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A B S T R A C T   

Electrospinning nanofibers (NFs) made from natural proteins have drawn increasing attention recently. Rapeseed 
meal is a by-product that rich in protein but not fully utilized due to poor properties. Therefore, modification of 
rapeseed protein isolates (RPI) is necessary to expand applications. In this study, pH shift alone or ultrasonic- 
assisted pH shift treatment was adopted, the solubility of RPI, along with the conductivity and viscosity of the 
electrospinning solution were detected. Moreover, the microstructure and functional characteristics of the 
electrospinning NFs, as well as the antibacterial activity of clove essential oil loaded-NFs were investigated. The 
tested parameters were remarkably improved after different treatments compared with the control, and syner-
gistic effects were observed, especially under alkaline conditions. Hence, pH12.5 + US showed the maximum 
value of solubility, conductivity, and viscosity, which was more than 7-fold, 3-fold, and almost 1-fold higher than 
the control respectively. Additionally, SEM and AFM images showed a finer and smoother surface of NFs after 
treatments, and the finest diameter of 216.7 nm was obtained after pH12.5 + US treatment in comparison with 
450.0 nm in control. FTIR spectroscopy of NFs demonstrated spatial structure changes of RPI, and improved 
thermal stability and mechanical strength of NFs were achieved after different treatments. Furthermore, an in-
hibition zone with a diameter of 22.8 mm was observed from the composite NFs. This study indicated the 
effectiveness of ultrasonic-assisted pH shift treatment on the physicochemical properties improvement and 
functional enhancement of NFs made from RPI, as well as the potential antibacterial application of the composite 
NFs in the future.   

1. Introduction 

Nanofibers (NFs) have attracted much attention in the past decade, 
and they have been widely studied in pharmaceutical, energy, food, and 
other fields due to their high specific surface area, simple preparation, 
and excellent mechanical properties [1,2]. Electrospinning is a novel 
and efficient technology for NFs fabrication. The instrument for elec-
trospinning is mainly made up of a high-voltage power supply (either 
direct current or alternating current), a spinneret, a spinneret pump, and 
a collector of fibers. During electrospinning, the polymer solution is 
expressed from the spinneret by the syringe pump, and the solution is 
formed into liquid droplets due to surface tension. The droplets become 
charged under the high-voltage electric field, and electrostatic repulsion 

transforms the droplets into a Taylor cone, thus a charged jet is gener-
ated and ejected. The charged jet is stretched and elongated to a thinner 
diameter, which evaporates and solidifies quickly, producing a 
nanometer-scaled diameter of fibers on the collector with a range of 
100–500 nm [3]. Electrospinning NFs have the potential to be used for 
food preservative, enzyme immobilization, food packaging, and other 
fields [4], which will bring huge economic benefits to the food industry. 
Many parameters, including processing parameters, liquid characteris-
tics, and environmental factors can influence the structural morphology 
and diameter of the electrospinning NFs, thus further affecting the 
application of NFs [5,6]. Processing parameters mainly include applied 
voltage, liquid flow rate, and the distance between collector and spin-
neret. Liquid characteristics include concentration, viscosity, 
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conductivity, molecular weight, pH, etc. Major environmental factors 
include temperature and humidity. Therefore, research has been con-
ducted to optimize the corresponding parameters in order to obtain NFs 
with excellent morphology and thinner diameters, as demonstrated by 
many studies [7–10]. 

Regarding electrospinning NFs preparation, increasing attention has 
been paid to eco-friendly biological material as public environmental 
awareness has increased. Proteins are a class of natural biological ma-
terial that has been studied for NFs preparation, as reviewed by many 
researchers [11–13]. While proteins usually have poor spinnability and 
mechanical properties, hence the addition of other polymers is needed to 
improve the situation. Polyethylene oxide (PEO) is a water-soluble 
polymer with excellent mechanical performance, biocompatibility, 
and lower toxicity advantages. Importantly, PEO is quite electro-
spinnable due to high viscosity, thus the mixture of PEO with natural 
macromolecular substances can dramatically facilitate the spinnability 
of the solution. Therefore, PEO has been widely reported for electro-
spinning solutions preparation with other natural polymers, including 
soy protein isolate [14], whey protein isolate [15,16], keratin [17], al-
ginates [18], chitosan [19,20], etc. Among them, Vega-Lugo et al. [15] 
reported that the viscosity of the electrospinning solution was increased 
when PEO was added to whey protein isolate, and bead-free NFs were 
obtained from the higher viscosity and lower surface tension under 
acidic conditions. Moreover, Dilamian et al. [21] prepared chitosan/ 
PEO NFs in combination with poly (hexamethylene biguanide) hydro-
chloride (PHMB), and promising antibacterial activities of the composite 
NFs against Escherichia coli (E.coli) and Staphylococcus aureus (S. aureus) 
were observed, suggesting the potential application of PEO with other 
antimicrobial substances in the fabrication of biomaterials. 

