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Abstract
The short shelf life of bread can be attributed to changes in its textural and sensory properties, a process termed staling, and 
large amounts of bread residue and waste are generated daily. Because the main component of bread is starch, the use of 
bread wastes as a substrate for bacterial cellulose (BC) production can significantly contribute to valorisation and reuse of 
wastes. This study aimed to investigate the BC production potential of various stale breads, convert these wastes into usable 
forms for food and other industries, and increase their economic value. Stale breads were hydrolyzed with dilute acid, and 
BC-producing bacteria from Kombucha tea were isolated and identified as Gluconobacter oxydans MG2021 (GO). BCs 
were produced from bread hydrolysates with GO and Komagataeibacter hansenii GA2016 (KH), and their properties were 
examined. The results indicated that stale breads represented a good source for BC production, as high BC yields were 
obtained using GO (8.81%–25.02%) and all BCs had superior properties such as high crystallinity (75.96%–91.39%), thermal 
stability, liquid holding capacity, and fine fibers (40.16–85.39 nm). This study demonstrated that bread wastes could be used 
as a low-cost substrate for large-scale BC production, and the abundance of bread wastes demonstrated their potential as a 
resource for commercial BC producers.
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1 Introduction

Although 12.5% of the world’s population is malnourished 
and millions of people are dying of hunger, food waste has 
reached high levels. At present, food loss and waste rep-
resent a major global problem. The Food and Agriculture 
Organization of the United Nations states that waste gener-
ated in the agriculture–food sector should be minimized to 
achieve and ensure the success of the Sustainable Develop-
ment Goals. Globally, it is estimated that 1.3 billion tonnes 
of food with a total value of US$1 trillion are lost or wasted 
annually. Environmental stress caused by agricultural food 
wastes and byproducts is especially great [1, 2]. Grains, 
which are the most commonly consumed substances, also 
represent the most common source of energy loss, and the 
largest proportion of this loss originates from industrialized 
countries. Globally, fruits, vegetables, root and tuberous 
plants, and grains are the most wasted foods [3].

Bread, the production of which exceeds 100 million 
tonnes/year worldwide, is a widely wasted food in many 
countries, particularly in most European countries. The 
distribution of the global bread market share is as follows: 
Europe, 53.6%; US, 28.6%; Asia Pacific, 10.9%; and Middle 
East and African countries, 6.9% [4]. Bread consumption is 
below the global average in developed countries, whereas 
it is higher in developing and underdeveloped countries. 
For example, daily bread consumption is 112 g per adult in 
Spain, 130 g per adult in Switzerland [5], 87 g per adult in 
England [6], and 300 g per adult in Iran [7]. According to 
the Turkey Waste Report Data, 4.9 million pieces of bread/
day are wasted, with 3 million (62.1%) of them being wasted 
in bakeries; 1.4 million (27.7%) in households; and 0.5 mil-
lion (10.2%) in staff and student cafeterias, restaurants, and 
hotels. In addition, it was stated that bread waste totaled 
1223 tonnes per day, 447,000 tonnes per year, 4.9 million 
pieces per day, and 1.79 billion pieces per year; 27.7% of 
the bread wasted each year (123,819 tonnes) was wasted in 
households [8].

One measure to reduce bread waste is to buy bread as 
needed (41.5%). Other measures included adding leftover 
bread to the composition of other food products (24%), 
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storing it in the refrigerator (15.1%) or freezer (14.7%), 
sharing it with other people (14.3%), and using it as animal 
feed (14%) [9].

Further research on the conversion of bread waste to other 
products is required. Bakery wastes are materials that can 
be used as a substrate for microorganisms. The approximate 
composition of bread waste is as follows: moisture, 22.3%; 
starch, 59.8%; total organic nitrogen, 1.56%; protein, 8.9%; 
and phosphorus, trace amounts [10]. Starch, the main com-
ponent of bread, is used as a substrate for biotechnological 
processes, and various studies have assessed the valorisation 
and reuse of bread wastes, including their use in lactic acid, 
biohydrogen, aroma compounds, ethanol, and succinic acid 
production [10–17].

Bread waste can also be used as a substrate for bacterial 
cellulose (BC) production. BC is produced extracellularly 
by various bacterial species [18]. Compared to plant cellu-
lose, BC has superior properties [19–21], and the use of BC 
is increasing in various industries (such as food, advanced 
acoustic diaphragms, biosensors, tissue scaffolds, packag-
ing, protective coatings, antimicrobial materials, and flexible 
electronics) [22]. However, the high cost of BC production 
limits the use of the polymer in industry. For the widespread 
use of BC, cheap and sustainable carbon sources are needed 
for BC production [23]. Because the amounts of BC in these 
studies were generally low or the wastes used in BC pro-
duction were not the only sources of nutrients, alternative 
sources need to be developed. For this, various bread wastes, 
which have no economic value as waste, have the potential 
to be important sources of carbohydrates for BC produc-
tion, thereby reducing its cost and facilitating its wide use 
in industry.

