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Abstract

This study aimed to develop novel gelatin nanofibers loaded
with Lactarius deliciosus extract for food packaging via the
electro-assisted solution-blown spinning technique. Gela-
tin nanofibers loaded with four different concentrations of
extract were fabricated with centrifugal spinning and sub-
sequently cross-linked. Nanofibers were characterized by
morphological, chemical, thermal, and bioactivity aspects.
Nanofibers exhibited antioxidant activity determined by
DDPH and ABTS methods with increasing extract ratio. In
addition, the nanofibers had antimicrobial activity against
E. coli, S. aureus and B. cereus in relation to the mushroom
extract they contained. The developed nanofibers have the
potential to be used in the active edible packaging of fresh
foodstuffs to extend the shelf life, as well as provide a
robust solution to reduce synthetic plastic pollution.
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Introduction

The packaging industry has become an important part of the
global industry and constitutes a high proportion of 2% of
the Gross National Product for developed countries (Rob-
ertson 2005). At this rate, the contribution of the packaging
used for food is undeniable.

Food packaging is a system that protects food products at
a reasonable cost while meeting the needs and expectations
of consumers and the industry. Food packaging materials
play an active role in possible microbiological, physical,
and biochemical changes in foods. Plastic, glass, cardboard,
paper, and tin packaging are widely used materials in the
food industry. However, petroleum-based plastics are among
the most preferred materials in the packaging industry due
to their flexibility, durability, recyclability, and cheapness.
However, as packages of plastic origin take a long time to
break down naturally, they cause great environmental pol-
lution problems. The amount of plastic waste is projected to
double by 2030, and plastics have become a serious cross-
border threat to natural ecosystems (Patricio Silva et al.
2021). In addition, when plastics are used directly as food
packaging, they can cause serious problems to health due
to the possible risk of migration (Wang et al. 2021). From
another point of view, food packaging can also prevent food
waste. According to the 2011 report of the FDA (Food and
Drug Administration), approximately 1.3 billion tons of
food is thrown away every year, and 20-30% of this waste
consists of purchased packaged products (Dobrucka 2013).

Considering the increasing demand for food in the face
of the increasing population, the need for long-distance
transportation, and high transportation costs, it is important
to preserve packaged foods without showing any signs of
deterioration and without sacrificing quality. It is important
to increase the shelf life of foods without changing their
sensory properties and to reduce the associated food waste.
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The active packaging concept, developed by integrating
bioactive ingredients into food packaging materials, has
been successfully applied to prevent microbial and oxida-
tive food spoilage. To solve these problems, the demand for
edible, sustainable, environmentally friendly, and low-cost
packaging that extends the shelf life of foods has increased
especially in the last ten years. In the last few years, nanofi-
ber food packaging systems have been developed by incor-
porating active ingredients into natural polymers to meet
sectoral and consumer needs. Nanofiber packages allow
higher loading of active agents, provide higher surface area,
high mechanical properties and allow controlled release. In
addition, the smaller gaps formed between the fibers form
a barrier against the entry of microorganisms (Dogan et al.
2022).

Nanofibers used in food packaging are generally pro-
duced by the electro-spinning technique. However, the
nanofiber productivity using the solution blowing technique
is 30 times higher than that using electrospinning (Sett et
al. 2016). In this context, solution blowing technique is an
important potential that should be evaluated in the rapid
production of nanofiber mats for food packaging. However,
studies on the use of solution blowing techniques to develop
nanofibers for food packaging are limited.

Gelatin, as an edible material, has a good ability to form
films thanks to its high flexibility. It is also biodegradable,
biocompatible, inexpensive, and non-toxic. However, gela-
tin has hydrophilic properties, which can cause handicap in
its use as a food packaging material. Although chemicals
that carry the risk of toxic effects are generally preferred to
provide water resistance in nanofiber mats, physical meth-
ods that provide high-temperature cross-linking can be pre-
ferred instead as they are not suitable for food packaging
(Dogan et al. 2022).

Edible mushrooms have high nutritional values as well
as superior bioactive and medicinal properties. Thanks to
the bioactive compounds they contain, mushrooms pro-
vide antioxidant, antimicrobial, and various benefits to
health, one example being Lactarius deliciosus (L. delicio-
sus) (Kosani¢ et al. 2016). These bioactive compounds are
already used in the direct consumption of mushrooms or,
more recently, in the development of food and medicines. In
recent years, studies have increasingly found that the shelf
life of bioactive compounds can be extended when used in
edible food packaging (Mudenur et al. 2021). In the present
study, bovine gelatin-based edible nanofiber was produced
by using L. deliciosus extract, which is widely found in the
flora of Turkey, as an active ingredient. It was assumed that
the use of mushroom extract (ME) in the production of nano-
fibers would increase the antimicrobial and antioxidative
properties of the mats. Although studies on nanofiber food
packaging produced by using electrically assisted solution
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blowing are insufficient, no studies have been found on the
production, characterization, antioxidant, and antimicrobial
activity of L. deliciosus loaded mats.

