Polymer Bulletin (2022) 79:11201-11215
https://doi.org/10.1007/500289-021-04069-y

ORIGINAL PAPER

®

Check for
updates

Development of ostrich eggshell and nano-levan-based
edible biopolymer composite films: characterization
and bioactivity

Gozde Kosarsoy Agceli’

Received: 29 July 2021 / Revised: 23 November 2021 / Accepted: 27 December 2021 /
Published online: 15 January 2022
©The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Here, edible films were prepared by using levan biopolymer and different propor-
tions of powdered ostrich eggshell. These films were characterized, and their bio-
activity was measured. Adding ostrich eggshells to the levan films made the film
surface smoother. Ostrich eggshell added to the films reduced the water vapor per-
meability in the films. Levan biopolymer film and ostrich eggshell showed high
antioxidant activity when used together (%83.03). The ERL sample without ostrich
eggshell has an antimicrobial effect only on bacteria. The highest antimicrobial
effect was measured on Pseudomonas aeruginosa with the film sample EROL-6
containing 1.2 g of ostrich eggshell. ERL film samples inhibited the biofilm of Pseu-
domonas aeruginosa by 68.6%. This is the first study using ostrich eggshells to pro-
duce edible film.

Keywords Levan - Ostrich eggshells - Edible film - Antioxidant - Antimicrobial -
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Introduction

Levan is an exopolysaccharide in which p-(2,6) bonds within fructose monomers are
linked to form polymers with occasional -(2,1) branching [1]. Levan is a water-sol-
uble biopolymer that can be produced by various bacteria and plant species [2—4].
Levan has been widely applied in medical industry as anti-cholesterol, antidiabetic,
antimicrobial, antiviral, antibiofilm, antioxidant, anti-inflammatory and antitumor
[3, 5, 6]. In addition to its medical importance, levan has a valuable potential to be
used as an edible film or coating in the food industry [7, 8].
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Ostriches are the largest living and non-flying winged birds in the world today
[9]. Ostrich eggs average 1500-1800 g in weight. This weight is approximately 1.2%
of the body weight of the animal. Ovulation occurs every two days [10]. Ostrich
eggs are generally 14—18 cm long and 12-15 cm wide and resemble ellipse. The
shell is very hard and durable enough to bear a weight of 250 kg. The mechani-
cal resistance of the shell surrounding the egg is approximately 55 kg/cm? [11].
Eggshell color is bright white and porous in all species. Shell thickness is 2-3 mm,
weight is 232-243 g, surface area is 20651 mm?, and its volume is around 3,284,653
mm? [10]. A female ostrich is able to produce approximately 60 eggs per year [12].
Regarding the composition, 97% of an ostrich eggshell is of mineral origin distrib-
uted among 97.4% calcium carbonate-calcite, 1.9% magnesium phosphate and 0.7%
tricalcium phosphate [13].

Eggshell is produced several tons per day and also requires high management
costs to dispose of. Therefore, it is very important economically to evaluate and dis-
pose of this waste material [14]. Eggshell waste is used as a solid base catalyst in the
production of biodiesel, to reduce the production costs of biodiesel, to remove heavy
metals from wastewater, in biomaterial compositions designed as bone tissue, as fer-
tilizer and calcium supplement in human, animal and plant nutrition [15-18]. So far,
to the best of our knowledge, no research has been conducted on the use of ostrich
eggshells to produce edible biocomposite films.

Ostrich eggshells can be used in levan-based edible films. This study focused on
the preparation of edible film from powdered ostrich eggshell with levan synthe-
sized by Pseudomonas mandelii. The films were characterized, and the antimicro-
bial, antioxidant and antibiofilm properties of the films were evaluated (Fig. 1). For
the first time, with this study, a edible film was obtained using powdered ostrich
eggshell.
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Fig. 1 Development of ostrich eggshell and nano-levan-based edible biopolymer composite films: char-
acterization, antioxidant, antimicrobial and antibiofilm properties
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Material and methods
Materials