To the best of our knowledge, no studies on BC produc-
tion from bread waste have been reported yet. Therefore, this 
study aimed to investigate the BC production potential of 
various stale breads, which do not have significant economic 
value after becoming stale, as the sole carbon source and 
to convert these wastes into usable forms in food and other 
industries, thereby increasing their economic value. There-
fore, BC was produced using bacteria isolated from Kom-
bucha tea and Komagataeibacter hansenii GA2016 (KH). 
Stale breads were hydrolyzed with dilute acid to convert 
them into soluble sugars, BCs were produced from bread 
hydrolysates as the sole carbon source, and the properties 
of the BCs was investigated. Thus, the potential of using 
large amounts of bread waste as the sole carbon source and a 
low-cost substrate for large-scale BC production were inves-
tigated. This approach aims to minimize the harmful effects 
of bread waste on the environment.

2  Materials and methods

2.1  Materials

Different types of bread commonly consumed in Turkey (tra-
ditional bread [TB], francala bread [FB], corn bread [CB], 
whole wheat bread [WWB], rye bread [RB], bread with 
wheat bran [BWB], multigrain bread [MGB]), and crispy 
Turkish bagels (CTB) were used in this study. TB (Nimet, 
Istanbul, Turkey), WWB (Nimet, Istanbul, Turkey), BWB 
(Uno, İstanbul, Turkey), MGB (Uno, İstanbul, Turkey), and 
CTB (Nimet, Istanbul, Turkey) were obtained from local 
markets, and FB, CB, and RB were supplied from local 
bakeries. Breads (1000 g) were sliced, shredded by a chop-
per, oven-dried at 50 °C, ground, and stored at 4 °C until 
use. KH, which was isolated and identified by Güzel and 
Akpınar [24], was provided by Gaziosmanpaşa University 
Faculty of Engineering and Architecture, Department of 
Food Engineering Culture Collection (Tokat, Turkey) and 
used to produce BC from bread wastes. In addition, a BC-
producing microorganism was isolated from Kombucha tea. 
The bacterium was identified and applied to BC produc-
tion. NaOH, methanol (≥ 99.9%), acetone (≥ 99.9%), die-
thyl ether (≥ 97.5%), petroleum benzene (≥ 99.9%), hexane 
(≥ 99.9%), benzene (≥ 99.9%), isopropyl alcohol (≥ 99.9%) 
acetone (≥ 99.5%), dimethyl sulfoxide (≥ 99.9%), acetic acid 
(≥ 99.9%) solvents, and other chemicals were obtained from 
Sigma–Aldrich (St. Louis, MO, USA) and Merck KGaA 
(Darmstadt, Germany).

2.2  Methods

2.2.1  Proximate composition

The dry matter and ash contents of the breads were deter-
mined gravimetrically [25]. The micro-Kjeldahl method [25] 
was used to analyse the nitrogen content of the breads. The 
value of 6.25 was used as a protein conversion factor. The 
Soxhlet extraction method [25] was used to determine the 
fat content of the breads. The carbohydrate contents of sam-
ples were calculated by adding the contents of moisture, ash, 
protein, and fat of breads and subtracting them from 100.

2.2.2  Isolation and identification of BC‑producing bacteria

Traditionally produced Kombucha tea (Gümüşhane, 
Turkey) was used to isolate BC-producing bacteria. 
One milligram of Kombucha tea was transferred to 
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Hestrin–Schramm (HS) medium, and cellulose-producing 
bacteria were pregrown for 18–24 h at 30 °C, cultivated 
on HS agar plates, and incubated at 30 °C at a constant 
temperature using a gravity convection incubator (Binder 
BD 23, Tuttlingen, Germany) [26]. The morphologies of 
the microorganisms were examined under a light micro-
scope, and gram-negative strains were selected by Gram 
staining. Colonies with a white cream mucous structure 
were cultivated more than once on HS agar, and the micro-
organisms were purified. The isolated cellulose-producing 
bacteria were stored on HS agar at 4 °C and identified 
via 16S rRNA analysis by an external laboratory (Atlas 
Biotechnology, Ankara, Turkey). DNA isolation was con-
ducted using GeneAll Clinic SV mini brand kit accord-
ing to catalog number 108–101. The PCR reaction was 
conducted using the WizPure PCR 2X Master brand kit 
and according to catalog number W1401. PCR cleanup 
was performed using the Thermo ExoSAP-IT Express 
PCR Cleanup Reagents brand kit according to catalog 
number 75001.200.UL. The sequencing reaction was 
performed on the Applied Biosystems ProFlex thermal 
cycler. After this process, the sequencing product was 
purified. Purification was conducted using the gel filtration 
method with Sephadex. DNA sequencing was performed 
on the ABI 3130XL device using the capillary electro-
phoresis method. The resulting sequences were compared 
with available sequences in the GenBank database using 
BLAST scanning [27], and the 16S rRNA gene sequences 
of the closest species were retrieved from the database.

