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A B S T R A C T   

Food-friendly packaging are supposed to keep the food quality and freshness in terms of moisture and odour and 
protect foods against microbial putrefying contaminants and oxidant agents. This study has aimed to fabricate 
biodegradable electrospun chitosan/polyethylene oxide membranes loaded with gallic acid and nisin for anti-
oxidant/antibacterial properties. gallic acid/nisin loaded core-shell chitosan/polyethylene oxide nanofiberous 
membranes were fabricated through electrospinning and characterized by transmission and scanning electron 
microscopy, fourier-transform infrared spectroscopy, and differential scanning calorimetry as well as antioxidant 
and antibacterial activities. gallic acid (10%)/nisin (0.05% and 0.07%) loaded membranes showed maximal 
tensile strength as well as antioxidant and antimicrobial effects for 20 and 60 days, respectively. Stretchable 
electrospun gallic acid/nisin loaded chitosan/polyethylene oxide membranes possess antioxidant and antibac-
terial properties and can be suggested as potential food packaging membranes.   

1. Introduction 

The importance of a proper lifestyle and a healthy diet increases with 
people’s awareness. As consumers prefer fresh and less processed foods, 
synthetic preservatives are a serious concern. However, modifications in 
foods shelf life is necessary and has great technological challenges in the 
food industry (Coelho et al., 2021; Pokhrel et al., 2019). Microbial and 
chemical contaminations are two major problems of foods. Active 
packaging plays an important role in creating an ineffective barrier 
against the external contaminants and can protect food from microor-
ganisms, oxidation, etc, without affecting the food quality (Fathi-A-
chachlouei et al., 2021; Neo, Ray et al., 2013). 

Several techniques have been used for food packaging. Electro-
spinning is a simple, cost-effective, and flexible method that provides 

highly porous micro and nanostructured layers with high surface to 
volume ratios (Bhushani & Anandharamakrishnan, 2014; Wen et al., 
2017). Electrospun membranes improve the stability of foods and pro-
vide a highly controlled release of bioactive compounds to enhance 
masking unwanted odour and save the natural taste. They can be loaded 
with some active compounds such as antibiotics and antioxidants. 
Polymers used for food packaging are meant to be efficient, non-toxic, 
biocompatible, biodegradable, and food-grade, while they do not pro-
duce off-flavor (Neo et al., 2013). Proteins and polysaccharides have 
been widely encapsulated in natural biopolymers. Chitosan is a natural 
hydrophilic biopolymer widely used in food applications around the 
world (Hirano, 1999; Maleki et al., 2022). Chitosan has been shown to 
enhance the antimicrobial activity of honey as a wound dressing formula 
(Movaffagh et al., 2019). Electrospinning of chitosan does not result in 
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fiber formation; however, some synthetic polymers such as polyethylene 
oxide (PEO) and polyvinyl alcohol (PVA) can be added to chitosan to 
improve its viscosity and fiber-forming ability (Chen & Tian, 2023). 

Nisin is a non-toxic, flavourless, low-pH tolerant, and heat-stable 
small cationic peptide produced by Lactococcus lactis subsp (Roshanak, 
Shahidi et al., 2020). Lactis is a natural preservative that was approved 
as generally recognized as safe (GRAS) by Food and Drug Association 
(FDA) in 1988 (#E234) in European Union for dairy and meat products 
without involvement in health problems (Krivorotova et al., 2016; Shin 
et al., 2016). Nisin is generally effective against several Gram-positive 
foodborne pathogens including Clostridium botulinum, Bacillus cereus, 
Listeria monocytogenes, and Staphylococcus, while it also inhibits some 
Gram-negative bacteria such as Salmonella spp and Escherichia coli 
(Eghbal et al., 2020). Its antimicrobial activity is affected and decreased 
by the structure, composition, and natural microbiota of the food 
(Pinilla & Brandelli, 2016; Senan et al., 2016); however, loading nisin 
into electrospun fibers can help solve this problem. Sub-micron or nano 
scale fibres provide many advantages including large surface area and 
porosity, capability to carry heat-sensitive compounds, high encapsu-
lation load, and sustained release. These characteristics increase the 
efficacy with respect to antimicrobial activity during food storage (Khan 
& Oh, 2016). 