Rapeseed is one of the primary sources of vegetable oil attributed to 
its high yield [22]. Rapeseed meal is a by-product after oil extraction, 
and it was estimated to contain 40–45 % protein, while rapeseed meal is 
mainly utilized as animal feed or fertilizer due to poor solubility [23]. 
Therefore, various methods have been introduced to improve protein 
solubility and functional properties by modifying the molecular struc-
ture, and thus expand its applications [24]. Among them, pH shift and 
ultrasound technology are two of the most frequently investigated ones. 
pH shift is the process to treat proteins under extremely acidic or alka-
line conditions with substantial adjustment to neutral pH, during which 
the structure and properties of proteins are changed. Many researchers 
have reported the influence of pH shift on protein solubility, hydro-
phobicity, emulsifying activity, etc, including whey protein isolate [25], 
pea protein [26], and soy protein isolate [27,28]. These studies 
demonstrated that pH shift is a relatively easy and effective modification 
method to enhance protein functionalities. Ultrasound is a green and 
non-thermal physical processing technology [29], which has also been 
extensively employed for protein modification [30–33]. These previous 
studies concluded that ultrasound can destroy the hydrogen bond and 
electrostatic force of protein via the cavitation effect, thus affecting the 
solubility, emulsion, foaming, and gelation properties of proteins. Apart 
from a single treatment, the combined treatment of pH shift and ultra-
sound has been drawing increasing attention recently, and synergistic 
effects have been reported [34–37]. For example, Li et al. [38] investi-
gated the influence of ultrasonic-assisted pH shift with different treat-
ment orders and ultrasound frequencies (fixed or sweep) on the 
modification of rapeseed protein isolates (RPI). Results showed that 
simultaneous treatment of ultrasound and pH shift led to higher solu-
bility than sequential order. Meanwhile, decreased particle size, 
increased zeta potential, as well as changes in surface hydrophobicity, 
and content of free sulfhydryl were observed after the combined treat-
ment. Moreover, Fourier transform infrared (FTIR) and fluorescence 
spectroscopy illustrated the spatial structure changes of proteins after 
treatments, demonstrating effectiveness of ultrasonic-assisted pH shift 
treatment on RPI modification. 

Although electrospinning NFs made from proteins with bioactive 
materials have been studied before, to the best of our knowledge, NFs 

made from modified rapeseed protein with PEO, especially with natural 
antibacterial substance of the composite NFs have not been studied. To 
fill the gap, we carried out this study. RPI was pretreated by either a 
single pH shift or an ultrasonic-assisted pH shift. The solubility of RPI, as 
well as the conductivity and viscosity of the electrospinning solution 
made from the mixture of RPI and PEO were evaluated. Scanning elec-
tron microscopy (SEM), atomic force microscope (AFM), and FTIR were 
conducted to observe the microstructure of the NFs after different 
treatments. Meanwhile, the thermal stability and mechanical strength of 
the NFs were determined. Based on the detected parameters, the optimal 
treatment was selected to prepare the NFs that loaded with clove 
essential oil, and the antibacterial activity of the composite NFs against 
E.coli was tested. 

2. Materials and methods 

2.1. Materials and reagents 

Rapeseed meal (38.5 % crude protein) was provided by COFCO-EOG 
Co., ltd. (Jiangsu, China). Polyethylene oxide (PEO) was ordered from 
Sigma Chemical Company (MO, USA). Acetone and potassium bromide 
(KBr) was purchased from Sinopharm Chemical Reagent Company 
(Shanghai, China). All the reagents employed were of analytical grade. 

2.2. Rapeseed protein isolates (RPI) preparation 

The extraction of RPI was conducted based on the protocol of Qu et al 
[39]. The rapeseed meal was crushed and passed through a 60 mesh 
sieve, then it was mixed with 75 % ethanol at a ratio of 1:5 (w/v). The 
mixture oscillated at room temperature for 20 min, followed by centri-
fugation (TGL-16, Changsha Xiangyi Centrifuge Instrument Company, 
Hunan, China) at 3,150 g for 15 min, and the precipitation was collected. 
This step was repeated twice to get rid of phenolics before extraction, 
and the extraction of RPI was based on the alkaline dissolution and 
acidic precipitation method. The pretreated rapeseed meal was lixivi-
ated twice at 50 ℃ using an alkaline solution (pH 12.0) at a ratio of 1:15 
(w/v) for 1 h each time, followed by centrifugation at 3,150 g for 15 min 
to collect the supernatant. The pH of the supernatant was then adjusted 
to 6.0 using 2.0 mol/L HCl with subsequent centrifugation of 3,150 g for 
15 min, and the precipitation was collected. While the pH of the upper 
supernatant was adjusted to 3.6 with 2.0 mol/L HCl, and centrifugated 
(3,150 g, 15 min) to collect the precipitation again. The precipitation 
obtained twice was mixed and dissolved in distilled water with pH 
adjusted to neutral before dialyzing at 4 ℃ for 1 h. The dialysate was 
freeze-dried (ALPHA1-2, Martin Christ Inc, Germany) to obtain the final 
RPI (with 80.78 % protein) and stored at 4 ℃ for later usage. 