2.2.3  Acid hydrolysis of bread wastes and the production 
of BC

Ground breads (10 g) were hydrolyzed with dilute acid 
(100 mL of 0.6 M sulfuric acid) in a shaking water bath 
(Mipro MSC 30, Miprolab, Ankara, Turkey) at 100 °C for 
2 h and filtered with a coarse filter. Then, 100 mL of dis-
tilled water was added, the pH was adjusted to 4.5 using 
calcium carbonate  (CaCO3), the mixture was filtered, and 
the final volumes were made up to 200 mL with distilled 
water [28].

To investigate the effect of reducing sugar contents of 
bread hydrolysates on BC production, the reducing sugar 
levels of hydrolysates were determined. The reducing sugar 
content of the bread hydrolysates was quantified using the 
Agilent 1260 Infinity HPLC system (Agilent Technologies, 
Waldbronn, Germany) device, equipped with an Agilent 
1260 Infinity Refractive Index Detector (G1362A RID) 
and a C18 column (CNW Technologies Athena, 120 Å, 
5 μm, 250 mm × 4.6 mm, Tokyo, Japan). ACN/pure water 
(85%) was used as the mobile phase, the flow rate was set at 
1.3 mL/min, and the injection volume was 10 μL. Glucose, 

D-fructose, and D-maltose standards, which were of an ana-
lytical grade, were obtained from Merck.

BC was produced from bread samples using bacteria 
isolated from Kombucha tea and KH. For this, bacteria 
were inoculated into HS medium (10 mL) and incubated 
(30 °C, 48 h) in static conditions. Next, 1-mL samples 
were transferred to 200 mL of sterilized (121 °C, 15 min) 
bread hydrolysates and HS medium, and cellulose produc-
tion was continued at 28 °C–32 °C for 14 days until the 
formed BCs collapsed to the bottom of the flask. The pre-
cipitated BCs were removed from the medium, centrifuged 
at 4000 × g for 10 min, and boiled in a 4% NaOH solution 
for 30 min at 100 °C [29]. To remove NaOH from the BCs, 
BCs were rinsed five times with distilled water (5 min 
each), incubated in a 2% acetic acid solution for 15 min, 
and incubated in distilled water until neutralized. The neu-
tralized BCs were dried in an oven (50 °C for 48 h), and 
the BC production yields were calculated according to the 
following formula: % Production yield: A/B × 100, where 
A is the amount of dried BC (g) and B is the amount of 
dried bread (g).

2.2.4  BC analysis

The solubility and liquid holding capacity of BCs from 
bread samples in different solvents were determined. In 
addition, Fourier transformed infrared (FT-IR) analysis, 
thermogravimetric analysis (TGA), scanning electron 
microscopy (SEM), and X-ray diffraction (XRD) of BCs 
were performed.

For solubility, 5 mL each of 1 M NaOH (30 °C and 
90 °C), methanol (30 °C and 60 °C), acetone (30 °C and 
50 °C), diethyl ether (30 °C), petroleum benzine (30 °C), 
hexane (30 °C and 60 °C), benzene (30 °C and 80 °C), 
and isopropyl alcohol (30 °C and 80 °C) were added to 
250 mg of BCs and mixed for 2 min, and the solubility of 
the BCs was assessed [30]. To determine the liquid hold-
ing capacity of BCs, BCs (1 g) were mixed with water 
(40 mL), acetone (40 mL), dimethyl sulfoxide (40 mL), 
or acetic acid (40 mL; allowed to stand for 2 h; and cen-
trifuged (3500 rpm for 30 min), after which the super-
natants were removed and the BCs were weighed. The 
results were calculated and expressed as the liquid hold-
ing capacity (%) [31].

FT-IR analyses (4000–500  cm−1) were performed using a 
Nicolet 6700 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA) after the samples were formed into 
potassium bromide disks. SEM analyses were performed 
using a QUANTA 450 Field Emission Gun high-resolution 
scanning electron microscope (FEI Company, Hillsboro, 
Oregon, USA). The fiber diameters were calculated as the 
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arithmetic mean of at least 10 BC fiber diameters. The 
thermal properties of the BCs were investigated using TG/
DTA Exstar 7300 (SII Nanotechnology, Shizuoka, Japan) 
in a nitrogen environment. The crystal index properties of 
the BCs were assessed, and XRD was performed in a Cu 
X-ray tube device with an Ni filter set at 2θ = 10°–50° using 
a Panalytical Empyrean High Performance Diffractom-
eter (Malvern Panalytical Ltd., Malvern, UK). The degree 
of crystallinity (%) was calculated using the curve-fitting 
method [32, 33].

2.2.5  Statistical analysis

The results were calculated as the mean ± standard devia-
tion of three replicates. The SPSS statistical program (IBM 
SPSS Statistics 22, Inc., Chicago, IL, USA) was used to 
analyse the results, and analysis of variance was performed. 
The differences between the groups were statistically evalu-
ated using the Duncan multiple comparison test at a 95% 
confidence level.

