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Abstract

Interest in the development of bio-based waste has increased exponentially in biomedical, biodental and
bioengineering applications because such waste is nontoxic, biocompatible, easily formed, and has good
physicochemical-mechanical-thermal properties, elasticity, high purity, no side effects and biodegradation.
Eggshell membrane is a biopolymer network of protein fibers retaining albumin, collagen and amino acid.
Eggshell membrane is a good food source for bacterial Acetobacter xylinum growth to make a strong
biocellulose nanofiber composite for use in facial masks and tissue engineering. The current study added
different amounts of eggshell membrane powder of 0% (Bio-0), 0.01% (Bio-01), 0.05% (Bio-05), 0.075%
(Bio-075) and 0.10%wt (Bio-1) into biocellulose made from Acetobacter xylinum in coconut water medium via a
fermentation process. The obtained facial mask encoded Bio-1 had good physicochemical and mechanical
properties. The best sample has tensile strength, elongation at break and maximum force, and good adsorption
encoded Bio-1 equal to 3.229 + 0.297 MPa, 43.350 + 8.400% 13.466 = 1.238 N, respectively.
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1. Introduction

Currently, many researchers are paying attention to the use of biomaterials, nontoxic materials, and recycled
materials such as biological wastes, bio-fiber, industrial wastes and biodegradable materials as a starting material
in their work. The promotion of environmental consciousness in industrial applications is becoming more
prevalent. Sustainable development and eco-efficiency are now considered to be major responsibilities in every
country. In addition, green biomedical products should be of high quality, biocompatible and cheap to produce.

Eggs from hens, ducks and birds have been used as a source of food, drugs, cosmetics and foodstuffs. Eggshells
are the egg product residue obtained from the production of eggs and egg derivatives and this waste contributes
to environmental pollution as it supports microbial actions. The amount of eggshell waste from the food
processing industry in Thailand has increased gradually up to millions of tonnes daily (Tsai et al., 2006). As a
by-product, eggshell represents about 11-15% of the total weight or approximately 60-75 g per egg and is
composed of eggshell (including calcium carbonate (CaCOs), magnesium carbonate (MgCO;) and other oxide
compounds) and eggshell membrane (including many kinds of fibrous proteins such as collagen, hexosamines,
glycosaminoglycans, hyaluronic acid and sialic acid) (Tangboriboon et al., 2016). The eggshell membrane is
located between the egg white (albumin) and the inner surface of the eggshell. There are two shell membranes
around an egg, with a combined total thickness of approximately 100 um which function as a semi-permeable
membrane to prevent the penetration of bacteria (Tsai et al.,2006 & Torres et al., 2010). Eggshell membrane is a
potential alternative, important biomaterial source of collagen for application in supplementary foods, cosmetics,
drugs, and healthcare and biomedical products such as in wound healing bandages, hydrogel, foams, biofilms
and facial masks (Mogosanu & Grumezescu, 2014). The advantages of eggshell membrane have made it of
interest as a biomaterial in biomedical engineering due to its biocompatibility and biodegradability for cell
culture, skin and vascular grafts (Yi et al., 2004).