2.3. Treatment of RPI 

2.3.1. Single pH shift treatment 
pH shift treatment was conducted according to Jiang et al [40] with 

minor modifications. RPI was dissolved with 100 mL distilled water and 
stirred at room temperature for 30 min with a final concentration of 25 
mg/mL. The pH of the solution was adjusted to 1.5 or 12.5 with either 2 
mol/L HCl or NaOH and kept stable (1 h, room temperature) to allow the 
unfolding of the protein chain. Following that, the pH of the solution 
was adjusted to a neutral pH of 7.0 using 2 mol/L NaOH or HCl, thus 
enabling the re-folding of the protein chain (1 h, room temperature). 

2.3.2. Ultrasonic-assisted pH shift treatment 
Regarding the combined treatment, 25 mg/mL RPI solution was 

transferred to an ultrasonic bath reactor (developed by Jiangsu Uni-
versity) and treated for 1 h immediately after being adjusted to the set 
pH value (1.5 or 12.5). The sonication parameters were chosen ac-
cording to our earlier study [38,41] with the ultrasonic frequency of 28 
kHz, and power of 40 W/L. The treatment was carried out at 40 ℃ for 30 
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min, and both pulse on-time and off-time was 3 s. After sonication, the 
following steps were the same as described in 2.3.1. 

2.3.3. Labels of the different treatments in this study 
As shown in Table 1, RPI solution either treated by pH shift alone or 

the combined ultrasound and pH shift was labeled in this study, and the 
solution (25 mg/mL) without any treatment was regarded as control. 
After treatment, the resultants were freeze-dried as described before and 
stored at 4 ℃ for subsequent analysis. 

2.4. Solubility of RPI solution 

The solubility of RPI was examined based on Jiang et al [36] with 
minor modifications. A 1.0 mL of the supernatant was transferred into a 
tube after centrifugation (3,150 g, 15 min), followed by the addition of 
5.0 mL Folin reagent A. After a thorough shake, the solution was water- 
bathed at 30 ℃ for 10 min, with the subsequent addition of 1.0 mL Folin 
reagent B. Shook the mixture thoroughly and treated it in a water bath 
again (30 ℃, 10 min). The absorption of the solution was obtained at 
500 nm with a UV spectrophotometer (Unic 7200, Unocal Corporation, 
Shanghai, China). The standard curve was plotted using bovine serum 
albumin. The solubility (%) was calculated as the proportion of soluble 
RPI to the total initial protein. 

2.5. Electrospinning solution preparation 

RPI was dissolved with 20 mL distilled water and made into a 5 mg/ 
mL solution, followed by a medium-speed stir (room temperature, 30 
min) on a magnetic stirrer (MSP-5E, Shanghai Kexing Instrument Co., 
ltd. China). Subsequently, 3 % (w/w) PEO was added into the solution 
and the mixture was stirred at high speed for 1 h, then changed to me-
dium speed and continually stirred overnight to achieve a thorough 
mixture, and thus a colorless and transparent electrospinning solution 
was prepared. 

2.6. Conductivity and viscosity of the electrospinning solution 

A conductivity meter (DDS-307A, INESA Group Co., ltd. Shanghai, 
China) was adopted to determine the conductivity of the electrospinning 
solution. The viscosity was detected with a rheometer (HAAKEMARS III, 
Thermo Fisher Scientific Co., ltd. China) in the rotated mode. Lamina 
mold (C35/1◦) was selected, and the share rate and temperature was 
0.1–100 s− 1 and 25 ℃, respectively. All the tests were completed within 
24 h of the electrospinning solution preparation. 