Prevention of food oxidation has received much attention as free 
radicals lead to conditions such as aging and chronic diseases like cancer 
(Engwa et al., 2022). Antioxidants reduce or retard free radicals. Natural 
antioxidants have lower potential risks for the body and are more widely 
used than synthetic antioxidants (Neha et al., 2019). Fruits and vege-
tables are good sources of natural antioxidants such as phenolics, thiols, 
carotenoids, and tocopherols (Jideani et al., 2021; Lourenço et al., 
2019). 

Gallic acid (GA, 3,4,5-trihydroxy-benzoic acid) is an important 
polyhydroxy phenolic compound and a major hydrolysis product of 
tannin with valuable antioxidant, anticancer, and anti-inflammatory 
properties (Bai et al., 2021). It is commonly found in various fruits 
and vegetables such as grapes, tea leaves, cherry, and longan seeds 
(Quiles-Carrillo et al., 2019). It can also be extracted from liquid or solid 
wastes of the agro-food industry (Petrotos, Giavasis et al., 2020; Petro-
tos, Giavasis et al., 2021). 

Gallic acid/chitosan fibers has already been suggested for 
manufacturing food packaging (Sun et al., 2014). 

The current study was designed to define the release profiles of gallic 
acid and nisin from and the antimicrobial and antioxidant efficacy of 
gallic acid/nisin loaded CS/PEO nonwoven nanofiberous membranes. 

2. Materials and methods 

2.1. Materials 

Polyethylene oxide (molecular weight 600,000 to 1,000,000 g/mol) 
and gallic acid were purchased from Sigma Aldrich, USA. Nisin powder 
(2.8% w/w) was purchased from Optimum™, Germany. Low molecular 
weight chitosan (molecular weight 161.16 g/mol, Cat No: ABC11-P250) 
was supplied by Atomix (Trahutten, Austria). All chemicals were used 
without further purification and all chemical reagents were of analytical 
grade. 

2.2. Electrospinning process 

Core-shell electrospun nanofibers were created by a special coaxial 
spinneret, providing two inlets, one for core and the other for shell so-
lutions with a separate injection source for each one (Abdullah et al., 
2019). The outer needle (inner diameter = 1.6 mm and outer diameter 
= 2.11 mm) supplied the shell solution, while the inner needle (inner 
diameter = 0.514 mm and outer diameter = 0.82 mm) supplied the core 
solution. The two polymer solutions were connected to a coaxial spin-
neret. The core solutions were prepared by dissolving the required 

amounts of PEO powder in 60% v/v alcohol and chitosan in 80% v/v 
acetic acid (CS/PEO, 30:70) at room temperature to make the final so-
lution concentrations of 2.5% w/v PEO and 3% and 4% w/v of chitosan 
(Cui et al., 2021). Then gallic acid powder (0.25 g and 0.5 g) was added 
to 5 ml of above solution to prepare 5% and 10% w/v gallic acid solu-
tions, respectively. The shell solutions were prepared by dissolving the 
required amounts of PEO powder in distilled water and chitosan in 60% 
v/v acetic acid (CS/PEO, 50:50) at room temperature to make the final 
solution concentrations of 1.25% and 2% w/v, respectively. Then 0.089 
g and 0.125 g crude nisin powder was added to 5 ml of the above so-
lutions to prepare 0.05% and 0.07% w/v nisin solutions, respectively 
(Jiang et al., 2020). The aforementioned concentrations were selected 
based on the best electrospinning conditions. Core and shell solutions in 
two separate 5 ml syringes were mounted on two syringe pumps at 0.3 
ml/h feed rate. An aluminium foil covered collector drum was used at 
200 mm distance from the needles. The applied voltage ranged from 7 to 
9 kV during coaxial electrospinning. 

2.3. Characterization 

2.3.1. Wettability 
The water contact angles of the electrospun membranes were 

measured using Jikan CAG-10 machine. 

2.3.2. Micromorphology 
The morphological characterization of bilayer appearance of the 

fiber mats was performed by Field Emission Scanning Electron Micro-
scopy (FESEM) (Tescan Mira 3) after gold coating (~140 Å). Image 
processing software Image J (NIH) was used to evaluate the fiber di-
ameters in the SEM micrographs. The core/shell structure of the fibers 
was verified by transmission electron microscopy (TEM, Zeiss-EM10C) 
at an acceleration voltage of 100 kV. 