Therefore, in this study, gelatin nanofibers loaded with
different ME ratios (0, 1, 3, 5 and 10% w/w) were produced
by the electrically assisted solution blowing technique and
thermally crosslinked. The nanofibers were then character-
ized conformationally. Afterward, the changes in the anti-
microbial and antioxidant properties of the nanofiber food
packaging were evaluated.

Materials and methods

Mushroom samples, pathogen culture and
chemicals

Mushroom (L. deliciosus) was supplied by the local green-
grocer in Karabiik, Turkey in November 2022. Type A
bovine gelatin in powder form (Bloom 250-270) was
purchased in Halavet Gida LLC (Istanbul, Turkey). The
pathogen microorganisms, Escherichia coli (E. coli) ATCC
35,218, Staphylococcus aureus (S. aureus) ATCC 29,213,
Bacillus cereus (B. cereus) NCIMB 7464, and Candida
albicans (C. albicans) ATCC 90,028 were obtained from the
culture collection (Yozgat Bozok University, Bogazliyan
Vocational School, Turkey). The chemicals and microbial
media used in the study were obtained from Merck/Sigma-
Aldrich (Darmstadt, Germany) unless otherwise stated.

Treatments and extraction of mushroom

The mushrooms were cleaned, cut into 2-cm slices then,
sliced mushrooms were dried in an oven for 12 h at 60 °C
until they reached 10% humidity. Dried mushrooms were
powdered using a grinder (Bosch MKM6000, Germany)
(Dogan and Dogan 2022). 10 g mushroom powder was
added to 100 ml of ethanol at 90% concentration and
extracted in a shaking incubator at 50 °C at 125 rpm for
60 min. The extract was centrifuged for 20 min/2000 g, it
was filtered with a syringe filter (0.45 pm pore size filter,
Whatman) and the supernatant was obtained. After that, the
ethanol in the supernatant was evaporated in a rotary evapo-
rator at 40 °C and the ME was obtained.

Preparation of solutions

Gelatin solution (15% w/v) was prepared by dissolving gel-
atin powder in a 9:1 co-solvent mixture of acetic acid and
distilled water. After that, a particular percentage (1%, 3%,
5%, and 10% v/v) of the ME was added to the mixture and
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stirred for 8 h at 40 °C using a magnetic stirrer to obtain
homogeneous solutions.

Fabrication of cross-linked bovine gelatin-fungal
nanofibers

The acetic acid/water co-solvent combination with a vol-
umetric ratio of 9:1 was chosen for the synthesis of ME
blended gelatin nanofibers by the electrical-assisted solu-
tion-blowing (ESB) technique (Fig. 1). The ESB device is
typically comprised of a syringe pump, a nozzle, a high-
velocity air supply, and a collector (Benavides et al. 2012;
Cui et al. 2020). The nozzle is concentric, with an outer and
inner nozzle to pump high-velocity airflow and polymer
solution. Unlike electrospinning, which uses electric force
to create nanofibers, EBS employs gas to stretch a polymer
solution into filaments, which are then formed into nano-
fiber membranes on the collector after the solvent evapo-
rates (Dadol et al. 2020). The resulting solution was placed
into the ESB apparatus, and the production process was run
for 1 h at a 10 ml/h feed rate, 10 kV voltage, and 35 cm
nozzle-to-collector distance. The produced samples were
designated as pure gelatin (MO) as control, gelatin with
1% ME (M1), gelatin with 3% ME (M3), gelatin with 5%
ME (M5), and gelatin with 10% ME (M10) throughout the
entire work. Thermal crosslinking was applied to the nano-
fibers by applying heat treatment at 140 °C for 8 h with the
help of an oven to gain water resistance.

Characterizations of nanofibers
Fiber morphology by scanning electron microscopy (SEM)

The morphological characteristics of the nanofibers were
investigated using a Carl Zeiss Ultra Plus Field Emission
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Fig. 1 Lab-scale nanofiber production by electrically assisted solution-
blown technology

Scanning Electron Microscope (FE-SEM). Diameter mea-
surements were taken from 100 different randomly selected
images of nanofibers. The average diameters and distribu-
tions of nanofibers were measured from SEM images using
Imagel program 24.