Nowadays, various kinds of tissue engineering and facial masks are applied for different purposes such as
revitalizing, healing, refreshing and long-term benefits to body and facial skins. Facial masks and tissue
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engineering can be made from various sources. Cellulose masks are obtained from natural sources such as plant
product, algae, fungi and bacteria, especially the Acetobacter xylinum bacterium which is of interest because of
its non-pathogenic, non-spore forming, non-toxic and biodegradable properties. A. xylinum in coconut water
medium can form acetic acid and a white layer that floats above the liquid medium called Nata de Coco, which is
jelly-like due to fermentation. Coconut water contains a large amount of sugar and nitrogen-containing
compounds (Verschuren et al., 1999). In addition, bacteria cellulose can be made from sugar cane and other fruit
juices such as pineapple, melon, grape, apple, pear, guava and banana peel (Upadhyay et al., 2010). Cellulose is
an organic polysaccharide consisting of a linear chain of several hundred to over ten thousand f(1—4) linked
D-glucose units and is widely used to make paper and textile masks (Aramwit & Bang, 2014). The advantages of
biocellulose made from A. xylinum are excellent physical, mechanical and thermal properties, purity and
biocompatibility for bone tissue scaffolds, artificial blood vessels, artificial skin and dental implants (Jang et al.,
2017). The tensile strength of a single biocellulose fiber is almost comparable to Kevlar” and steel, so that such
fibers can be a suitable candidate where high mechanical performance is required (Yano et al, 2005 & Czaja et al,
2006). Furthermore, the competitive advantages and applications of biocellulose A. xylinum have been applied in
food industries, cosmetics, electronic industries, wound dressing, acoustic diaphragms of speakers and
headphones, batteries and organic light emitting diodes (Barud et al, 2011; Cacicedo et al., 2016; Dobre et al.,
2012; Ullah et al, 2016; Iguchi et al, 2000; Jiang et al, 2015; Legnani et al, 2008; and Hu et al, 2014).

Biocellulose based on nanocomposites has been developed for biomedical and pharmaceutical applications (Hu
et al, 2014; Butchosa et al, 2013; Ul-Isalam M et al, 2013; Grande et al, 2009; and Hasan et al, 2012). Therefore,
the objective of this study was to prepare a nanofiber composite of eggshell membrane and biocellulose made
from A. xylinum bacterium in a coconut water medium via fermentation. The physical and mechanical properties
of the facial masks or tissue engineering made using the biocellulose nanocomposite were compared with a
bio-commercial facial mask made using biomaterial.

2. Experimental
2.1 Materials

Eggshell with adhered eggshell membrane was supplied from CPF (Thailand) Public Co., Ltd., Nakhon Nayok
province, Thailand. Raw eggshell waste was separated using an eggshell classifier. Eggshell membrane was from
eggshell particles. Coconut water was obtained from a local market, Bangkok, Thailand. Acetobacter xylinum
was obtained from the Institute of Food Research and Product Development, Kasetsart University, Bangkok,
Thailand.

2.2 Instruments

Fourier-transform infrared (FTIR) spectra were determined using a spectrometer (Perkin Elmer, Bruker-Alpha E;
Waltham, MA, USA) with a spectral resolution of 4 cm™ in the range 500-4000 cm™. The samples were
prepared using a single-crystal of potassium bromide (KBr) for raw material characterization.

Scanning electron microscope (SEM) micrographs and SEM nanofibers were characterized using a scanning
electron microscope (JEOL-JSM-6400; Tokyo, Japan). The microstructures of the eggshell membrane (before
and after grinding), a bio-commercial facial mask and the biocellulose tissue engineering or facial mask prepared
in the current study were mounted onto stubs using a carbon paste and were sputter-coated to ~0.1 um with gold
to improve electrical conductivity. The acceleration voltage was 20 kV with magnifications of 50, 10,000 and
20,000 times.

Contact angle was measured using a contact angle meter (Kyowa, DM-CE 1; Tokyo, Japan). Separate droplets
(using a water base) of vitamin C, vitamin E and oil were deposited onto different positions on the sample
surfaces (bio-commercial facial mask and bio-cellulose tissue engineering or facial mask). The images were
captured continuously at an interval consistent with the theory as shown in Figure S1.
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Figure S1. Junction of interfacial tension of a liquid droplet on: a) Interfacial tension of solid surface; b) high

wetting with small contact angle of liquid droplet on solid surface, and c) low wetting with large contact angle of
liquid droplet on solid surface.

Mechanical properties (tensile strength, stiffness, elongation at break and maximum load) of bio-commercial and
bio-cellulose tissue engineering or facial masks were measured using a Universal Testing Machine (UTM,
HS50KS; Hounsfield, UK). The samples were prepared according to ASTM D 412 as shown in Figure S2 and
measured the mechanical properties according to the TIS 1056-2540.

Near infrared (NIR) spectroscopy (Bran + Luebbe, Infra Alyzer 500, Norderstedt, Germany) was used to study
the NIR spectra of the bio-commercial and biocellulose facial masks in the of 1,100-2,500 nm or as wave
number in the range 12,500-4,000 cem™.