2.3.3. Conductivity and viscosity 
The conductivity and viscosity of the solutions before electro-

spinning were measured using a conductometer (R/S plus, Brookfield, 
Germany) and a viscometer (Brookfield RV DVIII Ultra, USA) at 25 ◦C, 
respectively. The viscosity parameters were: spindle: CC3-14; spindle 
speed: 2.5–6.5 rpm; Sample volume: 3 ml. The measurements were 
carried out in triplicates. 

2.3.4. Mechanical properties 
The tensile properties of 10 × 50 mm strips of fiber mats were 

determined using a mechanical testing device (Hounsfield H50KS, UK) 
using a 5 N load cell at 1 mm/min crosshead speed (Fig. 1). 

2.3.5. FT-IR 
Fourier transform infrared spectroscopy was applied at 500 to 4000 

cm− 1 range using KBr pellets at ambient temperature [15◦-25 ◦C] to 
determine the functional groups in various fibers (Spectrum Two FT-IR, 
PerkinElmer, USA). 

2.3.6. DSC 
Thermograms of gallic acid, nisin, and gallic acid/nisin loaded chi-

tosan membranes were recorded using a 2910 modulated differential 
scanning calorimeter (DSC) V4.4E (DSC822e, METTLER TOLEDO, 
Switzerland). The thermal behaviour was studied by heating 3.0 mg of 
each sample equipped with a nitrogen cooling system. The DSC mea-
surement was carried out over 25–300 ◦C at a heating rate of 10 

◦

C/min. 

2.3.7. XRD 
XRD analysis is based on physical state of electrospun fibers by its 

own X-ray diffraction. XRD was performed in the scanning range of 2θ: 
5–70. The spectra were recorded using Cu-Ka radiation by a GNR Ex-
plorer, Italy devices. This technique was used to study the crystalline 
structure of the matter. 
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2.3.8. Encapsulation and electrospinning efficiency 
The encapsulation efficiency of gallic acid and nisin in chitosan fibers 

were determined by first stirring, dissolving 2 mg of the electrospun 
fibers in 5 ml PBS at 150 rpm-37 ◦C until complete visible dissolution of 
microparticles. Then gallic acid and nisin concentrations in different 
dilutions in PBS were measured at 275 nm and 214 nm, respectively. The 
encapsulation efficiency of gallic acid and nisin was calculated as 
follows. 

Encapsulation efficiency (%)=
Calculated gallic acid or nisin concentration
Theoretical gallic acid or nicin concentration

× 100  

2.3.9. In-vitro release 
The release characteristic of gallic acid and nisin loaded nano-

fiberous membranes were determined by monitoring the UV absorbance 
as a function of release time. The membranes were punched into circular 
shapes with 1.5 cm diameter. The samples were immersed in PBS after 
weighing (Phiriyawirut & Phaechamud, 2012). The tubes containing the 
solutions were then incubated at 4 ◦C fridge in a shaking PBS bath. At 
each time point (0, 5, 10, 15, 30, min, then 1, 2, 3, 4, 5, 6, 9, 12, 16, 24 h 
and then 2, 3, 4, 5, 6, 8, 12, 20, 30, 40, 60 days), one ml of the PBS was 
taken for UV–Vis measurement and the tube was refilled with one ml 
fresh PBS. Gallic acid and nisin concentrations in the release buffer were 
determined at 275 and 214 nm, respectively, by a UV–Vis spectropho-
tometer. All measurements were carried out in triplicates. 

2.3.10. Scavenging capacity assay 
The free radical scavenging activity of gallic acid, nisin, and gallic 

acid/nisin loaded chitosan/PEO mats were measured by DPPH method 
(Neo et al., 2013). Briefly, after dissolving 1 mg punches of each fibre in 
80% ethanol, 1 ml of the solute (25 μg/ml) was diluted with 3 ml DPPH 
and incubated in dark place at room temperature [15◦-25 ◦C] was added 
within the text for 30 min. The absorbance of the reaction mixture of 
gallic acid in as-loaded 5% w/v GA-CS/PEO, 10% w/v GA- CS/PEO, and 
solutions were also evaluated identically. The absorbance was measured 
at 517 nm using a visible spectrophotometer. A lower absorbance of the 
reaction mixture demonstrates a higher free radical scavenging activity 
which is calculated using the following equation: 

%AA=
Acontrol− Asample

Acontrol
× 100  

where Acontrol and Asample are the absorbance values of control DPPH 
solution and DPPH solution with nanofibers. The measurements were 
carried out in triplicates and the results were given as mean ± standard 
deviation (SD). 

