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ABSTRACT 

In this work, nylon 6 core–chitosan/poly (vinyl alcohol) (PVA) shell hydrogel 

nanofibers (NCNFs) were fabricated by coaxial solution blowing. The hydrogel fibers 

were 80–650 nm in diameter with smooth surfaces. These fibers were distributed 

randomly and formed three-dimensional mats. Cibacron Blue F3GA (CB) was then 

immobilized onto the membrane surfaces for subsequent protein affinity adsorption. 

The amount of PVA in the shell greatly influenced CB content and bovine serum 

albumin (BSA) adsorption. The highest BSA adsorption capacity achieved by the 

NCNF membranes with immobilized CB was 379.43 mg/g. Results showed that 

NCNFs combine the large capacity of hydrogels and the high flux of nanofibrous 

mats for affinity adsorption. 
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1. Introduction 

  Affinity chromatography is an important method because of its wide application in 

protein separation and purification. It is usually carried out in packed-bed 

chromatography columns filled with soft gels
1
. However, the classical bead-based 

column chromatography exhibits drawbacks such as slow intraparticle diffusion, large 

pressure drop through the column, low product throughput and high cost, and etc.
10

. 

With the development of membrane technology, ligand molecules are introduced into 

the surfaces of membrane to specifically capture ligate, while letting other molecules 

to pass through. Affinity membrane chromatography is a new type of seperation 

method that offers some apparent advantages over conventional bead-packed column 

chromatography, which combining membrane use and affinity chromatography. These 

advantages include higher flow rate, shorter diffusion path, lower pressure drop, and 

simple scale-up process
2–4

. However, affinity membrane chromatography have to face 

the negative effect of decreasing target molecule adsorption capacity because that 

binding can only take place on the surface of the membrane and the membranes have 

limited superficial area.  

  Nanofiber membranes have recently received increased attention in terms of their 

use in the separation of analytes on account of their porous structure, large surface 

area, and low production cost. With their extremely large surface areas, nanofiber 

membranes can increase the chances of contact of target molecules to the fiber surface. 

In this regard, the binding capacity of ligands is greatly augmented relative to that of 

flat and hollow membranes
5–7

. Furthermore, nanofiber membranes show high porosity, 
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which improves filtration efficiency
8–12

. Hence, nanofiber membranes have been 

extensively developed as affinity membranes. Zhang
13

 successfully electrospun 

hybrid chitosan/nylon-6 nanofibrous mats and immobilized Cibacron Blue F3GA (CB) 

on these mats as the affinity ligand. Ma
14

 prepared a protein A/G functionalized 

electrospun regenerated cellulose (RC) nanofiber mesh as an affinity membrane for 

immunoglobulin G (IgG) purification.  

  Solution blowing is a new nanofiber fabrication method that uses high-speed 

airflow as driveforce. Compared with electrospinning, solution blowing presents 

significant advantages such as high productivity, easy accessibility and low energy 

consumption
15–19

. Besides their high specific surface areas, solution-blown nanofibers 

are commonly curled in three-dimension because of the effect of turbulent flow in the 

gas flow field. This configuration enhances the transport property of the material
20

, 

and hence makes the solution-blown nanofiber a good candidate for affinity 

adsorption.  

  On the other hand, the mechanism of protein adsorption onto a surface is highly 

complex, and the interaction depends on the physicochemical properties of the surface 

like the surface area, topography, hydrophobicity/ hydrophilicity, electrostatic charges, 

polar/nonpolar groups, chemical structure and the properties of the protein itself
21

. In 

recent years, a great deal of interest has been observed in relation to the applicability 

of hydrogels as adsorbents
22-23

, on account of their form of three-dimensional 

cross-linked polymer networks of flexible chains, which are able to absorb and retain 

water and solute molecules. 
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  In our previous work, a novel hydrogel nanofiber membrane was fabricated via 

solution blowing of chitosan and poly (vinyl alcohol) (PVA) solution
24

 with ethylene 

glycol diglycidyl ether (EGDE) as the cross-linker. The chitosan/PVA nanofiber 

membranes show the combined advantages of hydrogel and nanofibrous membranes. 

Over here, chitosan and its derivatives are excellent adsorbents since chitosan is 

positively charged in the mild acidic and near neutral pH conditions while many 

proteins are negatively charged
23,25

. On the other hand, PVA can better react with 

Bovine Serum Albumin, and often used in protein adsorption material
26

. Furthermore, 

PVA could greatly improve the effective utilization of affinity binding sites because of 

its water absorption and swelling properties. Thus, the chitosan/PVA hydrogel 

nanofiber could be expected to be an advanced membrane with good performance in 

affinity adsorption on account of its large capacity and high flux. 