Fourier transform infrared spectroscopy analysis (FT-IR)

FT-IR spectra of nanofibers were recorded using Bruker
ALPHA FTIR Spectrometers (total of 24 scans) in the 400—
4000 cm™~ ! wavelength range.

Thermogravimetric analysis (TGA)

The thermal behavior of the nanofilms was determined with
the aid of a TGA/SDTA 851 Mettler Toledo instrument. The
nanofibers were heated up to 500 °C at a heating rate of
10 °C min~! and a gas flow rate of 2 mL min~' under an
N, atmosphere, and their thermal behavior was investigated.

In-vitro antimicrobial activity

Antimicrobial activities of nanofibers were determined
based on the agar disk diffusion method and spectrophoto-
metric technique. Antimicrobial effects were tested against
Gram-negative bacteria E. coli, Gram-positive bacteria S.
aureus, Bacillus cereus, and Candida albicans, which are
foodborne pathogens. First, each microorganism was trans-
ferred into Mueller Hinton Broth (MHB) loop and incubated
at 35 °C for 18 h. After incubation, the OD600 was adjusted
until the absorbance reached 103 CFU/mL. 100 pL of bacte-
rial cell suspension was injected into Mueller Hinton Agar,
spread on a sterile swab, and left for 5 min for absorption.
The nanofibers were portioned into discs (6 mm diameter)
and exposed to UV light for 30 min. Discs were placed on
pathogen-inoculated media and incubated at 35 °C. The
zone diameters formed around the discs were measured
with a caliper and recorded (Dogan et al. 2022).

Analysis of antioxidant activity

In vitro antioxidant activities (AA) of the films were
determined by monitoring the discoloration of DPPH
(2,2’-diphenyl-1-picrylhydrazil) and ABTS (2,2’-azino-bis-
3ethylbenzothiazoline-6-sulfonic acid) radicals. The DPPH
and ABTS assays were done as described by Bagyigit et al.
(2020) with some modifications. Firstly, solutions were pre-
pared for analysis. For the DPPH test, 3.9 mL of 25 mg/L
methanolic DPPH solution was prepared. For the ABTS
test, ABTS radical solution containing 2 mL of 7 mM ABTS
with 2.45 mM potassium peroxodisulphate (K,S,0g) was
diluted with phosphate-buffered saline (PBS, pH 7.6) until
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the absorbance reached 0.700 at 734 nm. Then, 5 mg of
film was added to the solutions in a rectangle cuvette. For
DPPH, it was incubated for 30 min in a dark place, then
filtered and the absorbance measured at 515 nm. For ABTS,
it was incubated for 6 min, then filtered and the absorbance
measured at 734 nm. DPPH radical inhibition (RIppy) and
ABTS radical inhibition (RI,grg) of nanofilms were calcu-
lated according to Eq. (1) and Eq. (2) respectively.

RiIpppu (%) =

Absorbans g, — Absorbansgampie % 100 (1

Absorbanspiank

Rlaprs (%)
0.7 — Absorbanssample

0.70

x 100 @

Statistical analysis

The data were subjected to analysis of variance and results
were presented as mean=+standard deviation. Significant
differences between means (p<0.05) were detected and

AD= 471089 + 9245 3m
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Average nanofiber diam eter (nm)

b
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0
0 200 400 600 S00 1000
Nanofiber diameter (nm)

lettered by Duncan post-hoc test (SPSS 22.0 software,
IBM). Experiments were carried out in triplicate.

Result and discussion
SEM analysis

SEM and Image J were used to study morphology and
mean diameter of the produced nanofiber mats. Figure 2
illustrates the SEM images and nanofiber diameter distribu-
tion of the samples. The produced nanofibers had a smooth
surface, and there were no notable changes in the morpho-
logical properties of the nanofibers produced. Increasing
the concentration of ME resulted in no significant change
in fiber morphology other than a decrease in nanofiber
diameter. The average diameter of the produced sam-
ples (MO, M1, M3, M5, and M10) were 471.089 £9.249,
397.478 £8.458, 357.143+£21.924, 235.140+2.163, and
332.825+2.997 nm respectively. As can be seen from the
results increasing the ME content reduced the mean diam-
eter of the produced nanofibers up to 5% ME. This may be
a result of the decrease in the polymer solution’s viscosity

AD = 397.476 4 8458 nm

Counts
=

]
20 400 600 800 1000 1200
Nanofiber diameter (nm)