2.3.11. Antimicrobial activity 
Microbial strains including Listeria monocytogenes (PTCC 1297), Ba-

cillus subtilis (PTCC 1023), Staphylococcus aureus (ATCC 25923), Pseu-
domonas aeruginosa (PTCC 1707), E. coli O157:H7 (ATCC 35150), and 
Salmonella Typhi (PTCC 1609) were procured from the microbial 
collection, Department of Food Science and Technology, Faculty of 
Agriculture, Ferdowsi University of Mashhad. Before use, the stock 
cultures were resuscitated through two consecutives 24 h growth in 
Mueller Hinton Broth (Sigma-Aldrich, Germany) at 37 ◦C. A 0.5 
McFarland standard was prepared by diluting 50 μL of 1.175% barium 
chloride dihydrate (BaCl2⋅2H2O) in 9.95 ml of 1% sulfuric acid 
(H2SO4). The 0.5-McFarland standard was used to prepare microbial 
suspension equivalent to 1.5 × 108 CFU/ml of microorganism (Franklin 
& Cockerill, 2012). 100 μL of bacterial strains plates were prepared and 
fresh inoculum was spread over the surface of the MHA (Muller Hintine 
Agar, Sigma-Aldrich-Germany) plate (Roshanak et al., 2020). Sterile 8 
mm diameter discs of different fibers containing nisin, gallic acid, or 
various combination ratios of nisin and gallic acid were placed over the 
Agar surface and inoculated at 37 ◦C for 18–24 h. The zone of inhibition 
(ZOI) was measured after imaging and reported in millimetres. All ex-
periments were performed at least in triplicates. 

2.3.12. Statistical analysis 
Statistical analysis was performed using SPSS version 22 (Chicago, 

IL, USA). Data are presented as mean ± SD. Kolmogorov-Smirnov test 
was used to confirm normal distribution of the data. Statistical differ-
ences were analysed by one-way ANOVA followed by Tukey post-hoc 
test or independent sample T-test. A P-value<0.05 was considered as 
statistically significant. 

3. Results 

3.1. Fiber characterization 

The contact angles of the gallic acid and/or nisin loaded electrospun 
chitosan membranes are shown in Fig. 2. While electrospun chitosan/ 
PEO nanofibrous membranes showed the highest wettability (θ = 27.2◦), 
gallic acid/nisin loaded chitosan/PEO nanofibrous mats had a signifi-
cantly higher contact angle (θ = 32.44◦), but yet possessed good 
wettability. 

FESEM micrographs of electrospun chitosan/PEO membranes loaded 
with various concentrations of gallic acid and/or nisin are shown in 
Fig. 3. Incorporation of 10% gallic acid and 0.07% nisin in CS/PEO 
membranes resulted in entangled ribbon-shaped fibers with the highest 
tensile strength among all other formulations. 

FESEM images show ribbon shaped fibers in (Figs. 3–2) CS/PEO/ 
GA10%/nisin0.05% (Figs. 3–1), CS/PEO/GA10%/nisin0.07%, and 
(Figs. 3–7) CS/PEO/nisin0.05%. Also (Figs. 3 and 4), shows fully 
entangled CS/PEO/GA10% fibers. Spider-web-like structures can be 
seen in (Fig. 3–) CS/PEO/GA5%/nisin0.05 (Figs. 3–6), CS/PEO/ 
nisin0.07%, and (Figs. 3–7) CS/PEO/nisin0.05%. Also, NaCl cristals are 
visible in some formulations. 

An increase in gallic acid concentration resulted in increased vis-
cosity. Also, an increase in nisin concentration increased the conduc-
tivity of the polymer solution (Fig. 4). 