3  Results and discussion

3.1  Proximate compositions of the breads

In this study, moisture, ash, fat, protein, and carbohydrate 
contents were determined for dried breads (TB, FB, CB, 
WWB, RB, BWB, MGB, and CTB) (Table 1). When the 
approximate compositions of breads were examined, the 
moisture content of the bread samples varied between 
4.64% and 12.60%. BWB (12.60%) had the highest mois-
ture content, followed by WWB (11.72%), TB (11.41%), 
and FB (11.26%). Meanwhile, the ash content of the bread 
samples varied between 1.20% and 2.43%. WWB (2.43%), 
TB (2.42%), BWB (2.14%), and CB (2.03%) had the highest 

ash contents, and the differences between them were not 
significant. The high ash contents in these breads might be 
attributable to the high bran contents of the breads. It was 
determined that the protein contents of the bread samples 
varied between 9.75% and 16.75%, and MGB, BWB, WWB, 
and TB had the highest contents, respectively, BWB, WWB, 
and TB were statistically insignificant (P > 0.05), and CB 
had the lowest content. The total fat contents of the bread 
samples varied between 0.29% and 14.36%, CYB, CB and 
MGB had the highest contents, respectively. The fat contents 
of the other bread samples were less than 1%, RB had the 
lowest content, and the difference with BWB was statisti-
cally insignificant (P > 0.05). The carbohydrate contents of 
breads were calculated by adding the contents of moisture, 
ash, protein, and fat of the peels and subtracting them from 
100, and it was determined that the breads had a content 
between 66.41% and 78.69%. RB, CB, and FB had the high-
est contents, respectively, and MGB had the lowest content.

3.2  Isolation and identification 
of cellulose‑producing bacteria

Traditionally produced Kombucha tea has been used to iso-
late and identify BC-producing bacteria. Bacteria isolated 
from Kombucha tea were identified by 16S rRNA analy-
ses, and the sequences were compared with sequences in 
the GenBank database via BLAST scanning [27]. The 
gene sequences of the closest species were obtained from 
the database. The gene sequences have been deposited in 
GenBank, and the bacterial strain isolated from Kombucha 
tea was identified as Gluconobacter oxydans MG2021 (GO, 
GenBank accession no OL361833, Fig. 1). In previous stud-
ies, GO was identified as a BC-producing bacterium, and it 
was used for BC production in different studies [34, 35]. In 
this study, 3.30 g of dry BC were produced by Gluconobac-
ter oxydans MG2021 in 1 L of HS medium.

Table 1  Proximate 
compositions of the breads

Traditional bread (TB), francala bread (FB), corn bread (CB), whole wheat bread (WWB), rye bread (RB), 
bread with wheat bran (BWB), multigrain bread (MGB), and crispy Turkish bagels (CTB). a, b, c, d, e, f, g rep-
resent significant differences (P < 0.05). Data are the means of triplicate measurements. * The carbohydrate 
contents of breads were calculated by adding the contents of moisture, ash, protein, and fat of peels and 
subtracting them from 100

Moisture (%) Ash (%) Fat (%) Protein (%) Carbohy-
drate (%)*

TB 11.41 ± 00.06c 2.42 ± 0.34a 0.81 ± 0.02d 13.9 ± 0.90b 71.46
FB 11.26 ± 0.02c 1.58 ± 0.14b 0.90 ± 0.06d 12.55 ± 0.55c 73.71
CB 5.83 ± 0.03f 2.03 ± 0.02a 7.86 ± 0.10b 9.75 ± 0.75d 74.53
WWB 11.72 ± 0.04b 2.43 ± 0.20a 0.98 ± 0.06d 14.89 ± 0.89b 69.98
RB 7.09 ± 0.02e 1.61 ± 0.01b 0.29 ± 0.03e 12.32 ± 0.32c 78.69
BWB 12.60 ± 0.06a 2.14 ± 0.07a 0.43 ± 0.03e 14.91 ± 0.91b 69.92
MGB 10.58 ± 0.02d 1.50 ± 0.21b 4.76 ± 0.15c 16.75 ± 0.75a 66.41
CTB 4.64 ± 0,02g 1.20 ± 0,02b 14.36 ± 0.18a 12.34 ± 0.34c 67.46
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3.3  Acid hydrolysis of bread wastes 
and the production of BC

In previous studies, it was determined that BC production 
was mostly conducted in HS medium. In addition, existing 
studies on the production of BC from food waste were insuf-
ficient. It was stated in the review by Hussain et al. [23], 
wastes were generally used by adding different nutrients, 
in previous studies. In this study, unlike the studies in the 
literature, only bread hydrolysates were used and no nutri-
tional substances were added to the hydrolysates. For the 
experimental studies, the hydrolysates obtained from FB 
were inoculated with KH and GO, and BC production at the 
end of fermentation was calculated as 3.96% ± 0.47% for KH 
and 17.71% ± 1.40% (w/w) for GO. Because the amount of 

BC produced with KH was low compared to that for GO, 
BC production from other bread varieties was performed 
only with GO.