2.7. Electrospinning NFs preparation 

An electrospinning setup (SNAN-01, Fukuoka, Japan) was used to 
generate electrospun NFs. A blunt-tipped needle of 0.5 mm (inner 
diameter) was selected, and 5 mL of electrospinning solution was 
transferred into a syringe. The syringe was placed on a syringe pump, 
and the solution was extruded from the spinneret at a flow rate of 2 mL/ 
h. The supplied voltage was 22 kV, and the distance between the col-
lector and the tip of the spinneret was 15 cm. Tin foil was attached to the 

metal plate to collect the NFs. When finished, the foil was placed in a 
vacuum-drying oven at 55 ◦C overnight, and subsequently transferred to 
a dryer for later use. 

2.8. Scanning electron microscopy (SEM) of electrospinning NFs 

The sample was fixed with double-sided conductive tape, and the 
surface was sprayed with a thin gold layer of 10 nm. The morphology of 
the NFs was obtained using a scanning electron microscope (S-3400 N, 
Hitachi High Tech, Japan) under the acceleration voltage of 15 kV. 

2.9. Atomic force microscope (AFM) of electrospinning NFs 

The AFM was conducted according to Hong et al [42] with some 
modifications. NFs was placed on the surface of a polished silicon wafer 
and dried in an incubator at 25 ◦C for 4 h. An atomic force microscope 
(MFP-3D, Asylum Res. Inc., USA) was used, and tapping mode was 
selected to obtain the topography of the sample. The diameter of the NFs 
was detected with the Bruker offline software (Nanoscope Analysis 1.5, 
Bruker Inc., Karlsruhe, Germany). 

2.10. Fourier transform infrared (FTIR) spectroscopy of electrospinning 
NFs 

FTIR spectroscopy of the NFs was carried out based on Xu et al. [43]. 
The prepared NFs were cut into pieces and mixed with overnight-dried 
KBr at a ratio of 1:100, the mixture was made into a slice of 1–2 mm. The 
spectroscopy was observed using an FTIR spectrometer (Nicolet IS50, 
Thermo Electron Corporation, USA) during 400–4000 cm− 1 at a reso-
lution of 4 cm− 1, and the KBr spectrum was used as background calcu-
lation. Omnic 8.0 software (Thermo Fisher Scientific Inc. Waltham, MA) 
and PeakFit 4.12 software (SPSS Inc., Chicago, IL, USA) were selected to 
analyze the FTIR spectral data. 

2.11. Thermal stability of electrospinning NFs 

The sample of 5–10 mg was placed in a crucible and loaded into a 
thermal gravimetric analyzer (TGA, Q50, Mettler Toledo Co., ltd. 
China). In the beginning, nitrogen was filled into the reaction chamber 
at 100 mL/min to expel air, and the temperature was increased from 
35 ◦C to 600 ◦C at a rate of 10 ◦C/min. The results were analyzed with 
instrumental software. 

2.12. Mechanical strength of electrospinning NFs 

The electrospinning NFs were cut into small pieces with 2 × 6 cm 
(width × length) after preparation, and then the mechanical strength 
was detected by using a texture property analyzer (TPA, ST-Z16, 
Shangdong Shengtai Instrument Co., ltd. China). The initial distance 
between the fixtures was 50 mm and the stretching speed was 50 mm/ 
min. 

2.13. Antibacterial effect of electrospinning NFs-loaded essential oil 

To study the potential of RPI electrospinning NFs as a carrier to load 
the antibacterial substance, RPI was treated under optimal conditions 
based on the aforementioned parameters. Clove essential oil (99 % pu-
rity, Florial Commercial & Trading Co., ltd. Shanghai, China) was mixed 
into the RPI solution with a concentration of 8 mg/mL to make the 
composite electrospinning NFs. The prepared NFs were aseptically cut 
into small pieces (10 × 10 mm) and exposed to UV light for 60 min 
before subsequent use. E. coli (ATCC25922) stored in our lab was 
selected as the target strain, and 200 μL of 1 × 106 CFU/mL of the 
bacterial suspension was inoculated to the nutrient agar (NA, Baisi 
biotech, Co., ltd. Hangzhou, China) plate and spread evenly. The inoc-
ulated plate was air-dried in the laminar flow cabinet for 10 min to allow 

Table 1 
Description of the treatments subjected to RPI solutions.  

Treatment Description 

Control Without any treatment 
pH1.5 pH shifted to 1.5 
pH12.5 pH shifted to 12.5 

pH1.5 + US pH shifted to 1.5 + US treatment 
pH12.5 + US pH shifted to 12.5 + US treatment 

US parameters: frequency of 28 kHz, power of 40 W/L, temperature of 40 
℃, 30 min (both pulsed on-time and off-time was 3 s). 
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full absorption of the bacterial suspension, then the NFs piece was 
placed aseptically using a sterilized tweezer in the middle of the plate 
and incubated at 37 ◦C for 48 h to observe the inhibition zone. The NFs 
without clove essential oil were used as control. 