2.3 Biocellulose Nanocomposite Tissue Engineering or Facial Mask Preparation

Eggshell membrane was classified using the eggshell classifier and ground to fine powder using a rapid ball mill
for 1 hr. The eggshell membrane powder had an average particle size of 64.23 um (Figure S3). The eggshell
membrane powder was cleaned using hydrogen peroxide (H,O,) and water to eliminate impurities. Then, the
eggshell powder was dried at 40°C for 20 min. The growth of 4. xylinum was prepared using coconut water
mixed with acetic acid, sugar and ammonium sulfate (Figure S4). The mixture solution was added with eggshell
membrane powder at 0% (Bio-0), 0.01% (Bio-01), 0.05% (Bio-05), 0.075% (Bio-075) and 0.10%wt (Bio-1) and
then the pH was adjusted using acetic acid to 3.5-4.0 before pouring into separate Petri dishes. The formation of
biocellulose tissue engineering or facial masks was allowed for 5 days via fermentation (Figure S5). Functional
theory suggests that the facial masks provide slow release drug delivery via diffusion and adsorption of liquid
between the cell culture and the facial mask surface, as shown in Figure S5. The contact angles of liquid droplets
(oil, vitamin C and vitamin E) on the bio-commercial and biocellulose tissue engineering or facial mask surfaces
were measured at the 1% minute when the liquid droplet started to fall on the bio-commercial facial mask surface
and at the 7™ minute when the liquid droplet was spreading on the bio-commercial facial mask surfaces.

ASTM D412 TYPEA,B,C, D, E, F

ASTMD-412-A_ UL-62-A ASTMD-412-D, UL-62-D
- 40 | |
'—_\__ — e
Py ) =4
@ ¥ =
e =/ o o

ASTMD-412-B, UL-62-8
e

Figure S2. Sample preparation for mechanical property testing (units shown in millimeters) according to ASTM
D412.
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a) b)

Figure S3. Eggshell membrane preparation cleaned with tap water and hydrogen peroxide and allowed to dry 1-2
days: a) before grinding and b) after grinding with the rapid ball mill.
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Figure S4. Growth of Acetabacter xylinum in coconut water medium composed of glucose and nitrogen content

to form cellulose nanofiber.
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Figure S5. Drug delivery, tissue engineering or facial mask formation.

3. Results and Discussion
3.1 Physical and Chemical Properties of Biocellulose Tissue Engineering or Facial Masks

The chemical composition of eggshell membrane was collagen 35%, glucosamine 10%, chondroitin 9.0%,
hyaluoric acid about 10% and other proteins 36% as shown in Table 1. The obtained chemical composition
results are consistent with the results reported by Ruff KJ et al, 2018. They reported all healthy postmenopausal
women (40-75 years of age), who had problems with a joint or connective tissue disorder on ankles, knees, or
hips. After eating 500 mg daily of eggshell membrane, they can improve recovery from exercise-induced joint
pain (8 days) and stiffness (4 days) and also significantly reduced the discomfort from stiffness immediately
following exercise (7 days) (Ruff et al., 2018). (King’ori AM, 2011) reported applications of eggshell membrane
for skin, cosmetic and food industries as thickener, emulsifier and filler. Collagen, glucosamine, chondroitin and
hyaluoric acid in eggshell can rebuild damaged joint without surgery. Collagen can be used for cosmetic and
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burns surgery (King’ori, 2011 & Matsuda et al, 2006). Furthermore, the particular application of collagen
became possible to restore cosmetic appeal of fire victims. It is an alternative way for their lives the rest of their
lives with the absolute disfigurement a fire accident. It can substitute to construct the artificial skin for skin burn
position (King’ori, 2011 & Matsuda et al, 2006).