The amounts of BCs produced from hydrolysates of dif-
ferent bread varieties are presented in Fig. 1. The amounts 
of BCs produced by GO from TB  (GO(TB)), FB  (GO(FB)), CB 
 (GO(CB)), WWB  (GO(WWB)), RB  (GO(RB)), BWB  (GO(BWB)), 
MGB  (GO(MGB)), and CTB  (GO(CTB)) varied between 8.81% 
and 25.02% (w/w). The highest BC yield was achieved for 
BWB, followed by FB, MGB, and TB, and the lowest was 
recorded for WWB (Fig. 1). In this study, 3.30 g of dry 
BC were produced by GO after 14 days of incubation in 
1 L of HS medium at 28 °C–32 °C. In other studies, BC 
yields were reported as 3.24 g/L from sugar cane juice and 
pineapple residues with Gluconacetobacter medellinensis 

Fig. 1  Phylogenetic tree of bacteria isolated from Kombucha samples 
according to 16S rRNA sequences (a) and the BC yields from bread 
hydrolysates produced by Gluconobacter oxydans MG2021 (GO) (b) 
TB, traditional bread; FB, francala bread; CB, corn bread; WWB, 

whole wheat bread; RB, rye bread; BWB, bread with wheat bran; 
MGB, multigrain bread; CTB, crispy Turkish bagel. a, b, c, d represent 
significant differences according to Duncan’s test (P < 0.05)
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[36], 2.67 g/L from discarded waste durian shell with G. 
xylinus CH001BC [37], 4.81 g/L from banana, 1.95 g/L 
from mango, 2.37 g/L from whey with Komagataeibacter 
medellinensis [38], and 1.54%–11.53% (w/w) from various 
fruit and vegetable wastes with K. hansenii GA2016 [28]. 
Compared to prior findings, the BC yields from bread wastes 
were high in this study, demonstrating their BC production 
potential.

The reducing sugar contents of bread hydrolysates were 
determined to be 27.91 ± 0.87 g/L (TB), 29.45 ± 0.43 g/L 
(FB), 21.81 ± 0.77 g/L (CB), 17.37 ± 0.36 g/L (WWB), 
23.55 ± 0.53  g/L (RB), 34.98 ± 1.97  g/L (BWB), 
26.59 ± 0.39 g/L (MGB), and 18.26 ± 0.24 g/L (CTB). 
When the effect of reducing sugar contents of bread 
hydrolysates on BC yield was examined, more BC con-
tents were found to be produced from BWB, FB, TB, and 
MGB hydrolysates, which have a high reducing sugar con-
tent. On the contrary, less BC content was produced from 
WWB and CTB hydrolysates, which have a lower reducing 
sugar content.

3.4  BC analysis

3.4.1  Liquid holding capacity and solubility

BC has a complex molecular structure consisting of water 
molecules bonded through hydrogen bonds. The available 
surface area and pore size distribution, as well as the pres-
ence of hydrophilic additives in the BC, significantly alter 
liquid holding capacity values. The liquid holding capac-
ity of BCs is crucial, particularly in wound dressings and 
burn treatment, to maintain wound hydration and enable the 
absorption of liquid drugs and bioactive compounds onto the 
dressing material. Liquid holding capacity is a quantitative 

physical parameter used to evaluate this aspect and depends 
on the physicochemical and structural characteristics of BCs. 
BC has a higher water-holding capacity than plant cellulose 
and commercial microcrystalline cellulose [39]. In addition 
to the food industry, the use of BCs is increasing in other 
industries [22]. Therefore, it is important to investigate the 
ability of BCs to hold water and other liquids. In this study, 
it was determined that the acetone and acetic acid holding 
capacities of all BCs were lower than their water and dime-
thyl sulfoxide holding capacities, in line with previous find-
ings [39, 40]. Specifically, the liquid holding capacity of 
BCs produced by KH was higher than that of BCs produced 
by GO, and the acetone holding capacity of the examined 
BCs was lower than their capacities for other liquids because 
the hydrogen bonding capacity of acetone is weaker than that 
of other solvents [39, 41]. Additionally,  GO(HS) (664.19) and 
 KH(HS) (609.30) had higher water-holding capacities among 
the BCs (Table 2).

In previous research, the water-holding capacities of BC 
were reported to be 90% for BCs produced by Kombucha tea 
and 70% for commercial crystalline cellulose [39]; 84.4% 
for BCs produced by Acetobacter xylinum [42]; 118.00% 
and 313.97% for BCs produced from HS medium and pas-
sion fruit peels, respectively, by Komagataeibacter nataicola 
TISTR 2661 [43]; and between 627.50% and 928.79% for 
BCs from various fruit and vegetable peels [28]. The cur-
rent study revealed that the water-holding capacities of BCs 
from bread hydrolysates were higher than those reported 
by Goh et al. [39], Gayathry and Gopalaswamy [42], and 
Moukamnerd [43] but lower than those recorded for fruit 
and vegetable peels [28].