  In this study, a core-shell nanofiber, with chitosan/PVA as shell and nylon 6 as core, 

was fabricated to investigate its affinity adsorption performance. The chitosan/PVA 

shell is designed as adsorption layer, and the nylon 6 core is designed to improve its 

mechanical property and spinnability. CB and bovine serum albumin (BSA) were 

selected as ligand-ligate research models to test adsorption activity. The structure and 

properties of the solution-blown hydrogel nanofiber mats, including the ratio of 

core-shell content, different contents of chitosan and PVA, the change of degree of 

crosslinking, pH value and the initial concentration of the protein solution, were 

characterized and the CB functionalized membranes were studied in terms of BSA 

capturing abilities. 
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2. Experimental 

2.1. Materials and preparation 

  Chitosan, with viscosity–average molecular weight of 5.1 × 10
4 

and deacetylation 

degree of 0.92, was provided by Zhejiang Ao-Xing Biotechnology Co. Ltd. (Zhejiang, 

China). PVA, with the degree of hydrolyzation of 97 mol%, was purchased from 

Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). EGDE (medical 

grade) was purchased from Shanghai YiBo Bio-Pharmaceutical Tech. Co., Ltd. 

(Shanghai, China) and used as a water soluble cross-linker. Analytical-grade formic 

acid (88 wt%) was used as-received. CB (reagent grade) was purchased from Dalian 

MeiLun Bio-Pharmaceutical Tech. Co., Ltd. (Dalian, China) and used as the ligand. 

  The shell spinning solution was produced by dissolving chitosan and PVA in formic 

acid to a total polymer mass fraction of 4 wt%, with EGDE blended into the mixture 

before spinning. The core solution was composed of 16 wt% nylon-6 in formic acid. 

2.2. Coaxial solution blowing of nanofibers 

  A purpose-built coaxial solution blowing setup, was used for the experiments. The 

spinning program may be described briefly as follows: The nylon-6 solution and 

chitosan/PVA solution were respectively fed to the inner and outer orifices of the 

coaxial spinneret, and the compressed air was supplied to a coaxial outer slot. After 

the solution streams were pressed out of the orifices, they were stretched to extreme 

lengths by the high-velocity gas flow. The nanofibers formed along with solvent 

evaporation and deposited on a porous collector (the collector distance was 60 cm) to 

form a fibrous mat. Finally, the produced nanofiber mats were heat-treated in a 
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vacuum oven at 60 °C for 3 h to enhance the cross-linking reaction and to remove the 

residual formic acid. 

  The coaxial spinneret used in this study has inner and outer orifices measuring 0.5 

and 0.8 mm in diameter, respectively. The width of the coaxial air slot was 1.0 mm, 

and the drawing gas flow was supplied at 0.15 MPa. The resultant nylon-6 

core–chitosan/PVA shell nanofibers are denoted as NCNFs, and the samples with 

different content ratios are given in Table.1. 

2.3. CB immobilization 

  CB (50 mg) was dissolved in 50 mL of water, and the dye solution was heated to 

60 °C, followed by addition of 30 mg of NCNFs. After soaking for 30 min, 25 wt% 

sodium chloride (NaCl) was added to the mixture. The temperature was maintained at 

60 °C for 30 min. Then, 2.5 mL of 25 wt% Na2CO3 solution was added, and the 

reaction temperature was increased to 80 °C for another 4 h. The modified 

nanofibrous membranes were washed thoroughly with warm water and methanol until 

no CB molecules were detected in the washing solution by UV-vis absorbance 

measurement. The reaction of chitosan/PVA with CB was confirmed by Fourier 

transform infrared spectroscopy (FTIR; Nicolet 6700, USA). The CB loading on the 

nanofibrous membranes was determined in terms of sulfur content using elemental 

analysis (EA). 

2.4. Characterization of nanofibrous membranes 

  The morphology of the nanofiber mats was observed using field emission–scanning 

electron microscopy (FE–SEM, Hitachi S-4800). All specimens were coated with a 
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conductive layer of sputtered gold, and fiber diameters were determined as mean 

values of 50 measurements on the FE–SEM images. The core–shell structures of the 

fibers were confirmed through transmission electron microscopy (TEM, Hitachi 

H–7650).  