2.14. Statistical analysis 

The data were presented as the mean of three replicates ± standard 
deviation. The statistical analysis was performed using SPSS (IBM 
Cooperation, Chicago, USA), and the data were subjected to one-way 
analysis of variance (ANOVA) at the significant level of P < 0.05. 
Pearson Correlation analysis between solubility, conductivity, and 
diameter of the NFs was conducted by SPSS as well. 

3. Results and discussion 

3.1. Solubility of RPI 

Solubility is a key factor influencing the functional properties of the 
protein, and thus affect the applications [44]. As shown in Table 2, the 
solubility of RPI after either single or combined treatment was signifi-
cantly improved compared to the control (P < 0.05), especially under 
alkaline conditions. For instance, the solubility increased from 9.68 % 
(control) to 33.13 % after pH12.5 treatment. Meanwhile, a synergistic 
effect of pH shift and ultrasound was observed compared to single pH 
shift treatment, with the value further increased to 81.19 % after pH12.5 
+ US treatment, which was more than 7-fold higher than the control. 
The increase in solubility after pH shift treatment was due to the 
unfolding of protein structure under extremely acidic or alkaline con-
ditions, which enabled more polar groups to get exposed, and thus 
improved the solubility. Jiang et al. [27] reported up to a 2.5-fold in-
crease in soy protein isolate solubility after pH12 shift treatment, and 
similar results were also reported by other researchers [25,28,45,46]. 
Moreover, the lower solubility of RPI at pH1.5 than at pH12.5 may be 
attributed to the closer to the isoelectric point, where proteins have the 
lowest solubility. Regarding the synergistic effect of the combined 
treatment, the cavitation effect of ultrasound could disrupt the inter-
active force between proteins, including hydrogen bonding, Van de 
Waals forces, and dipole attractions, which led to more exposure of 
hydrophobic clusters and more release of protein molecules into the 
solution, hence the solubility was further enhanced. The synergistic ef-
fects of pH shift and ultrasound on solubility were also revealed in other 
plant or animal-based proteins. For instance, the solubility of milk casein 
concentrate was significantly increased from 59.02 % (control) to 99.05 
% after ultrasound-assisted pH12 treatment [47]. Meanwhile, the solu-
bility of pea protein isolates increased from 8.17 % (control) to 57.28 % 
after ultrasound-assisted pH10 treatment, while the value was only 9.80 
% after a single pH10 treatment [36]. 

3.2. Conductivity and viscosity of electrospinning solution 

Conductivity is determinant to the charge to move to the surface of 
the droplet, which affects the formation of an electrostatic repulsion 
force. Therefore, conductivity is one of the important factors that could 
effectively reduce the surface tension of electrospinning solution, and 
thus has a great influence on the property of electrospinning solution. As 
can be seen from Table 2, the PEO solution had the lowest conductivity 
value, while the addition of RPI showed significantly increased con-
ductivity (P < 0.05), and pH shift or the combined treatment further 
increased the value, especially combined treatment. Meanwhile, similar 
to solubility, the alkaline condition was more effective to increase 
conductivity than the acidic condition. For example, the conductivity of 
PEO was 130.4 ± 4.3 μs/cm, and the value was significantly increased to 
444.8 ± 10.1 and 505.0 ± 5.2 μs/cm for pH1.5 and pH12.5 respectively 
(P < 0.05), and the maximum value of 537.0 ± 13 μs/cm was observed 
after pH12.5 + US treatment. The increase in conductivity was mainly 
because the quantity of negative electric charge on the surface of the 
modified rapeseed protein increased, causing an increase in the charge 
of the electrospinning solution compared with the PEO solution. 
Therefore, the amount of electric charge passing through per unit area 
increased when the solution was in a high-voltage electric field, which 
increased the conductivity. Similar to our study, Vega-Luga et al. [15] 
also reported a higher conductivity value of whey protein isolate under 
alkaline conditions than acidic conditions, which was attributed to the 
large presence of OH– ions. 

Adequate viscosity plays a prominent role in the spinnability of 
electrospinning solution [48]. As shown in Fig. 1, when the shear rate 
increased, the apparent viscosity of all spinning solutions gradually 
decreased, which corresponds to the shear thinning property of non- 
Newtonian fluids. Moreover, the viscosity of the solution after com-
bined treatment was higher than that after single pH shift treatment 
under all the shear rates, and the alkaline condition resulted in higher 
viscosity than the acidic condition, showing a similar trend to solubility. 
This is mainly due to that the electrospinning solution with higher sol-
ubility has a stronger molecular force and binding capability, thus the 
spatial structure of the protein is not easy to be destroyed when sub-
jected to external forces, which leads to higher viscosity. Therefore, the 
maximum viscosity of 0.26 Pa.s (when 1/s was 0) was observed after 
pH12.5 + US treatment in comparison with 0.14 Pa.s (when 1/s was 0) 
for control. Similarly, Vega-Lugo et al. [15] also reported increased 
viscosity in whey protein isolate after pH shift treatment, and Jiang et al. 
[49] observed higher viscosity values in more alkaline conditions for 
whey protein isolate as well. 