The solubility of BC depends on various factors, 
such as its structure, molecular weight, and origin [39]. 
Although research has been conducted on the solubility and 

Table 2  Liquid holding capacity 
of BCs produced from various 
breads and HS medium

BCs produced by Gluconobacter oxydans MG2021 (GO) and Komagataeibacter hansenii GA2016 (KH) 
from traditional bread (TB), francala bread (FB), corn bread (CB), whole wheat bread (WWB), rye bread 
(RB), bread with wheat bran (BWB), multigrain bread (MGB), crispy Turkish bagels (CTB), and Hestrin–
Schramm medium (HS).a, b, c, d, e, f, g, h, ı represent significant differences (P < 0.05). Data are the means of 
triplicate measurements

Water Acetone Dimethyl sulfoxide Acetic acid

GO(TB) 454.93 ± 8.76d 90.28 ± 2.52def 373.80 ± 4.38cd 181.37 ± 4.86f

GO(FB) 429.99 ± 14.32ef 78.63 ± 3.10f 353.87 ± 0.77d 177.87 ± 0.62f

GO(CB) 356.36 ± 6.36ı 104.60 ± 6.19cde 319.06 ± 4.95e 254.31 ± 6.93e

GO(WWB) 385.66 ± 17.25h 116.74 ± 9.19c 408.41 ± 15.73b 238.21 ± 4.97e

GO(RB) 441.35 ± 9.29de 102.58 ± 7.70cdef 313.30 ± 7.78e 235.33 ± 4.68e

GO(BWB) 382.50 ± 4.51h 79.42 ± 6.39ef 198.38 ± 6.68f 286.32 ± 4.83d

GO(MGB) 403.95 ± 7.75gh 87.08 ± 7.61def 316.99 ± 11.68e 230.96 ± 2.86e

GO(CTB) 414.16 ± 12.74fg 107.76 ± 1.72cd 324.32 ± 9.79e 243.23 ± 4.39e

GO(HS) 664.19 ± 11.24a 198.32 ± 1.41b 385.08 ± 13.00bc 439.10 ± 21.57b

KH(FB) 585.03 ± 7.03c 289.51 ± 28.98a 647.88 ± 25.29a 333.19 ± 9.63c

KH(HS) 609.30 ± 0.99b 294.13 ± 8.31a 637.32 ± 10.87a 543.73 ± 19.41a
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regeneration of BC for more applications in different fields, 
its further development is impeded by its poor solubility in 
common solvents. Owing to its high crystallinity, BC has 
extremely low solubility, which limits its processability. BC 
is insoluble in most common solvents used in the manufac-
turing industry, limiting its potential applications in these 
areas. To date, few solvents have been proven to directly 
dissolve BC, including lithium chloride/N,N-dimethylacet-
amide [44], NaOH/urea solution [45, 46], ionic liquids [47], 
and N-methylmorpholine-N-oxide [48]. However, these sol-
vents pose problems, such as processing costs, health and 
safety issues due to toxicity, and environmental devasta-
tion, and can also adversely change the properties of BC. 
In this study, all BCs were insoluble in acetone, methanol, 
diethyl ether, petroleum benzene, hexane, benzene, and iso-
propyl alcohol, whereas they were partially soluble in cold 
NaOH (1 M, 30 °C) and soluble in hot NaOH (1 M, 90 °C). 

Similarly, other studies reported that BCs were soluble in 
NaOH [28, 45]. The results showed that the solubility of 
BCs produced from breads was quite low because of their 
high crystallinity; however, the low solubility of BC pro-
vides an advantage in applications where the stability of the 
material against various gases and liquids is crucial, such as 
air or water filtration systems.

3.4.2  FT‑IR spectrophotometry

The FT-IR spectra of BCs are presented in Fig. 2, and 
characteristic bands of cellulose (type I) synthesized in 
different bread hydrolysates nearly appeared at the same 
wavenumbers, including 3440–3400  cm−1 for hydroxyl 
groups, 2900–2800   cm−1 for stretching vibrations of 
methylene, 1640–1620 and 1440–1420  cm−1 for carbonyl 
groups, and 1068–1040   cm−1 for C–O–C and C-O–H 

Fig. 2  FT-IIR spectra of BCs produced by Gluconobacter oxydans 
MG2021 (GO) and Komagataeibacter hansenii GA2016 (KH) TB, 
traditional bread; FB, francala bread; CB, corn bread; WWB, whole 

wheat bread; RB, rye bread; BWB, bread with wheat bran; MGB, 
multigrain bread; CTB, crispy Turkish bagel; HS, Hestrin–Schramm 
medium
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stretching and vibrations [30, 42, 49, 50]. Because two 
peaks occurred around 1430 and 900  cm−1, we hypoth-
esized that the BC produced by GO mainly consisted of 
pure cellulose I [39, 51].

The band intensities at approximately 3300  cm−1 for 
 GO(CB) and  GO(HS) were greater than those of the other 
BCs. This band is attributed to O–H stretching, indicat-
ing an increase in hydrogen interactions [44]. This result is 
consistent with the SEM images of  GO(CB) and  GO(HS). In 
addition, the band around 1430–1420  cm−1 is used to calcu-
late the overall degree of crystallinity of cellulosic materi-
als, whereas the band at 897–893  cm−1 corresponds to the 
amorphous region in cellulose [18]. Similarly, in the XRD 
patterns,  GO(BWB),  GO(MGB), and  GO(CTB) had the highest 
crystallinity, whereas  GO(RB) and  GO(WWB) had the lowest 

crystallinity. As expected, the FT-IR spectra of BCs pro-
duced from different breads were similar to those of BC 
produced from HS medium and other media, indicating that 
the bread variety had little influence on the functional groups 
of BC products.