The broken eggshells of newly hatched juvenile ostriches were obtained from
the farm (Ankara, Turkey). Ostrich eggshells were cleaned with sterile distilled
water three times, and inner shell membranes were removed. The cleaned egg-
shells were grounded and powdered at Hacettepe University Geology Engineer-
ing Department. Levan biopolymer was microbially produced by Pseudomonas
mandelii cultures as described [3]. Glycerol, acetic acid, nutrient broth, nutri-
ent agar, Sabouraud dextrose agar, Sabouraud dextrose broth were all obtained
from Sigma-Aldrich. Cultures of bacteria (Escherichia coli 25,922, Staphylococ-
cus aureus subsp. aureus 29,213, Pseudomonas aeruginosa, Klebsiella oxytoca,
Klebsiella pneumoniae, Streptococcus pneumoniae 6303, Shigella sonnei, Acine-
tobacter baumanii calcoaseticus complex, Methicillin sensitive Staphylococcus
aureus (MSSA), Klebsiella pneumoniae 1705, Pseudomonas aeruginosa 27,853)
and cultures of fungi (Candida albicans 90,028, Candida parapsilosis, Candida
krusei, Aspergillus niger, Candida albicans 10,231, Candida glabrata) were
obtained from Hacettepe University, Biotechnology Department Culture Collec-
tion Laboratory, (Ankara, Turkey).

Film preparation

Powdered ostrich eggshell, levan biopolymer, glycerol and acetic acid were used
for the development of film. Firstly, 5 g of levan was dissolved in 1% acetic acid.
2 mL of glycerol was added to the dissolved levan solution, and the mixture was
stirred at room temperature for 4 h. Then, different amounts of powdered ostrich
eggshell were added to the levan/glycerol solution and mixed again at room tem-
perature for 1 h. Samples are named ERL (role of edible levan) and EROL (role
of edible ostrich eggshell and levan).

The ERL sample is a control sample and does not contain powdered ostrich
eggshells.

The samples of EROL-1, EROL-2, EROL-3, EROL-4, EROL-5, EROL-
6, EROL-7, EROL-8, EROL-9, EROL-10 and EROL-11 contain 0.1 g, 0.3 g,
05¢g,075¢g,1¢g,12¢g,15¢g,1.7¢g,2g,2.5¢g,3 g powdered ostrich eggshell,
respectively.

The ostrich eggshell/levan/glycerol mixtures were then poured into Petri plates
and allowed to be dried at room temperature for a week.
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Characterization of ostrich eggshell /levan film properties
Thickness (6)

The film thickness was determined using a digital micrometer (MESEM, Turkey)
with a resolution of 0.01 mm. The final thickness was calculated by the arithmetic
mean of eight measurements at different points.

Transparency (T)

Film transparency properties of levan/powdered ostrich eggshells were examined in
a UV-vis spectrometer (Shimadzu UV-1700, Kyoto, Japan) at the visible light wave-
length of 600 nm by the following equation [19]

T = Absg/d ()

[T:transparency, Absg,:absorbance of the film at 600 nm, d:thickness of the film
(mm). ]

Moisture content (w)

Determination of moisture content of samples was made according to ASTM D644-
99 standards [20]. Film samples were cut to 2X?2 size and weighed. Then, the sam-
ples were oven-dried at 105 °C for 24 h. Moisture content values were assessed in
triplicate for each film. The weight loss of each sample was determined, and the
moisture content was calculated as the percentage of water removed from system.

Mechanical properties

Mechanical properties of the ostrich eggshell/levan film samples were determined
by measuring tensile strength (TS) and elongation at break (E) of the films accord-
ing to the standard method of ASTM 828-88. For this analysis, each film sample
was cut into piece with size about 2.5%x 10 cm. The TS and E tests were carried
out using ZwickRoell 250kN Universal Testing Machine (Model Z250, METU, Tur-
key) operated in tensile mode with an initial grip separation and crosshead speed set
at 20 mm and 10 mm/min, respectively. Film samples were mounted between two
grips on the universal testing machine and stretched until they broke. At least, ten
measurements were taken for each sample, and the average values were presented as
TS (MPa) and E (%) of the each film [21].

Water vapor permeability (WVP)

Water vapor permeability (WVP) of ostrich eggshell/levan films was determined
according to the method of common used protocols with some modifications [22-24].
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Firstly, 2 g of anhydrous CaCl, was loaded into each test vial. The test tube was then
tightly sealed with each film sample. The test tubes sealed with the films were placed in
desiccants filled with distilled water at 25 °C with 100% RH.