3.3. SEM of electrospinning NFs 

As can be seen from Fig. 2, there are certain differences in the 
appearance and diameter of NFs by different treatment methods. The 
NFs of control had a rough surface with beads and the largest diameter, 
and the fibers became finer after pH shift treatment. Meanwhile, the 
combined treatment led to the finest NFs with smooth surfaces, espe-
cially under alkaline conditions. The finer diameter of NFs has a higher 
specific surface area and porosity, which makes it easier to release the 
loaded substances as a carrier. In addition, the finer diameter can also 
increase the density of the fibers, leading to higher mechanical strength, 
thus finer diameter of NFs is always preferred. The diameter of the fibers 
was analyzed with Image J software according to the SEM image, and 
the results are shown in Table 2. As PEO solution cannot be well-formed 
into silk and exist in the form of a sheet, the diameter of the NFs was not 
available, while the mixture of RPI and PEO enabled the solution to form 
into NFs easier. The diameter of NFs in control was 450.0 ± 10.0 nm, 
which was significantly thicker than all the other samples (P < 0.05), 
and HS12.5 + US showed the lowest value of 216.7 ± 25.0 nm. Similarly, 
a finer diameter of NFs in the alkaline condition than acidic condition 
was also observed by other researchers [15]. 

Table 2 
Solubility, conductivity, and diameter of RPI, electrospinning solution, and 
electrospinning NFs respectively after different treatments.  

Sample PEO Control pH1.5 pH12.5 pH1.5 

+ US 
pH12.5 

+ US 

Solubility (%) NA 9.68 ±
0.56a 

19.88 
±

0.79b 

33.13 
±

0.92d 

31.77 
± 0.98c 

81.19 
± 1.03e 

Conductivity 
(μs/cm) 

130.4 
± 4.3a 

188.6 
± 15.4b 

444.8 
± 10.1c 

505.0 
± 5.2e 

489.0 
± 1.3d 

537.0 
± 13f 

Diameter (nm) NA 450.0 
± 10.0f 

396.3 
±

25.2e 

316.7 
± 12.4c 

312.5 
± 21.7c 

216.7 
± 25.0a 

Note: NA means not available. 
Different lower letters in the same row indicate significant difference at the level 
of P < 0.05. 
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The difference in the NFs was due to the property of the electro-
spinning solution. As shown in Table 3, the diameter value was in sig-
nificant negative correlation with solubility and conductivity values (P 
< 0.01). That is, an electrospinning solution with higher solubility and 
conductivity values resulted in finer and smoother surfaces of NFs. This 
can be ascribed to that a solution with higher conductivity can carry 
more electric charge, therefore subject to greater tensile force in a high- 
voltage electric field, thus forming a finer fiber structure. While it should 
be noted that if the conductivity of an electrospinning solution is too 
high, the solution will become unstable under the action of strong 
electric field force, which can lead to uneven fiber diameter. 

Regarding the relationship between NFs diameter and viscosity, 
when a solution is spun in a high-voltage electrostatic field, the solution 
tends to form spherical droplets due to the surface tension, while a so-
lution with high viscosity can overcome the surface tension effectively, 
to avoid or reduce the formation of beads on NFs. Besides, when the 
viscosity is high, more hydrogen bonds can be formed between proteins 
and polymers, resulting in a finer diameter and smoother surface of NFs. 
When the viscosity is not high enough, the NFs will be subjected to the 
action of surface tension, and thus beads will be formed. 

3.4. AFM of electrospinning NFs 

Fig. 3 presents the AFM of the NFs after different treatments. As 
shown in Fig. 3A, the NFs surface of the control was rough with large 
beads, demonstrating a poor spinning effect. After pH shift treatment, 
the NFs surface was improved and the beads became smaller 
(Fig. 3B&C). Moreover, the situation was further improved with fewer 
beads observed after the combined treatment (Fig. 3D&E). Additionally, 
the spinning effect of RPI under alkaline conditions was more promising 
than acidic conditions. The results were consistent with the conductivity 
and viscosity trend of the electrospinning solution after different 
treatments. 