3.4.3  Thermal properties

Thermal degradation behavior offers some insights into the 
structural properties and purity of BCs [52], and the thermal 
degradation of pure BCs includes two main sites of weight 
loss caused by dehydration and the subsequent dissociation 
of glycosyl units [53]. The TG and DTG curves of BCs pro-
duced by GO and KH are presented in Fig. 3.

Fig. 3  TG and DTG curves and graph of thermal degradation val-
ues for BCs produced by Gluconobacter oxydans MG2021 (GO) and 
Komagataeibacter hansenii GA2016 (KH) TB, traditional bread; FB, 

francala bread; CB, corn bread; WWB, whole wheat bread; RB, rye 
bread; BWB, bread with wheat bran; MGB, multigrain bread; CTB, 
crispy Turkish bagel; HS, Hestrin–Schramm medium
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DTGmax is a criterion of thermal stability, and it rep-
resents the maximum mass loss rate [54]. This value var-
ied between 280 °C and 338 °C for BCs produced by GO 
from breads, which exceeded those for BCs in HS medium 
(280  °C, excluding  GO(CTB)). Among BCs,  GO(FB) and 
 GO(TB) had the highest values and  GO(CTB) and  GO(MGB) had 
the lowest values. The  DTGmax of  KH(FB) was determined 
to be at 320 °C (Fig. 3).  T50% denotes the time at which BC 
mass weight loss reaches 50%. This value varied between 
333 °C and 529 °C for BCs produced with GO, compared 
to 338 °C for BC produced by KH. The mass losses of BCs 
produced by GO were 52%–68% at 650 °C. The value was 
59% for  GO(HS), whereas the rate was high (81%) for  KH(FB). 
 GO(BWB) and  GO(CTB) had low mass losses (52% and 60%, 
respectively) at this temperature (Fig. 3). In other studies, 
 DTGmax was determined to be 330 °C–370 °C for BC from 
Nata de Coco; 370 °C for BC produced by Acetobacter xyli-
num [30]; 355 °C, 327 °C, and 368 °C for BCs produced by 
Komagataeibacter medellinensis from banana, mango, and 
whey, respectively [38]; and 228 °C–359 °C for BCs from 
citrus peels [55]. When the mass losses at 650 °C,  T50%, and 
 DTGmax were compared in our study, BCs from breads had 
high thermal stability and BCs produced by GO had higher 
stability than those produced by KH. In particular, the ther-
mal stability of  GO(BWB) was considerably higher than that 
of the other BCs. Crystallinity affects the thermal properties 
of biomass [56, 57]. This confirmed that  GO(BWB), which 
had the highest crystallinity, also had the highest thermal 
stability. Flame-retardant BCs with high thermal stability 
can be used to make fire-resistant paper, thereby improving 
the physical properties of the paper [58].

3.4.4  Morphological microstructures

Morphological studies of BCs produced from bread 
varieties by GO and KH were performed using SEM 
at × 30,000, × 50,000, and × 100,000 magnifications (Fig. 4). 
The structures of BC films were formed by the intertwin-
ing of cellulose fibrils into a 3D structure, and the pellicle 
structures of the BC membrane were arranged in rod-shaped 
nanofibers. The morphological structures of the BCs in this 
study were similar to those of BCs in other studies [39, 43, 
59, 60], and  GO(FB),  GO(CB),  GO(HS), and  KH(HS) membranes 
had more noticeable aggregates with lower porosity.

It was determined that the mean fiber diameters of 
BCs produced by GO from bread samples varied between 
40.16 nm and 85.39 nm, and the values for  KH(FB) and 
 KH(HS) were 64.59 and 77.53 nm, respectively (Fig. 4). Thin-
ner fiber diameters provide some advantages to BCs, such 
as improved water-holding capacity, thermal stability, and 
mechanical strength [56]. In this study, BCs produced from 
breads had thinner fiber diameters than those produced in 
HS medium by both GO and KH.  GO(TB) had the thinnest 

fiber diameter, and it was substantially lower than those of 
other BCs. Similarly, in this study, the thermal stability of 
BCs from bread hydrolysates had higher thermal stability 
than  KH(HS), and  GO(TB), which had the thinnest fiber diam-
eter and a higher water-holding capacity than BCs produced 
from other bread varieties by GO.