Comparison of fiber diameters is shown in (Fig. 5). The reason for 
drastic increase in fiber diameter in CS/PEO/GA10%/nisin0.07% and 

Fig. 1. Tensile test for electrospun chitosan membranes using a 50kgf capacity 
load cell. 
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CS/PEO/GA10%/nisin0.05% is the ribbon shape of the fibers. However, 
CS/PEO/GA10% fibers were thick, homogeneous, and fully entangled. 

3.2. TEM 

TEM image shows the core-shell structure of an electrospun single 
fiber with the corresponding dimensions of each component (Fig. 6). 

3.3. Tensile strength 

The representative tensile curves as well as the corresponding 
young’s moduli of electrospun chitosan with/out nisin and/or gallic acid 
are shown in (Fig. 7). CS/PEO/GA10%/nisin0.07% and CS/PEO/ 
GA10%/nisin0.05% mats with entangled ribbon shaped fibers in FESEM 
showed the highest tensile strength. However, despite diversity in ar-
chitecture, CS/PEO/nisin0.07%, CS/PEO/nisin0.05%, and CS/PEO/ 

GA10% showed nearly similar tensile properties. 

3.4. FT-IR 

Fig. 8 shows the FT-IR spectra of nisin and gallic acid powders as well 
as CS membranes loaded with nisin or gallic acid. The stretching bands 
at approximately 3281–3371 cm− 1 and 3275-3424 cm− 1 in gallic acid 
powder and gallic acid loaded mats, respectively, are attributed to OH 

Fig. 2. The contact angles of the electrospun chitosan membranes loaded with gallic acid and/or nisin.  

Fig. 3. FESEM micrographs of electrospun mats of 8) CS/PEO, 7) CS/PEO/nisin0.05%, 6) CS/PEO/nisin0.07%, 5) CS/PEO/GA5%, 4) CS/PEO/GA10%, 3) CS/PEO/ 
GA5%/nisin0.05%, 2) CS/PEO/GA10%/nisin0.05%, 1) CS/PEO/GA10%/nisin0.07% at different magnifications (A, B, and C) with the corresponding inset histo-
grams for fiber diameter distributions. 

Fig. 4. Properties of the gallic acid and nisin at different volume ratios with 
CS/PEO solutions. 

Fig. 5. Comparison of fiber diameters of various formulations of gallic acid 
and/or nisin with chitosan fibers. 
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groups. The bands at 1728 cm− 1 of chitosan and 1705 cm− 1 in gallic acid 
as well as the absorption bonds at 1728 cm− 1 of chitosan and 1656 cm− 1 

of nisin have shifted to 1622 cm− 1 of gallic acid and nisin fibers and are 
assigned to C––O stretching vibrations. All these changes indicate the 
formation of hydrogen bonds between chitosan and gallic acid and nisin. 

3.5. DSC 

The differential scanning calorimetry curves of electrospun chitosan 
with/out nisin and/or gallic acid are shown in (Fig. 9). The first peak 
around 65 ◦C is attributed to water evaporation and the melting point for 
PEO (Aydogdu et al., 2019). The peak at 147 ◦C can also be due to water 
evaporation. Electrospun chitosan was decomposed at 205 ◦C; however, 
addition of gallic acid or nisin resulted in increased peak temperature to 
207 ◦C and 216 ◦C, respectively. Moreover, combination of these two 
ingredients into chitosan resulted in a higher decomposition peak at 
219 ◦C. 

3.6. XRD 

Fig. 10 illustrates the XRD patterns of gallic acid, nisin, and elec-
trospun fibers. The XRD peaks produced by gallic acid at 2θ were about 
11.98, 16.27 and 20.67◦ (Fig. 10A), and PEO/CS loaded gallic acid 
displayed peaks at similar wavelengths with a slight deviation at 11.92, 
16.18, and 19.83 (Fig. 10C). The nisin XRD pattern displayed at 31.72 

and 45.71◦ (Fig. 10B), and PEO/CS loaded nisin was quite similar to 
nisin powder observed at 31.77 and 45.53 (Fig. 10D). No nisin and/or 
gallic acid were seen in crystalline form in electrospun fibers. Both gallic 
acid and nisin have most likely been converted to amorphous state in the 

Fig. 6. The dimensions of core and shell components of a single electrospun 
fiber in TEM micrograph. 