3.5. FTIR spectroscopy of electrospinning NFs 

FTIR spectroscopy can reflect the protein molecular structure 
changes according to the vibration of functional groups at different 
wavelengths [50]. The three characteristic absorption bands of protein 

and corresponding wavelengths are as follows: amide I (C––O vibration, 
1600–1700 cm− 1), amide II (N–H vibration, 1530–1550 cm− 1), and 
amide III (C––N vibration, 1260–1300 cm− 1), therefore the structural 
changes of protein can be analyzed by the three bands [51,52]. As shown 
in Fig. 4, for the control, there was a C––O vibration peak at the wave-
length of 1,632 cm− 1, an N–H vibration peak at the wavelength of 
1,538 cm− 1, and a C––N vibration peak at the wavelength of 1,230 cm− 1. 
After pH shift treatment or the combined treatment, the vibration peak 
of amide band II and amide band III was transferred to 1,540 and 1,238 
cm− 1 respectively, which suggested that more protein was unfolded, 
thus more amide acid got exposed. This phenomenon was mainly 
attributed to the influence of the interaction between protein and sol-
vent [53]. Meanwhile, the stretching vibration peak of O–H and C–H 
at the wavelength of 3,405 and 2,923 cm− 1 was transferred to 3,411 and 
2,925 cm− 1 respectively after combined treatment [54]. While 
regarding single pH shift treatment, the vibration peak of O–H did not 
change, just C–H transferred from 2,923 to 2,925 cm− 1 under pH12.5 
treatment. The results indicated that combined treatment led to a more 
effective influence on protein structure changes than single pH shift 
treatment, which was in agreement with the properties of the electro-
spinning solution as discussed in section 3.2. Similar results have been 
revealed by Sun et al. [55]. FTIR analysis demonstrated that the func-
tional groups of rapeseed protein have changed after different treat-
ments, thus improving the binding strength. Among them, hydrogen 
bonds might play a vital role in the interaction, making the binding 
between protein and polymer more firmly [56], which was also reflected 
on the mechanical strength of NFs in section 3.7. 

3.6. Thermal stability of electrospinning NFs 

TGA is normally used to analyze the thermal stability of materials. 
The weight loss range of the NFs was primarily between 360 and 420 ◦C, 
with less weight loss in the early stage (Fig. 5). The weight loss between 
35 and 105 ◦C was mainly due to water and volatiles evaporation, which 
accounted for 4–6 %. The weight loss of NFs under acidic conditions was 
less than that under alkaline conditions in the early stage, indicating the 
moisture content of NFs under acidic conditions was less. Fig. 4B shows 
that the maximum degradation rate temperature of control was 394.7 
℃, while the temperature was increased after all the treatments, and the 

Fig. 1. The changes in viscosity under different shear rate of the electrospinning solutions after different treatments.  
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alkaline condition led to a higher rise than the acidic one. This was 
mainly attributed to the increased flexibility of rapeseed protein after 
alkaline treatment, and the molecular structure became loose, which can 
be tightly bound with PEO, and thus the thermal stability was higher 
than that under acidic conditions. Similar to our study, Jiang et al. [27] 
also reported increased thermal stability of soy protein isolate after pH 
shift treatment, especially under alkaline conditions. Regarding the 
decreased thermal stability after combined treatment, this may be 
because the structure of NFs treated with ultrasonic-assisted pH shift 
treatment was smoother, which reduced the bind of rapeseed protein 
with PEO, hence the thermal stability was decreased compared with 
single pH shift treatment. While opposite to our study, Sun et al. [55] 
reported increased thermal stability of coconut milk protein after 

combined pH shift and ultrasound treatment, especially under alkaline 
conditions. This may be attributed to different protein properties and 
different treatment conditions. 

3.7. Mechanical strength of electrospinning NFs 

Fig. 6 shows the mechanical strength of the NFs after different 
treatments. The overall trend demonstrated that the maximum stress 
was increased, while the rupture time was decreased except after pH1.5 
+ US treatment. The control has the lowest maximum stress with a value 
of 105.9 g, but the rupture time of 11 s demonstrated promising elas-
ticity, implying weak anti-destruction ability and strong tensile ability. 
The maximum stress of the NFs increased to 419.4 g and 640.7 g after 
pH1.5 and pH12.5 treatment respectively. While the elasticity of the NFs 
was decreased, with the rupture time dropped to 7.5 s (acidic condition) 
and 7.4 s (alkaline condition) respectively. Regarding the combined 
treatment, the maximum stress was 454.7 g after pH1.5 + US treatment, 
with the largest rupture time of 13.5 s. Meanwhile, pH12.5 + US treat-
ment obtained the highest value of 809.8 g, with a rupture time of 8.5 s. 
The results suggested that the mechanical properties of NFs were 
improved after treatments, which could be due to the modification of the 
molecular structure of RPI. For instance, Jiang et al. [57] reported up to 

Fig. 2. SEM of electrospinning NFs after different treatments. (A) PEO; (B) Control; (C) pH1.5; (D) pH12.5; (E) pH1.5 + US; (F) pH12.5 + US.  