Table 1. Chemical composition of eggshell membrane

Composition Amount of chemical composition
(average % by weight)

Collagen (I, V, X) 35.0

Glucosamine 10.0

Chondroitin 9.0

Hyaluoric acid 5.0-10.0

Other proteins 36.0

Three different commercial facial masks (bio-cellulose commercial, cotton and paper sheet) were used as
reference samples to compare physical, chemical and mechanical properties with the obtained biocellulose tissue
engineering or facial masks. The thickness and amount of water absorption were measured and are shown in
Table 2. The average thickness for the biocellulose tissue engineering or facial masks made in the current study
were 0.252-0.287 + 0.001 mm. The water absorption efficiency of biocellulose tissue engineering or facial
masks (both commercial and made in the current study) was more than 70%, with the highest value (96.799 +
1.000%) being for the sample encoded Bio-1 (0.100% eggshell membrane powder adding).

Table 2. Thickness values of tissue engineering or facial masks

Sample Thickness Water absorption
(avg. = SD) (avg £ SD)
(mm) %

Biocellulose-commercial masks 0.056 +0.001 >96.000

(Bio-commercial)

Cotton commercial masks 0.594 +0.001 >96.000

(Cot-commercial)

Paper sheet commercial masks 0.483 +0.001 >96.000

(Sheet-commercial)

0.000 % added eggshell membrane 0.289 +0.001 88.820 £ 1.000

(Bio-0)

0.010 % added eggshell membrane 0.252£0.001 71.814 £ 1.000

(Bio-01)

0.050 % added eggshell membrane 0.277 £ 0.001 91.290 £ 1.000

(Bio-05)

0.075 % added eggshell membrane 0.287 +0.001 89.488 £ 1.000

(Bio-075)

0.100 % added eggshell membrane 0.274 £ 0.001 96.799 +1.000

(Bio-1)

The SEM micrographs for the eggshell membrane (before and after grinding) are shown in Figure 1. The
eggshell membrane before grinding showed collagen nanofibers and proteins containing many kinds of amino
acid and other nutrients as food consistent with the chemical composition of eggshell membrane in Tablel useful
for the growth rate of 4. xylinum. Furthermore, following grinding there was increased specific surface area for
good fermentation (Figure 1).

The contact angles of liquid droplets (oil, vitamin C and vitamin E) on the surfaces of the bio-commercial and
biocellulose tissue engineering or facial mask made in the current study are shown in Figure 2 and Figure 3,
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respectively. Most of the liquid droplets on biocellulose facial mask surfaces had smaller contact angle than
those of bio-commercial facial mask surfaces which indicated that the biocellulose tissue engineering or facial

masks were of good quality for liquid adsorption due to high wetting ability.

Figure 1. SEM micrographs and nanofibers of eggshell membrane before and after grinding: a) 200X before
grinding; a-1) 500X before grinding; a-2) 1,000X before grinding and b) 50X after grinding; b-1) 10,000X after

grinding; b-2) 20,000X after grinding.

56.8 deg 40.5 deg

28.8 deg

C . 11.7 deg c-1 . 2.6 deg

7.8 deg

Figure 2. Contact angle of liquid droplet absorption on bio-commercial facial masks: a and a-1) oil; b and b-1)

vitamin E; ¢ and c-1) vitamin C; d and d-1) water.
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Nanostructure fiber comparisons of the facial masks are shown in Figure 4. The SEM nanostructure fiber of the
commercial facial mask showed a dense, networked fiber structure, while the biocellulose tissue engineering or
facial mask sample without added eggshell (Bio-0) in the membrane powder showed and opaque nanostructure
and a small amount of fiber network (Figures 4b, 4b-1 and 4b-2). In addition, the SEM nanostructures of
biocellulose tissue engineering or facial mask sample with added eggshell (Bio-1) in the membrane powder
showed a porous, networked fiber structure due to the fermentation of 4. xylinum with the eggshell membrane to
form a nanocomposite facial mask (Figures 4c, 4c-1 and 4c-2). The obtained results were consistent with the
SEM results of the 4. xylinum growth in other kinds of fruit juice (orange, grape, apple, jackfruit and guava) (Li
et al, 2015; Tomita & Kondo, 2009; Ummartyotin & Pechyen, 2016; and Fu et al, 2013). The characteristic of
high porosity, networked fiber structures of biocellulose-eggshell membrane tissue engineering or facial masks
are advantageous to rapid adsorption of a high amount of liquid such as vitamin C, vitamin E and oil.

