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A B S T R A C T

A novel rotating disk bioreactor was designed and manufactured to produce bacterial cellulose (BC) using 
Komagataeibacter rhaeticus. Optimal conditions-45 % disk submersion, mechanically etched disks with rotation 
speed of 20 rpm, spacing of 35 mm and 0.5 vvm air supply- achieved a yield of 1020 mg BC/disk with com-
mercial glucose. Bread waste enzymatic hydrolysates improved BC production by 133.3 %, highlighting the 
potential of waste valorization in sustainable biopolymer production. BC was further modified into nano-
structures (BNCs) using H2SO4 (BNC1), H2SO4- HCl (BNC2), and cellulases (BNC3). FTIR spectra of BC and BNCs 
revealed typical cellulose vibration-bands while dynamic light scattering showed bimodal or trimodal size dis-
tributions (hydrodynamic radiuses of 60–2969 nm). TEM imaging of BNC1 and BNC2 demonstrated rodlike/ 
needlelike nanostructure with widths of 33.1 ± 18.2 nm and 24.8 ± 14.2 nm respectively. BNC3 presented 
buddle of flat ribbons (width of 56.4 ± 26.3 nm). The maximum degradation temperature of BC (295 ◦C) 
decreased after its ex-situ modification (271–294 ◦C). The enhanced production and tailored structural modifi-
cations of BC highlight its potential for diverse applications in materials science. This transformative approach 
that integrates bread waste valorization and innovative bioreactor design paves the way for high-value ad-
vancements in biotechnology and environmental sustainability.

1. Introduction

Humanity is exerting irreversible changes on Earth, pushing the 
planet toward a critical threshold of biosphere integrity [1]. A 2020 
study estimated that human-made mass, which has been doubling 
approximately every 20 years, now equals or even exceeds the total 
living biomass on Earth [2]. Identifying abundant, low-cost, and 
renewable agro-industrial side-streams to produce value-added products 
within the framework of a circular economy is a forward-looking 
strategy [3]. Since ancient times, bread has been the most widely 
consumed food item. Globally, over 100 million tons of bread are 
manufactured annually, while 129 million tons are consumed, with 
approximately 10 % of it being wasted throughout the manufacturing 
and consumption process. The management of bread waste (BW) pre-
sents considerable environmental and economic challenges worldwide, 

and particularly in Europe, which accounts for 53.6 % of the global 
market share [4]. The disposal of BW, often through landfilling, con-
tributes to greenhouse gas emissions, and thereby exacerbates climate 
change. Additionally, the energy, water, and raw materials used in bread 
production that end up as waste represent a considerable loss of re-
sources. The economic burden is further intensified by the unrealized 
value of BW when it is not redirected for reuse or recycling. Given the 
vast scale of global bread production and consumption, these challenges 
are widespread highlighting the need for alternative solutions to ensure 
its sustainable management [5]. The favorable nutritional profile of BW, 
including starch (50–70 %), vitamins and other assimilable nutrients, 
enhances its suitability for microbial growth and makes it an ideal 
candidate for circular-oriented fermentation processes, where waste 
materials are bioconverted into value-added products such as enzymes, 
pigments, organic acids, and hydrogen [6,7].
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Bacterial cellulose (BC) is an extracellular biopolymer mainly pro-
duced by Acetobacter bacteria. The main challenge for large-scale pro-
duction of BC includes the prolonged fermentation time, low BC 
production rates, use of costly culture media and the lack of efficient 
bioreactor configurations. So far, the lab-scale production of BC involves 
mainly static or agitated fermentation mode in shake flasks with cellu-
lose membrane being produced at the air-liquid interface [8]. Several 
bioreactor configurations such as rotating disk bioreactors (RDB), 
stirred-tank reactors, and airlift reactors have been reported for BC 
production [9]. Aeration and agitation are crucial since oxygen supply is 
directly related to the aerobic metabolism of Gluconacetobacter xylinus. 
Agitation rates higher than specific thresholds may lead to the formation 
of cellulose-negative mutants (Cel− ) that shift the bacterial metabolism 
toward the formation of different by-products, i.e., acetan. Moreover, 
agitated systems may yield BC with a low crystallinity index, and infe-
rior mechanical properties [10]. Stirred tank or airlift reactors may 
present challenges due to the hydrodynamic shear stress exerted on 
bacterial cells and adhesion of the culture broth to the walls and upper 
parts of the vessel [11,12]. Therefore, the development of robust bio-
reactors combined with efficient bacterial strains could support sus-
tainable BC production.