2.5. BSA adsorption studies 

  BSA adsorption capacities of the CB attached to the NCNFs were measured under 

different concentrations, adsorption times, and pH values of the adsorption media. 

PBS was used to prepare the adsorption media with different pH values. In a typical 

adsorption test, 10 mg of the NCNFs was combined with 10 mL of the BSA solution 

for certain time at 30 °C, followed by extensive washing with distilled water. The 

BSA adsorption amount on the membranes was calculated by measuring the initial 

and final BSA concentrations of the adsorption media. The BSA concentration was 

then determined through a bicinchoninic acid assay (BCA) using a Pierce BCA
TM 

Protein Assay Kit
27

. To study the reusability of the NCNFs, one piece (about 10 mg) 

of nanofibrous membrane with a known amount of adsorbed BSA was immersed in 

20 mL of 1 M NaSCN solution as elution medium for 1 h at 30 °C. The amount of the 

eluted BSA was determined by measuring the concentration of BSA in the elution 

through BCA. This BSA adsorption–elution process was repeated ten times with the 

same nanofibrous membranes. 

3. Results and discussion 

3.1. Fabrication of NCNFs 

  During solution blowing, spinning solutions are blown and attenuated into ultrafine 
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fibers by a high-velocity airflow, along with evaporation of the solvent. In this work, 

the coaxial solution-blowing apparatus was designed with a coaxial spinneret to allow 

two spinning solutions to coaxially extrude into the high-velocity airflow field to form 

the core–shell nanofibers. To study the effect of the ratio of core and shell components 

on fiber morphology, the fibers with different core–shell injection speed ratio 

(core–shell ratio was 1:2, 1:1, 2:1, respectively) was confirmed by TEM, as shown in 

Fig. 1. The images clearly show the presence of a continuous core material inside the 

nanofibers. Distinct interfaces between the core and shell components are also evident, 

which indicates that nylon-6 was completely encapsulated inside the fiber. The images 

also suggest that the thickness of the shell layer can be adjusted by controlling the 

injection speed of the shell and core solutions. 

  The surface morphologies of the nanofibers are shown in Fig. 2(a-j). The images 

reveal that the solution-blown nanofibers were arranged disorderly and formed 

three-dimensional mats. The nanofibers were smooth in surface and curly in shape, 

with diameters ranging from 80 nm to 650 nm. When chitosan solution was used 

solely as the shell spinning solution (Fig. 2a), the nanofibers produced were small in 

diameter with many droplets along the fibers. Chitosan solution is difficult to spin by 

this process because of its high viscosity even at low concentrations
15

. Hence, in this 

work, PVA was blended with chitosan as an assistant polymer to enhance the latter’s 

spinnability and confer good water absorption capability to the nanofibers. Addition 

of PVA made the spinning process smooth and promoted the gradual disappearance of 

droplets with increasing PVA content (Figs. 2a–d, 2i, and 2j). By contrast, addition of 
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EGDE (Figs. 2d, 2g, and 2h) caused no apparent change in the fibers. 

3.2. CB immobilization 

  CB is a popular affinity dye ligand for the purification of protein molecules. In this 

work, CB was immobilized onto the nanofiber surface to enhance the adsorption 

capacity of the latter. The CB-immobilized NCNFs (NCNFs-co-CB) was observed by 

SEM; the image was shown in Fig. 2k. Good stability in shape was observed with a 

slight increase in diameter for the NCNFs-co-CB. Attenuated total reflectance 

(ATR)–FTIR was used to study the chemical structure changes. Fig. 3 shows the main 

adsorption peaks of CB molecules on the membranes. The peaks at 1086, 1144, and 

1248 cm
–1

 correspond to the stretching vibrations of S=O, respectively
28-29

. Compared 

with the pristine NCNFs, the two characteristic adsorption peaks on NCNFs-co-CB 

membranes confirm the presence of CB molecules on the nanofibrous membranes. 

This result was obtained because NCNFs-co-CB was prepared through a nucleophilic 

reaction between the CB triazinyl chloride and the abundant hydroxyl groups on the 

NCNF surface, as shown in Fig. 4
30

. 