AD =235.140 £ 2.163 nm

o. = = * =
0 100 200 300 400 500 600 T00
Nanofiber diameter (nm)

b
AD =332825 42997 nm
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Nanofiber diameter (nm)

Fig.2 SEM images of diameter distributions of the MO (A), M1 (B), M3 (C), M5 (D), and M10 (E) nanofiber mats. AD: Average diameter. The
values expressed with different letters in the average diameter values are statistically significant
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Fig. 3 FT-IR spectra of gelatin nanofibers loaded with mushroom
extract

brought on by the addition of ME because it is well known
that when polymer solution viscosity is decreased average
nanofiber diameter is reduced (Gundogdu et al. 2018; Tepe-
kiran et al. 2019). Contrarily, when 10% ME was added, the
fiber diameter increased, which may be a result of the solu-
tion’s pseudo-plastic nature. This is entirely consistent with
results reported by Teilaghi et al. (2020). According to their
research, the pseudo-plastic behavior (degree of pseudo-
plasticity) rises as the solution’s Nigella sativa extract con-
centration increases.

FTIR analysis

Figure 3. shows FTIR spectra of gelatin and gelatin con-
taining various quantities of ME (M1, M3, M5, and M10).
These spectra were compared to examine the bond altera-
tions in the chemical structures of the nanofiber mats.
The strong peak with a range of 3100 to 3625 cm™! and
a maximum of 3265 cm™! in all samples, as depicted in
Fig. 3, was the typical peak for N-H and O-H stretching

Fig.4 TGA curve of electri-
cally assisted solution-blowing

—-—M0 —M1 M3

vibration. Absorption bands were seen at 1523 cm™! (CO
stretching vibration), 1444 cm™!' (NH bending vibration),
1437 cm™!, and 1236 cm™! (CH bending and CN stretching
vibration, respectively) in the FTIR analysis of the gelatin
nanofibers. The amide I was demonstrated for the gelatin
at 1643 cm™!, whereas the amide II band was indicated at
1566 cm™! (Habibi and Hajinasrollah 2018). The presence
of protein is shown by two signals at 1645 cm-1 (Amide
I) and 1535 cm-1 (Amide II). They are the result of C=0
stretching vibrations (Amide I) and bending vibrations of
N-H groups (Amide II), and they have previously been seen
in L. edodes -glucans (Surenjav et al. 2006). The polysac-
charide peaks at 868 cmm— 1 were present because of” the
structure’s B-glucan. Due to molecular interactions between
gelatin and the ME, the amide I and amide III peak intensi-
ties decreased, whilst the amide II peak intensity rose as the
percentage concentration increased (Gonzaga et al. 2013).
Previous research by Liu et al. (2018) had also found signal
peaks at a nearly identical range of wavelengths; as a result,
their study findings concurred with the results of this spectra
analysis.

TGA analysis

Nanofibers’ thermal characteristic represents their ability
to withstand breakdown at high temperatures (Zhang et al.
2019). Figure 4. depicts the results of the TGA analysis of
gelatin blended with ME nanofibers. TGA curves showed
similar two major weight loss stages. the first step of ther-
mal deterioration occurred up to temperatures of 118 °C and
was attributable to the evaporation of physically weak and
chemically strong bound water (Liu et al. 2019). The sec-
ond stage, which occurred between 180 °C and 505 °C, was
linked to the thermal degradation of nanofibers (Roy and
Rhim 2020). The weight loss in this stage was attributed to
the elimination of chemisorbed water and the breakdown of
polymer chains. The thermal resistance was improved with
the addition of ME to the polymer matrix. Adding ME could
have enhanced the fiber’s thermal stability by rearranging
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Table 1 Antimicrobial activity of gelatin nanofibers loaded with ME

Strain MO M1 M3 M5 MI10
E. coli - - - + +

S. aureus - + + ++ +++
B. cereus - + + ++ ++
C. albicans - - - - -

Non determined inhibition zone; +, 1 mm; ++, 2-4 mm; +++,
>4 mm

polymeric chains, forming intermolecular hydrogen bonds,
and crystallizing during fiber production (Rojas et al. 2021).