Modification of BC (in-situ or ex-situ) is essential to customize its 
properties. Acid hydrolysis is widely used to produce micro/nano-fibrils 
and nanocrystals while enzymatic processes, although more environ-
mentally friendly and milder, remain less commonly applied [13]. BC 
nanostructures (after modification) (BNCs) inherit multifunctional 
properties e.g., large specific surface area/reactivity, improved me-
chanical responsiveness, high crystallinity, biodegradability, biocom-
patibility, etc. These attributes make them suitable for applications in 
cutting-edge nanotechnological sectors like tissue engineering, drug 
delivery, and food packaging [14].

This study addresses a significant gap in the field of BC production by 
developing an RDB with tailored design features and specific operational 
parameters as an alternative to traditional fermentation systems. The 
proposed RDB incorporates a multi-level evaluation of variable disk- 
submersion levels, rotation speed, spacing, surface roughness, and air 
supply, to enhance fermentation control and overcome limitations of 
conventional static systems, such as poor mass transfer, inconsistent 
microbial adhesion, and inefficient process regulation. A second key 
focus of this study is the valorization of BW, which is an abundant and 
sustainable resource for BC production -an area not fully explored in 
previous studies. The use of effective BW-derived enzymatic hydroly-
sates as an alternative fermentation medium, could contribute to both 
food waste reduction and resource efficiency. Furthermore, this study 
extended its focus on BC modification (through acid- and enzymatic- 
assisted approaches) which holds significant relevance for tailored 
properties and scalability, improving its processability and expanding its 
use in advanced biotechnological applications. The BNCs were charac-
terized in terms of morphology, chemical structure, thermal properties, 
surface charge, and size distribution. Overall, this study brings together 
innovations in bioprocess design, resource valorization, and material 
modification to advance sustainable BC production, unlocking its full 
potential across diverse applications.

2. Materials and methods

2.1. Raw material and microogranism

BW streams were sourced as defective items resulting from pro-
cessing deficiencies and they were provided by the Stergiou Company (a 
Greek confectionery factory). Maintenance of the bacterial strain 
Komagataeibacter rhaeticus UNIWA AAK2 used for BC production and 
pre-culture preparation were performed according to Tsouko et al. [15].

2.2. Design, manufacture and operation of the novel RDB

The schematic diagram of the envisioned RDB is depicted in Fig. 1a. 
The bioreactor vessel (28 × 10 × 20 cm) was made from polymethyl 
methacrylate (Plexiglas) with a total volume of 5600 cm3 and a working 
volume of 2000 cm3. The shaft was a 3 mm diameter stainless-steel 
threaded rod. Polycarbonate disks, each with a 10 cm diameter and 3 
mm thickness, were precision-cut using Computer Numerical Control 
(CNC) machining. The Plexiglas vessel was fitted on a wooden base 
facing an adjustable speed (1–50 rpm) 15 W geared motor (Aoutecen, 
China) connected to a rotating disk. This disk, fitted with four fixed 
samarium‑cobalt magnets (15 mm diameter, 4.5 kg pull force each), 
transferred rotational motion from the motor to an internal disk within 
the sealed vessel through non-contact magnetic coupling, ensuring the 
shaft and attached disks rotated inside the vessel. To enable passive 
aeration, five 0.25 cm diameter holes were drilled in the vessel lid and 
covered with micropore tape. Active aeration was provided by an 
aquarium pump, delivering air at 0.5 vvm, with the air filtered through a 
0.2 μm PTFE syringe filter before entering the sealed vessel. To ensure 
sterile conditions, the Plexiglas vessel was exposed to UV light inside a 
laminar flow hood cabinet for 20 min, while the stainless-steel shaft with 
the attached polycarbonate disks was autoclaved at 121 ◦C for 15 min. 
The sealed vessel was securely bound to the wooden base, ensuring that 
the magnets on the disk inside the vessel aligned in parallel with those 
on the disk connected to the motor. Finally, to maintain a stable tem-
perature, the entire RDB system was placed inside an incubator.