Water vapor permeability (WVP) was calculated by following Eq. (2).

WVP = (Am x d)/(A Xt X AP) 2)

[Am:incremental mass of each test vial, t:time interval, A:effective exposed surface
area of film (vial mouth area was 1.766 cm?), d:thickness of film, AP:partial pressure
difference of water vapor on both sides of films, AP at 25 ‘C=3.168 kPa].

Thermal analysis

Thermal gravimetric analysis of 8—10 mg ostrich eggshell/levan film samples was per-
formed at a 10 °C min~! heating rate under nitrogen atmosphere (20 mL min~") (TA
INSTRUMENTS, Q600 SDT).

Scanning electron microscopy (SEM)

The microstructure of the ostrich eggshell/levan film surfaces was imaged using a scan-
ning electron microscope (TESCAN, GAIA 3) after being coated with the Au sputter-
ing layer.

FTIR

The presence of functional groups of ostrich eggshell/levan film was determined by the
Fourier transform infrared (FTIR) spectrometer (Thermo Fisher, Nicolet is50) under
the spectrum range of 4000-400 cm™.

Antioxidant activity-DPPH radical scavenging assay

The antioxidant activity of the ostrich eggshell/levan films was evaluated using
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay with little modifi-
cation [25, 26]. 2 mL of 0.1 mM ethanolic DPPH solution was added to 2 mL of ostrich
eggshell/levan/glycerol mixtures. It was mixed and incubated at room temperature for
30 min in the dark condition. The absorbance was measured at 517 nm. The DPPH
radical scavenging activity was measured using the following Eq. (3)

Radical scavenging activity (%) = (Ag—A;) /Ay X 100 3)

[A,: Control Absorbance, A: Sample Absorbance].
Ascorbic acid was the positive control.
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Antimicrobial activity

Antimicrobial activities of ostrich eggshell/levan films against Escherichia coli 25,922,
Staphylococcus aureus subsp. aureus 29,213, Pseudomonas aeruginosa, Klebsiella
oxytoca, Klebsiella pneumoniae, Streptococcus pneumoniae 6303, Shigella sonnei,
Acinetobacter baumanii calcoaseticus complex, Methicillin sensitive Staphylococcus
aureus (MSSA), Candida albicans 90,028, Candida parapsilosis, Candida krusei,
Aspergillus niger were tested by well-diffusion assay [27, 28]. The bacteria cultures
were grown in nutrient broth (NB, Sigma-Aldrich) at 37 °C, 24 h, and fungal strains
were grown in Sabouraud dextrose broth(SDB, Sigma-Aldrich) at 30 °C, 24 h. Nutri-
ent agar plates and Sabouraud dextrose agar plates were prepared and swabbed with 50
uL of broth culture of the bacteria and fungi cultures. 5 mm diameter wells were made
in each Petri dish with sterile cork borer. 20 uL. samples of ostrich eggshell/levan film
were used to determine the antimicrobial activity. Bacterial cultures were incubated for
24 h at 37 °C, and fungal cultures were incubated for 48 h at 30 °C after adding to the
wells. The experiment was repeated three times, and the zone diameter was measured
in mm [8].

Antibiofilm activity

Antibiofilm activity was analyzed by a crystal violet staining microtiter biofilm forma-
tion assay [29]. Escherichia coli 25,922, Staphylococcus aureus subsp. aureus 29,213,
Candida parapsilosis, Candida krusei, Candida albicans 10,231, Candida glabrata,
Pseudomonas aeruginosa, Candida albicans 90,028, Klebsiella pneumoniae 1705,
Pseudomonas aeruginosa 27,853 were used for determining the antibiofilm activity of
ostrich eggshell/levan films. The microbial cell cultures that had grown overnight were
diluted at a turbidity of 0.05 (OD600) and were used for biofilm formation. 24 wells of
a polystyrene plate were filled with different film compositions and microorganisms.
Then, the plates with the bacteria were incubated for 24 h at 37 °C, and the plates with
the fungi were incubated for 48 h at 30 °C. Thereafter, the wells were gently washed
and stained with 1% crystal violet for 30 min. The stained biofilms were then washed
with d-water, air-dried and suspended in 96% ethanol to remove the dye. The solubi-
lized crystal violet for each well was calculated by spectrophotometry at 540 nm (Shi-
madzu UV-1700, Kyoto, Japan). All tests were performed in triplicate.