Table 3 
Pearson correlation coefficient between solubility, conductivity and diameter.  

Parameter Solubility Conductivity Diameter 

Solubility 1   
Conductivity 0.680** 1  

Diameter − 0.934** − 0.839** 1 

Note: ** indicates significantly correlated at the level of P < 0.01. 
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2-fold greater elongation at the break of the film made from soy protein 
isolation after pH shift treatment than the control without any treat-
ment. The increase of the maximum stress may be attributed to the 
generation of hydrogen bonds after treatments (as presented from FTIR 
analysis in section 3.5), resulting in firmer binding of protein and 
polymers [58]. Meanwhile, the flexibility of RPI was increased after 
treatments, especially under alkaline conditions (as reflected on thermal 
stability in section 3.6), which also contributed to the tighter binding of 
polymers. Therefore, pH12.5 + US showed the highest maximum stress. 
Regarding the decreased rupture time, it may be due to the decreased 
diameter after treatments, as the finer diameter of NFs is more easily to 
be ruptured. 

3.8. Antibacterial effect of electrospinning NFs-loaded essential oil 

According to the preliminary analysis, RPI was treated by the 
optimal method of pH12.5 + US, and the mixture of RPI and clove 
essential oil was made into NFs for the antibacterial test. There was no 
inhibition zone exhibited for NFs without clove essential oil (Fig. 7A), 

Fig. 3. AFM of electrospinning NFs after different treatments. (A) Control; (B) pH1.5; (C) pH12.5; (D) pH1.5 + US; (E) pH12.5 + US.  

Fig. 4. FTIR of electrospinning NFs after different treatments.  
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suggesting no antibacterial activity. While an inhibition zone with a 
diameter of 22.8 mm was observed when clove essential oil was loaded 
in the NFs (Fig. 7B). The results proved that antibacterial substance 
could act in the rapeseed protein NFs membrane, indicating the poten-
tial usage of rapeseed protein NFs to load antibacterial substances, and 
thus applied as antibacterial packing material in the agri-food industry 
in the future. Similarly, He et al. [59] evaluated the antimicrobial ac-
tivity of silver nanoparticles (AgNPs)-embedded feather keratin (FK)/ 
poly (vinylalcohol)/PEO composite NFs against E. coli (Gram-negative 
bacterium) and S. aureus (Gram-positive bacterium), and increasing 
antibacterial activity was observed with the increased amount of AgNPs. 
Moreover, the antibacterial activities of Colocasia esculenta tube protein- 
coated chitosan were also reported by Wardhani et al [60]. All of these 
studies demonstrated the potential expanded application of protein- 
based NFs. 

4. Conclusions 

This study was to investigate the physicochemical properties of 
electrospinning NFs made from RPI after single pH shift or ultrasonic- 
assisted pH shift treatment. Results showed that solubility, conductiv-
ity, and viscosity were significantly increased compared with the control 
(P < 0.05), and conductivity values were in positive correlation with 
solubility after different treatments. Meanwhile, synergistic effects of 
the combined treatment were observed, especially under alkaline con-
ditions. Moreover, SEM and AFM demonstrated that the appearance of 
the NFs was improved after different treatments, and the finest NFs were 
obtained from pH12.5 + US treatment with a smooth and bead-free 
surface. The diameter of the NFs was in negative correlation with sol-
ubility and conductivity. FTIR presented the spatial structure changes of 
the proteins in NFs after different treatments, which implied the closer 
bond of rapeseed protein with PEO. Thermal stability and mechanical 
strength of NFs were also improved after either single or combined 
treatments. Furthermore, the antibacterial activity of NFs-loaded clove 
essential oil was observed. In conclusion, the physicochemical proper-
ties of electrospinning NFs made from RPI were dramatically improved 
after ultrasonic-assisted pH shift treatment, and the composite NFs- 
loaded essential oil has the potential to be used for food preservation. 
While more work needs to be done in the future, including the 

Fig. 5. Thermal stability of electrospinning NFs after different treatments. (A) 
Mass weight of NFs under different temperatures; (B) The second derivative 
diagram of NFs under different temperatures. 

Fig. 6. Mechanical strength of electrospinning NFs after different treatments.  
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antimicrobial effect of the composite NFs against Gram-positive bacte-
ria, the release kinetics of the essential oil, and the effectiveness of the 
composite NFs as a packing material on the shelf-life of food. 
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