SP distribution and number.  
 

Table 3  

Mechanical parameters of MPU-SP nanofiber webs 

Samples Tensile strength at break (Mpa) Elongation at break (%) Young’s modulus (Mpa) 

MPU 18.63±0.92 327±17 4.65±0.25 

MPU-SP5 16.76±1.42 405±38 5.12±0.35 

MPU-SP10 17.88±1.42 431±19 5.22±0.09 

MPU-SP15 14.02±0.27 453±23 4.87±0.16 

MPU-SP20 13.9±0.36 434±22 4.90±0.38 
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Table 4  

Resilience properties of MPU-SP nanofiber webs for the first load-extension testing 

Samples 
Maximum extension (%) WTa ×10-2(J/m2) RTb (%) 

The first load 10 repeat tests The first load 10 repeat tests The first load 10 repeat tests 

MPU 181±5 214±15 45.2±2.3 32.6±4.4 53.3±3.6 71.2±6.8 

MPU-SP5 216±9 283±36 64.1±3.1 48.1±5.8 39.3±2.5 67.5±9.9 

MPU-SP10 200±7 252±29 62.5±2.7 48.3±5.2 39.3±2.7 69.7±10.7 

MPU-SP15 197±6 290±44 67.9±4.5 50.7±6.3 46.0±3.1 64.2±7.3 

MPU-SP20 118±4 152±18 35.8±2.2 30.1±2.8 45.7±2.8 72.9±9.7 

aTensile energy. 
bTensile resilience. 

 

 

 

 

Fig. 6. Typical resilience curves of MPU-SP nanofiber webs with 10 repeat tests. 
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Fig. 7. FTIR curves of MPU-SP nanofibers. 

3.4. FTIR analysis  

It has been reported that strong hydrogen bonding between NH and C=O is formed in protein and 

PU [34]. SP distribute in the MPU nanofibers as particles and its functional groups are similar to that 

of MPU, so the peaks shifts caused by hydrogen bonds is very weak and cannot be observed in the 

FTIR spectra (see Figure 7). However, the results for the electrospinnability and morphology of the 

MPU-SP blend nanofibers indicate that there is a chemical interaction between SP and MPU.  

4. Conclusion  

SP have a good compatibility with the MPU solution, and the resultant blends have good electros-

pinnability. The addition of SP has no obvious effect on the electrospinning process of MPU nanofi-

bers, although the average diameter of MPU-SP nanofibers is larger than that of pure MPU nanofibers 

and increases with the increasing SP weight ratio. There is strong physical interaction between SP and 

MPU nanofibers, because SP are distributed randomly in the MPU nanofibers with no agglomeration 

of SP and act as physical crosslinking points so that SP do not affect the mechanical properties of 

MPU-SP nanofibers, but their hydrophilicity is enhanced significantly. Therefore, these nanofiber 

blends have significant potential for applications such as facial masks, wound dressings, and pharma-

ceutical carrier materials.  
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