Statistical analysis

Results were tabulated as mean +standard deviation (SD). Mean of three replicates was
used in calculation.
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EROL-10

Fig.2 Samples of levan-based biopolymer composite films containing different percentages of ostrich
eggshell

Table 1 Thickness (8), transparency (T), moisture content (®), tensile strength (TS), elongation at break
(E) and water vapor permeability (WVP) of ostrich eggshell/levan films

) T o TS E WVP
(mm) (600 nm) (%) (MPa) (%) (gmmm~2h~!kPa™")
ERL 0.07+0.08 2.78+0.04 19.08+0.26 25.04+3.7 54.2+0.17 8.14+0.2

EROL-1  0.08+£0.08 4.64+0.08 16.09+0.82 26.5+23 523+3.5 8.01%0.1
EROL-2 0.100+0.08 9.27+0.03 13.7+0.13 28.01+15 478+12 720+03
EROL-3 0.136+0.08 10.75+0.07 11.2+0.37 29.90+2.1 43.2+3.3 6.87+0.2
EROL-4 0.150+0.08 11.9+0.07 10.1+0.82 31.8+23 385%25 6.12+0.2
EROL-5 0.175+0.08 12.7+0.04 6.45+0.88 32.7+2.5 33.10+2.8 5.20+0.7
EROL-6 0.203+0.08 14.08+0.02 5.71+1.02 348+3.4 27.07x1.7 4.05+0.5

Results and discussion
Appearance of powdered ostrich eggshell/levan biopolymer films

Levan biofilms prepared using different proportions of powdered ostrich eggs
were dried at room temperature. No adhesion was observed on any film that could
be easily removed from the Petri dishes (Fig. 2). Depending on the powdered
ostrich egg content of the film, it was determined that there were breaks in the
EROL-8, EROL-9, EROL-10, EROL-11 film samples starting from the EROL-7
film sample. The study was continued with film samples of ERL, EROL-1,
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EROL-2, EROL-3, EROL-4, EROL-5 and EROL-6. Characterizations and bio-
logical activities were evaluated through these seven films.

Physical and mechanical characterization

The physical and mechanical properties of powdered ostrich eggshell/levan films are
shown in Table 1.

The thickness of the powdered ostrich eggshell-free film sample ERL was
0.07 +0.08 mm, the lowest among the seven-film groups. Film thickness increased
depending on the amount of powdered ostrich eggshell in the films. The highest film
thickness was 0.203 +0.08 mm in the EROL-6 sample containing 1.2 g powdered
ostrich eggshell.

Transparency of powdered ostrich eggshell/levan films is presented in Table 1.
The ERL sample with a T value of 2.78 +0.04 was the most transparent or, in other
words, has the lowest opacity of the films. Increasing the amount of powdered
ostrich eggshell in the film content decreased the transparency and increased the
opacity.

It is clear from Table 1 that with the increasing amount of powdered ostrich egg-
shell, the moisture content in the films has decreased. Ostrich eggshell is a biomate-
rial consisting of 96% crystalline calcite and 4% mostly protein-containing organic
material [30, 31]. The agglomeration of CaCOj; particles and filling the gap between
levan nanoparticles reduced the moisture content in the films.

Tensile strength (TS) and elongation at break (E) of powdered ostrich eggshell/
levan films are shown in Table 1. Studies have shown that films prepared with pure
levan have a tensile strength of less than 2 MPa and poor mechanics with an elon-
gation of about 2% [32, 33]. In this study, the amount of levan and glycerol in each

Ostrich Eggshell ERL EROL-1

Weight (%)

Weight (%)
Weight (%)

EROL-2 : EROL-3 EROL-4

Weigh
ight
Weigh (%)

EROL-5 EROL-6

rrrrrrrrrrrrrrrr s A Temperature ()

Fig. 3 TGA analysis of ostrich eggshell and levan/ostrich eggshell composite films
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film sample prepared is equivalent. The tensile strength and elongation values vary
depending on ostrich eggshell ratio. As the ostrich eggshell rate increases, tensile
strength increases, and the elongation percentage decreases in the levan films.