51.0 deg

59.3 deg b-1

39.8 deg

31.2 deg

23.5 deg c-1

8.3 deg

5.2 deg
Figure 3. Contact angle of liquid droplet absorption on the biocellulose-eggshell membrane tissue engineering or

facial masks (Bio-1): a and a-1) oil; b and b-1) vitamin E; ¢ and c-1) vitamin C; d and d-1) water.

1.7 deg
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C) c-2)

Figure 4. Microstructure and nanostructure comparison of tissue engineering or facial masks with magnifications
of 50X; 10,000X; 20,000X, respectively of: a, a-1 and a-2) bio-commercial facial masks; b, b-1 and b-2
biocellulose without added eggshell membrane in tissue engineering or facial masks and c, c-1 and c-2)

biocellulose-eggshell membrane tissue engineering or facial masks (Bio-1).

The fiber diameter distribution versus the amount of fiber in bio-commercial and biocellulose tissue engineering
or facial mask was measured using SEM and the statistical calculations of the results are shown in Figure 5. The
fiber diameter distribution of the biocellulose tissue engineering or facial mask (Bio-1; Figure 5b) had greater
amounts of smaller fibers than that of the bio-commercial facial mask (Figure Sa). This is an important factor in
determining the mechanical properties of the tissue engineering and facial mask.

The FTIR spectra of raw materials (eggshell membrane powder, vitamin C, vitamin E and oil), the
bio-commercial facial mask and the Bio-1tissue engineering or facial mask were measured in the range of wave
number 500-4000 cm™ as shown in Figure 6. FTIR spectra indicated that the eggshell membrane powder was
composed of Ca-O at wave numbers 500-600 cm™ and & (=CH) at 875 cm™’. There were functional groups of
v(P=0), v(C=S), v(C-0), v(S=0) and v(C-N) in the range 1000~1500 cm™. The v(N-H), v(N=0) and v(C=C) of
amino acid belonging to collagen, hyaluoric acid, glucosamine and chondroitin appeared at 1574 and 1650 cm™.
The FTIR spectrum of coconut jelly made from 4. xylinum in coconut water without eggshell membrane powder
was similar to that of biocellulose tissue engineering with added eggshell membrane (Bio-1) and the
bio-commercial facial mask at 1636 and 3341 cm™ belonging to v (C=C) and v (O-H), respectively, which
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indicated hydrogel properties. The FTIR spectra of vitamin C, vitamin E and oil appeared at the same peaks at
920, 1159, 1464, 1750, 2867 and 2922 cm™ belonging to v (=C-H), v (C-0), v (C-N), v (C=C), v (C=N) and v
(-C-H), respectively. Furthermore, v (O-H) of vitamin C was found in the FTIR spectrum at 33103520 cm™ and
the carboxylic group & (COOH) at 863-981 cm™. Peaks for v (C=N), v (P-O) and v (C=S) at 920-1109 cm’
appeared in vitamin E. In addition, there was another peak of both vitamin E and oil at the same position of 1366
cm™ belonging to v (NO,).

The FTIR spectra of the bio-commercial facial mask and the Bio-1 tissue engineering or facial masks with and
without oil, vitamin E and vitamin C were characterized as shown in Figure 7. The results for the biocellulose
tissue engineering or facial masks with oil, vitamin E and vitamin C were consistent with the FTIR spectra of
purity oil, vitamin E and vitamin C as shown in Figure 6.