2.3. Evaluation of RDB process parameters for BC production

The RDB process parameters to maximize BC production were 
investigated employing the one-variable-at-a-time method. Initially, 
different levels of disk submersion (25 %, 35 %, 45 %) into the 
fermentation broth were evaluated. The level of submersion area refers 
to the portion of the disk that is submerged in the liquid medium. The 
effective surface area of each disk was 2*π*r2 corresponding to 39.2 cm2, 
76.9 cm2, and 127.2 cm2 for 25 %, 35 %, and 45 % disk submersion 
level, respectively. The effect of disk surface roughness was also exam-
ined, with both smooth polycarbonate disks and mechanically etched 
disks fixed simultaneously on the rotating shaft. Next, the study focused 
on the effect of different rotation speeds (5 rpm, 10 rpm, 20 rpm, and 25 
rpm) on BC production. The impact of disk spacing was also evaluated 
by fixing eight to twenty disks on the shaft and adjusting the distance 
between them (10 mm, 20 mm, 30 mm, 35 mm). Subsequent experi-
ments involved supplying air to the vessel at a rate of 0.5 vvm.

2.4. BW enzymatic hydrolyses

The BW was converted into a glucose-rich fermentation medium 
using commercial enzymatic formulations (thermostable α-amylases 
with an activity of 1300 U/mL and glucoamylases with an activity of 
300 U/mL, both purchased from Novozyme, Denmark) to produce car-
bon sources and other micronutrients that can sustain BC production. 
BW slurries (pH adjusted to 5.5 with 5 M H₂SO₄) were initially treated 
with α-amylases for 1 h at 90 ◦C and 150 rpm. Afterward, the slurries 
were allowed to cool to 55 ◦C, and glucoamylases were added. Hydro-
lysis was carried out for 24 h under constant stirring at 150 rpm. At the 
end of the hydrolysis, the reaction was terminated by adding tri-
chloroacetic acid, and the samples were centrifuged (9000 rpm, 20 min, 
at 5 ◦C). Reducing sugars (RS) that correspond to glucose were then 
determined.

Hydrolytic experiments were initially performed under different 
initial concentrations of dry BW (71, 142, 213 g/L) using 0.28 g 
α-amylase/100 g dry BW and 0.13 mL glucoamylase/100 g dry BW. 
Subsequently, enzymatic hydrolysis was evaluated under two additional 
enzyme dosages: i) 0.56 g α-amylase/100 g dry BW and 0.26 mL glu-
coamylase/100 g dry BW, and ii) 0.90 g α-amylase/100 g dry BW and 
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0.45 mL glucoamylase/100 g dry BW. Enzymatic hydrolysates were 
centrifuged and filter-sterilized through a 0.22 μm filter unit (Polycap 
TMAS, Whatman Ltd.) prior to subsequent BC fermentations. Enzymatic 
hydrolysates were centrifuged and filter-sterilized through a 0.22 μm 
filter unit (Polycap TMAS, Whatman Ltd.) to be used in subsequent BC 
fermentations.

2.5. BC fermentation

Fermentations within the RDB were performed under batch mode, at 
30 ◦C, using 10 % (v/v) of pre-culture and incubated for 7 days inside a 
static incubator. A solution of 5 M NaOH was used to maintain the pH of 
the media at a value of 6 ± 0.4. The Hestrin and Schram medium (HS) 
[16] was employed throughout the experiments (in g/L: glucose 20, 
yeast extract 5, peptone 5, citric acid 1.15, and Na₂HPO₄ 2.7). The best 
performing conditions were applied to a fermentation using BW enzy-
matic hydrolysates as the carbon source (20 g/L total sugars) simulated 
to the HS.