Various studies have shown that the pore structures, pigments, protein and cal-
cium amounts and microscopic structures in the eggshells play an important role in
water vapor permeability [34—-37]. However, there is no information in the literature
about the water vapor permeability of powdered ostrich eggshells. In this study, it
has been shown that water vapor permeability decreases when ostrich eggshell is
added to films obtained with levan biopolymer (Table 1). The water vapor perme-
ability was 8.14+0.2 in the ERL sample without powdered ostrich eggshell, while
the water vapor permeability was 4.05+0.5 in the EROL-6 sample containing 1.2 g
powdered ostrich eggshell.

Thermal analysis

The thermal properties of the levan/ostrich eggshell films obtained were meas-
ured by TGA (Fig. 3). Powdered ostrich eggshell showed an enhanced thermal-
stability, resulting in only a 2% weight loss below 500 °C in two degradation
step. In the ERL sample without any ostrich eggshells, the mass loss between
175-230 °C is 50%. In the EROL-1 sample containing 0.1 gr ostrich eggshell,
mass loss occurred at a rate of 45% between 200 and 260 °C. EROL-2 sample
containing 0.3 gr ostrich eggshell lost 40% mass between 200 and 275 °C, and in
the EROL-3 sample containing 0.5 gr Ostrich eggshell, this loss of mass at the
same rate was between 190 and 250 °C. Furthermore, 30% mass loss between
190 and 250 °C in EROL-4 sample containing 0.75 gr ostrich eggshell, 30% mass
loss in EROL-5 sample containing 1 gr ostrich eggshell between 160 and 260 °C,
and 20% mass loss between 200 and 275 °C in EROL-6 sample containing 1.2 gr

EROL-4 EROL-5 s
Lt L) e

o e |

Fig. 4 SEM images of levan/ostrich eggshell composite films
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Fig.5 FTIR spectra of powdered ostrich eggshell/levan composite films

ostrich eggshell were recorded. These results show us that the ostrich eggshell
added to the levan-based films increased the thermal stability of the films.

SEM

SEM images of seven powdered ostrich eggshell/levan films are presented in
Fig. 4. There is a regular roughness in the ERL film sample, which does not con-
tain powdered ostrich eggshells in its structure. Powdered ostrich eggshells were
coated with levan biopolymer, creating a smoother surface. With the increase
in the amount of powdered ostrich eggshell, the film surface became smoother.
It was observed that pores of different sizes were formed on the surface of the
EROL-6 sample.

100
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Fig. 6 Antioxidant activity of ostrich eggshell and levan/ostrich eggshell composite films
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FTIR

The FTIR spectra of ostrich eggshell/levan films are shown in Fig. 5. As levan
and glycerol are hydroxyl-containing hydrocarbons, the FTIR spectra had many
similarities.

The spectra of all ostrich eggshell/levan film samples showed a strong absorption
band at 3400 cm™!. This is representing O—H stretching vibration [32]. Depending
on the furanose ring of the levan biopolymer, a band of 840 cm™~! was observed. The
bands near 1300-1400 cm™! were related to —-CH bending vibrational modes [32].
The region in the range of 900-1200 cm™! appeared in all ostrich eggshell/levan
film samples that is typical for carbohydrates. In addition, it can be attributed to the
C-O-C glycosidic linkage [38, 39] that occurs in levan biopolymer molecules.

Antioxidant activity-DPPH radical scavenging assay

As shown in Fig. 6, the DPPH scavenging activity of ostrich eggshell alone is quite
low (3.63%). This is the first study of DPPH activity in ostrich eggshells. The anti-
oxidant activity in ERL, the film sample without ostrich eggshell, is 57.1%. Inter-
estingly, ostrich eggshell added to levan-based films led to a high increase in anti-
oxidant activity. The highest antioxidant activity is seen in EROL-6, which also
contains the highest ostrich eggshell (83.03%).

Antimicrobial activity

Antimicrobial effects of film samples consisting of levan and ostrich eggshells were
evaluated on different bacterial and fungal cultures (Fig. 7).