  The CB amount immobilized on the nanofibrous membrane was determined by the 

sulfur content using EA. In this process, only the shell material (PVA and chitosan) 

was used to calculate the amount of the immobilized CB, as shown in Fig. 5. The 

figure indicates that the amount of immobilized CB increased with increasing PVA 

ratio, but decreased with EGDE content (i.e., increasing degree of cross-linking). This 

observation may have occurred because CB was immobilized mainly through a 

nucleophilic reaction between the CB triazinyl chloride and abundant hydroxyl groups 
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of the NCNF surfaces
30

. 

3.3.BSA adsorption 

  BSA is widely used as a protein model because of its similar molecular weight 

range to many proteins and enzymes and its low cost compared with other biological 

agents. In addition, CB and BSA can form a ligand–ligate pair, which has also been 

used frequently for affinity chromatography
31

. In this work, BSA adsorption behavior 

to the membranes were studied to evaluate the effects of shell content, adsorption time, 

initial BSA concentration, and pH value on membrane binding. 

  The BSA adsorption performances of different contents of the samples were studied 

and results shown in Fig. 6. By comparing all of the pristine NCNFs, we noted that 

PVA content greatly influences BSA adsorption capacity. In particular, the absence of 

PVA in the shell material (NCNFs-1), yielded a BSA adsorption capacity of 154.83 

mg/g only. With increasing PVA content, the adsorption was augmented; the highest 

adsorption occurred at chitosan:PVA = 50:50 (the BSA adsorption of pristine NCNFs 

is 276.16 mg/g). After CB was immobilized on the surface, the adsorption capacity of 

the NCNF further improved. As mentioned earlier, the amount of immobilized CB 

increases with increasing PVA ratio. Hence, CB and PVA react synergistically to 

enhance the adsorption capacity of NCNFs-co-CB significantly. For instance, the 

adsorption capacity of BSA to NCNFs-5 increased from 276.16 mg/g to 379.43 mg/g 

after CB immobilization. Introduction of PVA to the shell improved the adsorption 

capacity of BSA, which can be attributed to the abundant hydroxyl groups along the 

PVA macromolecular chain. These hydroxyl groups act as adsorption sites and 
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contribute to the hydrogel property, which increases the effective surface area as the 

nanofibers swell in aqueous condition. EGDE contents showed a different effect. By 

comparing the results from NCNFs-8, NCNFs-4, and NCNFs-7, we found that the 

nanofibers adsorbed less BSA with increasing EDGE content. EDGE contains two 

epoxide groups at both ends of its molecular chain, which could react mainly with 

–OH groups after cross-linking. Overall, comprehensive evaluation of the 

performances of the membranes, including spinnability and adsorption properties, 

indicated that the NCNFs-5 membrane is superior to all other membranes tested in 

this study. Subsequently, the adsorption performance of NCNFs-5 was further 

examined to determine the effect of adsorption time, initial BSA concentration, and 

pH value to membrane adsorption. 

  As seen in Fig. 7, the amount of adsorbed BSA on NCNFs and NCNFs-co-CB 

increased significantly in the first 7 h up to 276.14 mg/g and 379.32 mg/g nanofiber, 

respectively, until equilibrium was reached after 10 h. 

  Fig. 8 shows the influence of initial BSA concentration on NCNF adsorption 

performance. At a fixed adsorption time of 10 h, the amount of BSA adsorbed onto 

the NCNFs and NCNFs-co-CB increased with increasing initial BSA concentration. 

The trend plateaued at an initial BSA concentration of about 3 mg/mL. At this point, 

the BSA adsorption capacities of NCNFs and NCNFs-co-CB were 276.08 and 379.19 

mg/g nanofiber, respectively. 

  The influence of pH on NCNF adsorption performance was studied and the effect 

of pH was investigated at the pH range of 4.0–9.18 using different buffers. It 
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presented that pH value had a significant effect on the adsorption performance of BSA 

(Fig. 9). The figure shows that the BSA adsorption was relatively large at pH 6-7, and 

the maximum BSA adsorption capacity of the NCNFs-co-CB was observed at pH 

7.14. As we all know, electrostatic interactions to charged BSA molecules play 

important role in the BSA adsorption
32

. Chitosan is a kind of polyelectrolyte with pKa 

around 6.5 which exhibits a pH-sensitive behavior as a weak polymer due to the 

amino groups on its chain
33

. Therefore, chitosan is positive charged at near or below 

the neutral pHs which can offer binding sites for BSA
23

. In addition, conformational 

changes in the protein molecules adsorbed on the PVA particles and from dye 

attachment also impact on pH-responsive
34

. This behavior is consistent with the 

results shown in Fig. 9. 