3.4.5  XRD

Crystallinity affects the physical, mechanical, chemical, and 
morphological properties of cellulose, and it is helpful for 
better understanding the macro-characteristics and perfor-
mance (such as strength, moisture absorption capacity, and 
water-holding capacity of the BCs). Cellulose microfibrils 
are composed of regular (crystalline) and less regular (amor-
phous) regions, whereas sharp diffraction peaks occur in the 
crystal part of XRD and scattered peaks occur in the amor-
phous part of the material [61]. The XRD patterns of BCs 
produced via bread hydrolysis exhibited three main peaks at 
2θ angles of approximately 14.5°, 16.7°, and 22.7°, which 
indicated that BCs had typical crystalline forms of cellulose 
I [62], and the higher intensity of 14.5° peaks than that of 
16.7° peaks for BCs produced by GO indicated that they 
mostly contained cellulose Iα [63] (Fig. 5).

The degree of crystallinity (%) was calculated using 
the curve-fitting method, and these values varied between 
75.96% and 91.39% for BCs produced by GO. The highest 
values were recorded for  GO(BWB),  GO(MGB), and  GO(CTB) 
(Fig. 5). Many factors such as the cultivation method [64], 
carbon sources [65], pH [66], agitation speed [67], tempera-
ture [68], fermentation time [66], and drying methods [69] 
affect the crystallinity of BCs. In prior studies, the crystal-
linities were 85.8% for BCs produced by Gluconacetobacter 
xylinus, 84.5% for BCs produced from HS medium [70], 
74% for BCs produced from pineapple peel wastes [71] and 
65%–83% for commercial microcrystalline cellulose [39, 
72, 73]. Compared with the literature, the crystallinities of 
BCs produced from breads were high and the results were 
compatible with the existing studies.

4  Conclusions

This study aimed to investigate the BC production poten-
tial of various stale breads widely produced and consumed 
in Turkey, convert these wastes into usable forms for food 
and other industries, and increase their economic value. 
The results illustrated that stale bread varieties were good 
sources for BC production. The study also demonstrated that 
bread hydrolysates provided nutrients for bacterial growth. 
Meanwhile, bread hydrolysates supported the production of 
high-yield BCs, and the properties of BCs were similar to 
those of commercial BCs. High BC yields were obtained 
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using GO (8.81%–25.02%). Among the bread varieties, BC 
produced from BWB had the highest yield, thermal stability, 
and acetic acid holding capacity, whereas  KH(FB) and  GO(TB) 

had the highest water-holding capacity. All BCs had supe-
rior properties such as high crystallinity (75.96%–91.39%), 
thermal stability, liquid holding capacity, and fine fibers 
(40.16–85.39 nm). Although BC has superior properties 
compared to plant cellulose, high costs and low yields hinder 
the large-scale commercial production of BC. Utilizing stale 
bread as the sole substrate for BC production is the novelty 
of the study. This approach is crucial in terms of solving 
the problem of bread waste management and reducing the 
cost of producing valuable BC material. In addition, due 

Fig. 4  Scanning electron micrographs and the average BC fiber 
diameters produced by Gluconobacter oxydans MG2021 (GO) and 
Komagataeibacter hansenii GA2016 (KH) TB, traditional bread; FB, 
francala bread; CB, corn bread; WWB, whole wheat bread; RB, rye 
bread; BWB, bread with wheat bran; MGB, multigrain bread; CTB, 
crispy Turkish bagel; HS, Hestrin–Schramm medium. 30, × 30,000; 
50, × 50,000; 100, × 100,000

◂

Fig. 5  X-Ray diffractograms and crystallinity of BCs produced by 
Gluconobacter oxydans MG2021 (GO) and Komagataeibacter hanse-
nii GA2016 (KH) TB, traditional bread; FB, francala bread; CB, corn 

bread; WWB, whole wheat bread; RB, rye bread; BWB, bread with 
wheat bran; MGB, multigrain bread; CTB, crispy Turkish bagel; HS, 
Hestrin–Schramm medium
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to the production of BC with superior properties (such as 
crystallinity, liquid holding capacity, and thermal stability) 
compared to other bread wastes such as those from BWB, 
FB, and TB, these bread wastes are suggested as suitable 
substrates for BC production across different industrial areas 
(such as food, advanced acoustic diaphragms, biosensors, 
tissue scaffolds, packaging, protective coatings, antimicro-
bial materials, and flexible electronics). The high cost of tra-
ditional BC production limits the use of the polymer in the 
industry. For the widespread use of BC, cheap and sustaina-
ble carbon sources are needed for BC production. As a result 
of the study, it was determined that various bread wastes, 
which have no economic value as waste, have the potential to 
be important substrate sources for BC production. Reducing 
the production cost has the potential to enable the wide use 
of BC in the mentioned industrial areas. This study demon-
strated that bread wastes could be used as a low-cost sub-
strate for large-scale BC production, and the availability of 
large amounts of bread wastes demonstrated their potential 
as a source for commercial BC producers. Further studies are 
needed to develop optimized bread hydrolysates to increase 
the yields and production capacity of BCs, determine the 
most suitable culture conditions, investigate the effect of 
the composition of bread hydrolysates on BC production, 
and calculate the production cost. Addressing these aspects 
could further enhance the significance and applicability of 
the research findings and is especially important in ensuring 
commercial BC production from these wastes.
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