The antimicrobial effect of ostrich eggshells in powdered form has not been
previously studied. The powdered ostrich eggshell showed antimicrobial effect

Aspergillus niger
Candida krusei
Candida parapsilosis* %’H

Candida albicans 90028

Methicillin sensitive Staphylococcus aureus (MSSA)*

Acinetobacter baumanii calcoaseticus complex* ==

Shigella sonnei*

Streptococcus pneumoniae 6303 = = -

" iae*
Klebsiella pneumoniae =]

Klebsiella oxytoca*

Pseudomonas aeruginosa* s ——

_
Staphylococcus aureus subsp. aureus 29213

Escherichia coli 25922 I ——

0 5 10 15 20 25 30
Inhibition zone (mm)

M Ostrich eggshell powder BERL ®EROL-6 M EROL-5 EROL-4 EROL-3 EROL-2 ®EROL-1

Fig. 7 Antimicrobial effects of film samples on different microorganisms (*patient samples). Error bars
show standard deviation. Every experiment was carried out with replicates of three
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Fig.8 Antimicrobial activity of levan/powdered ostrich eggshell composite films on Pseudomonas aer-
uginosa

only on Methicillin sensitive Staphylococcus aureus (MSSA) (6.5 mm) and Can-
dida parapsilosis (10.5 mm). Ostrich eggshell does not have any antimicrobial
effect on other microorganisms. Studies have reported that ostrich eggshells
have a high contamination rate due to their large pore diameter and large pore
area. However, in their natural habitats, the thickness of the eggshells of ostrich
eggs, moisture and high-temperature conditions that are not sufficient for bacte-
rial growth prevent bacterial contamination in their natural habitats [40—43]. The
levan film sample ERL, which does not contain ostrich eggshells, showed an anti-
microbial effect only on bacteria. The ERL sample does not have an antimicrobial
effect on fungi. Ostrich eggshell has an antagonist effect with levan biopolymer.
It is seen that the antimicrobial effects of the films to which ostrich eggshells are
added decrease. Ostrich eggshell and levan biopolymer had a synergistic effect
only on Streptococcus pneumoniae 6303 and Pseudomonas aeruginosa. Ostrich
eggshell alone has no antimicrobial effect on Streptococcus pneumoniae 6303
and Pseudomonas aeruginosa. Together with the levan biopolymer and ostrich

OD (540 nm)

B Microorganism biofilm m EROL-1 m EROL-2 = EROL-3 m EROL-4 m EROL-5 WM EROL-6 W ERL W Ostrich egg powder

Fig. 9 Antibiofilm effects of composite film samples on different microorganisms (*patient samples).
Error bars show standard deviation. Every experiment was carried out with replicates of three
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eggshell, the antimicrobial effect is greater than that of the levan biopolymer
alone (Fig. 8).

Antibiofilm activity

Antibiofilm effects of film samples consisting of levan and powdered ostrich egg-
shells were evaluated on different bacterial and fungal cultures (Fig. 9).

The ERL film sample has the highest antibiofilm effect among the films, with an
inhibition of 68.6% on the patient sample Pseudomonas aeruginosa biofilm. The
ERL sample performed 51.7% biofilm inhibition in Klebsiella pneumoniae 1705 and
41.7% in Pseudomonas aeruginosa 27,853. ERL sample has no antibiofilm effect
on Candida albicans 10,231, Candida albicans 90,028 and Candida glabrata. Pow-
dered ostrich eggs have no antibiofilm effect on any microorganisms used in the
study. Although the experiment was repeated 3 times, it is thought that the high dif-
ferences in OD values measured in the powdered ostrich eggshell may be due to the
staining. Powdered ostrich eggshells adhering to the plate wall caused the high OD
value.

Conclusion

In this study, the usability of powdered ostrich eggshells in levan-containing biopol-
ymer films was demonstrated. The amount of ostrich eggshell in the film affects the
smoothness of the film. The incorporation of powdered ostrich eggshells increased
the physical and mechanical properties of levan-based films. A high increase in
DPPH scavenging activity was observed when levan and ostrich eggshell were used
together. There are synergistic and antagonist antimicrobial effects on different
microorganisms between levan and powdered ostrich eggshell.

The results obtained in this study indicate that ostrich eggshells can be used in
edible levan-based films. Thus, cheaper materials can be obtained by using waste
ostrich eggshells in edible films. In future studies, it is recommended that the appli-
cations of these levan/ostrich eggshell films in different foods (fruit or vegetable)
need to be investigated due to their remarkable potentials.
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