2.6. Ex-situ modification of BC

The acid-assisted hydrolyses of BC were carried out as described by 
Tsouko et al. [15]. Briefly, aqueous suspensions of lyophilized BC 
(produced from BW hydrolysates) (1.5 % w/v) were initially homoge-
nized (IKA, ultra-turrax t 25 basic) for 4 min at 15,000 rpm. Hydrolyses 
were performed using appropriate acid amounts to reach 50 % (w/w) 
H2SO4, and mixtures of 34.9 % (w/w) H2SO4 and 13 % (w/w) HCl. The 
hydrolyses conditions were 55 ◦C, 24 h and stirring at 500 rpm. The 
process was ceased using 5 mL of distilled water per 1 mL of BC aqueous 
suspension while 8 mL H2O2 (30 %) per 1 g dry BC was used for 
bleaching. The hydrolysates were centrifuged, rinsed twice with 
distilled water, and ultrasonicated (60 kHz, 300 W – Sonoplus 3200, 
Germany) for 5 min to eliminate the surplus acid. Finally, hydrolysates 
were centrifuged, and the precipitates (BNC1 for H2SO4 treatment and 
BNC2 for acid-mixture treatment) were transferred into dialysis mem-
branes (Medicell Membranes Ltd., cut off Molecular weight 12–14 kDa) 
until a neutral pH was obtained and finally lyophilized.

Fig. 1. Schematic diagram of top, front, and isometric view of the rotating disk bioreactor (RDB) design (a), configuration of the RDB (b), disks submerged in the 
fermentation media (c), weakly and partially attached bacterial cellulose (BC) on smooth disks and strongly attached BC fully covering the etched disks (d), BC 
attached to the RDB disks using bread waste enzymatic hydrolysates, before purification (e) and after purification (f).
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Enzymatic-assisted hydrolysis of BC was carried out based on Rovera 
et al. [17] with slight modifications. BC aqueous dispersions (1 % w/v, 
pH = 5.5 fixed with 0.5 M HCl) were initially homogenized (4 min, 
15,000 rpm) to facilitate enzyme access into the cellulose followed by 
sterilization (121 ◦C, 15 min) to avoid microbial contamination during 
the process. Subsequently, commercial cellulases from Trichoderma 
reesei (≥700 units/g, Sigma Aldrich) were aseptically added to BC sus-
pensions (50 U/g BC). The enzymatic hydrolysis was performed at 55 ◦C, 
and 500 rpm. After 24 h of hydrolysis, slurries were centrifuged, fol-
lowed by repeated washing steps with distilled water to remove enzymes 
and finally lyophilized (BNC3).

2.7. Characterization of BC and BNCs

The water holding capacity (WHC) of BC was measured based on the 
protocol of Natsia et al. [18]. Briefly, the BC membranes were shaken 
twice to remove surplus water, and then they were weighed. Complete 
removal of water from BC samples was achieved after drying at 40 ◦C for 
48 h. The WHC was calculated as follows: 

WHC =
Wwet − Wdry

Wdry
(1) 

where Wwet is the weight (g) of BC before drying and Wdry is the weight 
(g) of BC after drying.

Transmission electron microscopy (TEM) was used to observe the 
surface morphology obtained after each BC treatment. The images were 
scanned by JEOL 2100Plus high-resolution TEM equipped with a Gatan 
OneView IS Camera operating at an accelerating voltage of 200 kV. Fiber 
diameters were measured using ImageJ software by analyzing 50 indi-
vidual fibers per TEM image to ensure statistical reliability. A water 
suspension (0.1 % w/v) was prepared and a 3 μl drop was deposited onto 
carbon support film TEM continuous carbon grid (EMResolutions) and 
allowed to dry, while no staining was applied.

Dynamic light scattering (DLS) measurements were conducted using 
an ALV system (ALV-CG-3 goniometer/ALV-5000/EPP multi tau digital 
correlator) equipped with a He–Ne laser (λ = 632.8 nm). The field 
autocorrelation functions were analyzed utilizing the CONTIN algo-
rithm, and relaxation rate distributions were extracted. The Stokes- 
Einstein relation was used to determine the hydrodynamic radius (Rh) 
distributions.