Fig. 7. A) The representative tensile curves, B) the corresponding young’s moduli for electrospun chitosan with/out nisin and/or gallic acid, and C) digital image of a 
single strip of electrospun membrane under tensile test. 

Fig. 8. FT-IR spectra of A) CS, B) gallic acid powder, C) CS/GA10% membrane, 
D) nisin powder, and E) nisin loaded CS membrane. 

Fig. 9. The DSC spectra of electrospun A) CS/PEO, B) CS/PEO/GA10%, C) CS/ 
PEO/nisin0.07%, and D) CS/PEO/nisin0.07%/GA10%. 
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solution and evenly distributed within the fibers (Fig. 10E–H). 

3.7. Scavenging capacity 

The encapsulation efficiency of 10% gallic acid in CS/PEO fibers was 
found to be 59.2 ± 0.84%. 

Electrospun CS/PEO mats showed almost no antioxidant activity and 
addition of nisin caused a negligible increase in the scavenging capacity 
of the mats. However, incorporation of gallic acid resulted in a sub-
stantial boost in the scavenging capacity of the nonwovens. Gallic acid 
10% solution was used as the positive control in this assay (Fig. 11). 

3.8. Antimicrobial activity 

The encapsulation efficiency of 0.07% nisin in CS/PEO fibers was 
found to be 24.6 ± 0.13%. 

Fig. 12 shows the antimicrobial activity of various formulations of 
electrospun CS/PEO membranes loaded with/out nisin and/or gallic 
acid. While nonwoven CS/PEO mats showed no antimicrobial activity, 
incorporation of nisin resulted in increased zone of inhibition (ZOI) for 
all six studied microbial strains. Incorporation of nisin resulted in sub-
stantial increase in the antimicrobial activity of electrospun CS/PEO 
mats; however, the higher the concentration of nisin solution, the bigger 
the zone of inhabitation was (P < 0.01). Core/shell fibers containing 
both 0.07% nisin and 10% GA showed a negligibly lower antimicrobial 
effect. According to our findings, nisin loaded fibers showed identical 
antimicrobial effects on both gram positive and negative bacteria (P >
0.05). 

3.9. Release profile 

The results of cumulative release of gallic acid and nisin from chi-
tosan nonwovens are shown in (Fig. 13). The interconnected porous 
architecture with large surface areas in electrospun fibers led to a sus-
tained release of both gallic acid and nisin from the nonwoven fibers 
following an initial burst. Nisin release from CS/PEO/nisin0.05% and 
CS/PEO/nisin0.07% membranes lasted for 720 h (30 days) and 1440 h 
(60 days), respectively; while, gallic acid release from CS/PEO/GA5% 
and CS/PEO/GA10% continued for 288 h (12 days) and 480 h (20 days), 
respectively. 

4. Discussion 

Food packaging and shelf life is a major concern for both vendors and 
consumers. Optimal wrappings are supposed to keep the freshness of the 
foods. This means food-friendly membranes capable of maintaining food 
quality in terms of moisture and odour as well as protection against 
microbial putrefying contaminants and oxidant agents. These wrapping 
membranes are meant to be environment friendly as well (Chopra et al., 
2022; Min et al., 2022). Chitosan, as an edible FDA-approved biode-
gradable biomaterial has been suggested for tensile membrane fabrica-
tions (Pakizeh et al., 2021). This study aimed to fabricate, characterize, 
and optimize chitosan-based stretchable membranes loaded with nisin 
and gallic acid, as antimicrobial and antioxidant agents, respectively, for 
food wrapping applications. 

In this study, Biphasic core/shell nanofiberous membranes 
composed of gallic-acid loaded chitosan/PEO (core) and nisin loaded 
chitosan/PEO (shell) were fabricated through electrospinning tech-
nique. In line with similar studies, our core/shell nanofiberous mem-
branes showed sustained release of both gallic acid (12–20 days) and 
nisin (30–60 days) and possessed substantial scavenging capacity and 
antimicrobial effects on both gram positive and negative bacteria 
(Gulzar et al., 2022; Popa et al., 2022; Stanley et al., 2023). The most 
likely amorphous state of the polymer components facilitated evenly 
distribution of the active ingredients throughout the polymer sheets and 
hence increasing the effectiveness in release. These phenomena showed 
that gallic acid and nisin were trapped in the matrix of the fibers. Also, 
the electrospinning procedure did not cause the drug to migrate to the 
surface of the fiber. Phenolic hydroxyl compounds possess electron 
and/or hydrogen donor ability and hence, exhibit antioxidant activity. 
Gallic acid with three hydroxyl groups bound to the aromatic ring is 
known to be an effective phenolic compound (Ghitescu et al., 2015). 