In the FTIR spectra of both the bio-commercial and Bio-1 tissue engineering or facial masks oil, vitamin E and
vitamin C appeared at the same peak positions (Figure 8), indicating that the obtained Bio-1 tissue engineering
or facial masks made from the 4. xylinum with eggshell membrane powder have potential for use as commercial
facial masks.

a) Commercial facial mask b) Bio-1 tissue engineering

4500

;\;% 50.00 b 40.00
y  40.00 = 3500
2 = 30.00
= 30.00 t 25.00
2 20.00 £ 20.00
Z ) 2 1500
E 10.00 10.00
. 5.00

0.00 — 0.00 L__ —
47.6190 95.2381 142.8571 190.4762 23.8095 47.6190 95,2381 142.857 190.4762
Fiber diameter (nm) Fiber diameter (nm)

Figure 5. Comparison of fiber percentages between bio-commercial and biocellulose tissue engineering or facial
masks (Bio-1).
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Figure 6. FTIR spectra of raw material, vitamin C, vitamin E and oil.
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Figure 7. FTIR spectra of bio-commercial and Bio-1 tissue engineering or facial masks with/without absorption
vitamin C, vitamin E and oil.

The NIR spectra of eggshell membrane powder and Bio-1 showed the same peak positions belonging to amino
acid, collagen, hyaluoric acid, glucosamine and chondroitin suitable for preparation cellulose masks from
Acetobacter xylinum bacterium via fermentation process as shown in Figure 9.

3.2 Mechanical Properties of Biocellulose Tissue Engineering or Facial Masks

The mechanical properties (tensile strength, elongation at break and maximum force) of the biocommercial facial
mask and biocellulose tissue engineering or facial mask with and without eggshell membrane powder are shown
in Table 3 and Figure 10. The amount of eggshell membrane powder added into tissue engineering or facial
mask increased the tensile strength, elongation at break and maximum force. The best conditions (mean + SD)
occurred in the biocellulose tissue engineering or facial mask (Bio-1) by adding 0.1 %wt eggshell membrane to
obtain good tensile strength (3.229 + 0.297 MPa), high elongation at break (43.350 + 8.400%) and maximum
force (13.466 + 1.238 N). The biocommercial facial mask had values for tensile strength, elongation at break and
maximum force of 2.469 + 0.222 MPa, 31.104 + 8.252 % and 15.857 £ 9.521 N, respectively. Therefore, the
obtained mechanical testing results indicate their potential to produce biocellulose tissue engineering or facial
masks due to good mechanical properties and high elasticity.
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Figure 8. FTIR spectra comparison of chemical functional groups between bio-commercial and biocellulose
tissue engineering or facial masks for oil, vitamin C and vitamin E.
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Figure 9. NIR spectra of eggshell membrane and biocellulose tissue engineering or facial mask (Bio-1).

Table 3. Mechanical properties of tissue engineering or facial masks

Sample Tensile strength Elongation at break Max force
(avg. £SD) (avg. £SD) (avg. £ SD)
(MPa) (%) )
Bio-commercial 2.469 +0.222 31.104 £ 8.252 15.857 £9.521
Bio-0 0.863 £0.185 12.252 +1.649 3.600 £ 0.773
Bio-01 1.213£0.141 25.446 £ 2.469 5.057 £0.587
Bio-05 0.690 + 0.248 20.990 + 13.202 2.877+1.035
Bio-075 1.185+0.572 28.583 +12.293 4.943 +2.384
Bio-1 3.229 +0.297 43.350 + 8.400 13.466 +1.238
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Figure 10. Mechanical properties of biocellulose tissue engineering and bio-commercial facial masks
4. Conclusion

The obtained results of the preparation of biocellulose nanocomposite fiber with added eggshell membrane
powder indicate their potential to produce biocellulose tissue engineering or facial masks. There are many
advantages such as biocompatibility, ease formation, good physicochemical and mechanical properties, nontoxic,
elasticity, transparency, good ability to adsorption water, vitamin C and vitamin E as hydrogel-like and ability to
adsorb oil. The best samples were using Bio-1which had high tensile strength (3.229 + 0.297 MPa), elongation at
break (43.350 + 8.400%) and good maximum force (13.466 £+ 1.238 N) compared to those of the bio-commercial
facial masks. Furthermore, the results of the current study can be applied to various applications in advanced
biomaterial products such as wound healing and dressing, regenerative tissues, periodontal treatments, tissue
engineering for bone, cartilage, blood vessel engineering and skin tissue repair.
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