In-vitro antimicrobial activity of nanofibers

The antimicrobial activity results of gelatin-based nanofi-
bers loaded with ME against E.coli, S. aureus, B.cereus and
C.albicans are given in Table 1. Even the nanofiber sample
loaded with the highest percentage of ME did not show anti-
fungal effect against C. albicans. Candida albicans can form
a biofilm to increase its resistance to antimicrobial agents.
Biofilm is the functioning of a matrix in which microor-
ganisms are bound together. This matrix can increase the
resistance of microorganisms to antimicrobial agents by
different mechanisms. For example, microorganisms on the
biofilm can inhibit the penetration of antifungal products.
In addition, cells on the biofilm are exposed to less oxygen,
which can reduce the effectiveness of antimicrobial agents
(Tobudic et al. 2012).

Gram (+) S.aureus and B.cereus were more sensitive to
mushroom-loaded nanofibers than Gram (-) E.coli. Gram
(-) bacteria have a thicker and layered cell membrane, a
Lipopolysaccharide layer inside the layer, and a less tight
peptidoglycan membrane. These structures can prevent
antimicrobial agents from acting on Gram (-) bacteria and
increase the resistance of bacteria to antimicrobial agents
(Silhavy et al. 2010).

Fungi within the genus Lactarius exhibit an intriguing
chemical transformation during the early stages of fruit
body development. At this initial phase, they contain fatty
acid esters that are inherently biologically inactive. How-
ever, as the fruit body continues to mature, a fascinating
enzymatic process takes place, converting these inert com-
pounds into potent dialdehydes and sesquiterpenes (Xu et
al. 2019). These newly formed substances exhibit remark-
able antimicrobial activity, serving as a chemical defense
mechanism for the fungus against external invaders. Inter-
estingly, as the fruit body reaches its final stages of matura-
tion, there is a noticeable decline in antimicrobial activity.
This reduction can be attributed to the gradual degradation
of these once-active compounds, marking a fascinating life-
cycle progression within the Lactarius genus (Barros et al.
2007). In our study, no antimicrobial activity was detected
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in the control samples that did not contain fungal extracts.
As the extract ratio increased, the antibacterial effect due to
the above-mentioned components increased. The findings
indicated that the obtained edible active nanofibers could be
used in antimicrobial packaging.

In-vitro antioxidant activity of nanofibers

Packaging materials endowed with antioxidant properties
represent a resilient approach for safeguarding food prod-
ucts against oxidative degradation. Beyond their protec-
tive role, edible packaging serves as coatings that can be
ingested along with the food, facilitating the uptake of anti-
oxidant components into cells (Sahraee et al. 2019). Conse-
quently, these intracellular antioxidants play a pivotal role
in promoting the proper functioning of cellular processes
and serve as a defense mechanism against DNA damage
during cell division ( Petkoska et al. 2021).

Antioxidant activity of gelatin-based edible nanofibers
loaded with ME was determined by DDPH and ABTS
methods and presented in Fig. 5. Unsurprisingly, the incor-
poration of ME into the nanofibers resulted in a discernible
enhancement of their antioxidant properties. Nonetheless, it
is noteworthy that augmenting the ME concentration in the
samples didn’t yield a corresponding linear improvement
in antioxidant activity. In fact, the disparity in antioxidant
performance between samples containing 5% and those
with 10% ME was remarkably subtle, indicating a plateau
effect in terms of enhancement. Presumably, the phenolic
compounds in the extract obtained from L. deliciosus played
a role in the antioxidant activities (Palacios et al. 2011) of
the nanofibers. However, in our study, gelatin was used as
a matrix polymer in the production of nanofibers. The pep-
tides of gelatin are rich in hydrophobic amino acids, which
may provide partial antioxidant activity (Gomez-Guillén et
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al. 2011). This situation can explain the antioxidant activity
of control samples that did not contain ME in our study.
Proteins such as gelatin and phenolic compounds interact
with various types of bond such as hydrogen, Van der Waals
and covalent. Although these interactions generally improve
the technological properties of the conjugate, they cause a
decrease in the antioxidant activity of the phenolic com-
pounds (Ozdal et al. 2013). The results in our study were
consistent with the above phenomenon and literature.

Conclusion

In this study, edible active packaging containing different
levels of L. deliciosus extract and gelatin was developed
with a new technique, electro assisted solution blow spin-
ning. ME added up to 5% to the polymer solution reduced
the diameter of the nanofibers. Although the increase in ME
increased the thermal stability of the nanofibers, no signifi-
cant increase in antioxidant activity was detected after the
addition of 5% ME. Moreover, nanofibers with high con-
centration showed antimicrobial activity against E. coli, B.
cereus and S. aureus, except for C. albicans. To conclude,
this study revealed that L. deliciosus extract-loaded nanofi-
bers rapidly fabricated with electro-assisted solution-blown
spinning technology is promising for use in novel edible
food packaging applications.
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