The entangled ribbon-shaped fibers in CS/PEO membranes con-
taining 10% gallic acid and 0.07% nisin with the highest tensile strength 
in our study was consistent with previous reports indicating that the 
mechanical strength of the electrospun fibers increases with increased 
concentration and formation of a ribbon-like fibers (Oh, Pant et al., 
2012; Wang et al., 2013). Higher concentrations of gallic acid resulted in 

Fig. 10. XRD diffraction pattern of A: GA powder, B: nisin powder, C: CS/PEO/ 
GA powder, D: CS/PEO/nisin powder, D: CS/PEO E: CS/PEO fiber, F: CS/PEO/ 
nisin, and G: CS/PEO/GA. 

Fig. 11. DPPH scavenging activity of electrospun CS/PEO membranes loaded 
with/out nisin and/or gallic acid. 
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increased viscosity and hence, thicker and sometimes ribbon shaped 
fibers (Phiriyawirut & Phaechamud, 2012). Contrary, increasing impure 
nisin (containing NaCl) concentration improved the conductivity, 
probably leading to a higher repulsive force of the stretching jet and 
yielding smaller fibers and spider-web-like structures due to salt ioni-
zation and interaction with the polymer (Oh et al., 2012). Food wrap-
ping membranes are meant to be stretchable. The highly interconnected 
spider-web-like structure of CS/PEO fibers loaded with 0.05% and/or 
0.07% nisin resulted in higher mechanical strength compared to 
nonwoven CS/PEO (Oh et al., 2012). The CS/PEO fibers loaded with 
10% GA also showed strong tensile strength, though they had neither 

ribbon nor spider-web like structure. However, the fibers were fully 
entangled. Our thermogravimetric and IR results confirmed the im-
provements in mechanical properties of GA/nisin impregnated CS/PEO 
mats. The fabricated membranes possessed high wettability allowing 
them to absorb the extra moisture and prevent bacterial growth. 

In the current study, we investigated the antioxidant capacity of CS/ 
PEO fibers loaded with different concentrations of gallic acid and nisin. 
According to our results, incorporation of 5% and 10% gallic acid with/ 
without nisin significantly raised the DPPH scavenging activity of CS/ 
PEO (P < 0.001); however, nisin alone failed to show such an increasing 
effect (P > 0.05). A previous study also showed the highest DPPH 

Fig. 12. The zone of inhibition (ZOI) by various formulations of electrospun CS/PEO membranes loaded with/out nisin and/or gallic acid for P. aeruginosa, E. coli, L. 
cytogenesis, S. aureus, S. typhi, and B. subtilis. 

Fig. 13. Cumulative release profiles of A) gallic acid and B) nisin at different volume ratios from electrospun core/shell fibers. Data are expressed as means ± SD (n 
= 3). 
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scavenging activity in 10% gallic acid electrospun fibers (86 ± 2%), 
followed by 5% gallic acid electrospun fibers which (65 ± 4%) (Neo 
et al., 2013). Our findings showed that the antioxidant effect of gallic 
acid did not decrease significantly despite the interactions between 
gallic acid and PEO/CS after electrospinning. 

In our study, loading low concentrations of nisin diluted in saline 
caused technical issues like material waste during the electrospinning 
process and low loading efficiency which was partly due to using a low 
purity nisin. 

5. Conclusion 

According to our results, electrospun gallic acid/nisin loaded CS/ 
PEO nanofiberous membranes possess antimicrobial and antioxidant 
properties and can be suggested as potentially edible food packaging 
material. Further researches are needed for optimization and tailoring of 
tensile, textile, appearance, and specific antimicrobial and antioxidant 
properties of the formula. 
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