4. Conclusions 

  Nylon-6 core–chitosan/PVA shell nanofibers (NCNFs) were fabricated through a 

novel solution-blowing process. NCNFs-co-CB which immobilized CB on the 

NCNFs possesses the advantages of both hydrogel and fibers mats and exhibits a high 

adsorption capacity. The NCNFs with the ratio of core/shell is 1:2, chitosan: PVA = 

50:50 at pH 7.14 and 37 °C showed the best BSA adsorption capacity among all the 

samples. These results suggest that the NCNF is a highly suitable and promising 

affinity adsorption material. 
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Table caption: 

Table 1. The experimental scheme. 

 

Figure captions：：：： 

Fig. 1. TEM images of the solution-blown core–shell nanofibers. (a) NCNFs-5, (b) 

NCNFs-4, and (c) NCNFs-6. 

Fig. 2. SEM images of solution-blown NCNFs. (a) NCNFs-1, (b) NCNFs-2, (c) 

NCNFs-3, (d) NCNFs-4, (e) NCNFs-5, (f) NCNFs-6, (g) NCNFs-7, (h) NCNFs-8, (i) 

NCNFs-9, (j) NCNFs-10, and (k) NCNFs-co-CB. 

Fig. 3. ATR–FTIR spectra of (a) CB, (b) pristine NCNF and (c) NCNF-co-CB. 

Fig. 4. CB immobilization onto NCNFs. 

Fig. 5. The immobilized amount of CB on NCNFs. 

Fig. 6. BSA adsorption of nanofibers. 

Fig. 7. Effect of adsorption time on BSA adsorption capacity to NCNFs and 

NCNFs-co-CB (pH: 7.14, T: 37 °C, and initial BSA concentration: 3 mg/mL). 

Fig. 8. Effect of initial BSA concentration on the BSA adsorption capacity of NCNFs 

and NCNFs-co-CB (pH: 7.14, temperature: 37 °C, and adsorption time: 10 h). 

Fig. 9. Effect of pH on the BSA adsorption capacity of NCNFs-co-CB (Temperature: 

37 °C, adsorption time: 10 h, and initial BSA concentration: 3 mg/mL). 
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Table.1. The experimental scheme 

Samples 
Shell material 

(chitosan:PVA) 
Content of EGDE* 

Injection speed 

(core:shell) 

NCNFs-1 100:0 10% 1:1 

NCNFs-2 80:20 10% 1:1 

NCNFs-3 60:40 10% 1:1 

NCNFs-4 50:50 10% 1:1 

NCNFs-5 50:50 10% 1:2 

NCNFs-6 50:50 10% 2:1 

NCNFs-7 50:50 20% 1:1 

NCNFs-8 50:50 5% 1:1 

NCNFs-9 40:60 10% 1:1 

NCNFs-10 20:80 10% 1:1 

*EGDE content is expressed as percent weight with respect to the total chitosan and PVA content. 
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Fig. 1. TEM images of the solution-blown core–shell nanofibers. (a) NCNFs-5, (b) NCNFs-4, and (c) NCNFs-6. 
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Fig. 2. SEM images of solution-blown NCNFs. (a) NCNFs-1, (b) NCNFs-2, (c) NCNFs-3, (d) NCNFs-4, (e) 
NCNFs-5, (f) NCNFs-6, (g) NCNFs-7, (h) NCNFs-8, (i) NCNFs-9, (j) NCNFs-10, and (k) NCNFs-co-CB.  
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Fig. 3. ATR–FTIR spectra of (a) CB, (b) pristine NCNF and (c) NCNF-co-CB.  
55x43mm (300 x 300 DPI)  
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Fig. 4. CB immobilization onto NCNFs.  
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Fig. 5. The immobilized amount of CB on NCNFs.  
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Fig. 6. BSA adsorption of nanofibers.  
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Fig. 7. Effect of adsorption time on BSA adsorption capacity to NCNFs and NCNFs-co-CB (pH: 7.14, T: 37 °C, 
and initial BSA concentration: 3 mg/mL).  
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Fig. 8. Effect of initial BSA concentration on the BSA adsorption capacity of NCNFs and NCNFs-co-CB (pH: 
7.14, temperature: 37 °C, and adsorption time: 10 h).  
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Fig. 9. Effect of pH on the BSA adsorption capacity of NCNFs-co-CB (Temperature: 37 °C, adsorption time: 
10 h, and initial BSA concentration: 3 mg/mL).  
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