ζ-Potential measurements were conducted using a Zetasizer Nano ZS 
(Malvern Instruments, Worcestershire, UK) at 25 ◦C. Henry equation 
under the Smoluchowski approximation was used to calculate ζ-poten-
tial from the measured electrophoretic mobility. The results are pre-
sented as averages over 50 scans made at scattering angle θ = 173◦. The 
DLS and ζ-potential were measured in suspensions of 0.1 % w/v lyoph-
ilized samples that were previously diluted with deionized water to 
avoid multiple scattering effects.

Attenuated total reflectance (ATR) Fourier Transform infrared 
spectroscopy (FTIR) measurements were performed on a Bruker Equinox 
55 instrument equipped with an ATR diamond accessory from SENS-IR 
and a press. The samples were measured in the wavenumber range of 
525–5000 cm− 1 performing 64 scans at 2 cm− 1 resolution.

Thermogravimetric analysis (TGA) of BC and hydrolyzed BC was 
performed at a TGA Q500 analysis System (TA Instruments) employing a 
nitrogen flow of 50 mL/min. Samples were precisely weighed (5–10 mg) 
into a TGA cup and heated under nitrogen flow to avoid oxidation. 
Sequentially, the temperature increased to 800 ◦C at a rate of 10 Κ/min.

2.8. Analytical methods

The determination of total RS was carried out using the 3,5-dinitro-
salicylic acid (DNS) method [19] expressed as glucose equivalents. Free 
amino nitrogen (FAN) was determined using the ninhydrin method [20]. 
Starch quantification was performed enzymatically using the total 

starch assay kit (K-TSHK, Megazyme, Ireland) which is based on AOAC 
Method 996.11 and AACC Method 76.13.01 [21,22].

The BC membranes obtained after each fermentation were purified 
as follows: BC samples were immersed in 0.1 M NaOH and boiled for 30 
min. Subsequent washing steps were performed until a neutral pH was 
achieved. BC was dried at 40 ◦C until a constant weight and the dry 
weight was reported as BC concentration in g/L.

2.9. Statistical analysis

The statistical analysis was performed using R Studio (version 
2024.04.2 + 764). ANOVA was conducted to assess differences between 
groups. Significant differences between means were determined by 
Honest Significant Difference (HSD-Tukey test) (p < 0.05). Data were 
reported as mean values ± standard deviation of three independent 
replicates.

3. Results and discussion

3.1. Configuration of the novel RDB

The design of the RDB was inspired by prior research conducted in 
this field, aiming to provide transparency in the manufacturing and 
operation aspects. In this context, a bench-scale RDB was constructed to 
provide a straightforward, and user-friendly solution to facilitate the 
scaling-up potential of BC production (Fig. 1b). The RDB developed in 
this study was inspired by the well-established concept of rotating bio-
logical contactors (RBC), whose scalability has been explored in 
wastewater treatment applications [23]. The modular design, high 
interfacial area, low maintenance costs, and operational simplicity of 
RBCs support their adaptation to larger-scale bioprocesses [24], offering 
a foundation for scaling the RDB. Possible scale-up strategies include 
increasing shaft length and/or disk diameter to proportionally expand 
the surface area available for BC production. Alternatively, multiple 
RDB units can be operated in parallel, as demonstrated in other rotating 
disk systems such as the rotating disk bioelectrochemical reactor, where 
production capacity was enhanced through modular elongation and disk 
addition [25]. Furthermore, optimizing key scale-dependent fac-
tors—including oxygen transfer rate (kLa), and shear stress, which have 
been extensively studied in RBC systems—could offer a feasible direc-
tion for scaling the RDB [26]. For instance, oxygen transfer can be 
influenced by both the rotational speed and diameter of the disks, which 
can be adjusted to maintain adequate oxygenation in scaled-up systems. 
Additionally, computational modeling and pilot-scale testing could also 
support the identification of design features that promote uniform 
mixing and minimize the risk of dead zones during scale-up [27]. Also, 
the power input per volume (P/V) needs to be carefully considered to 
balance energy use with adequate agitation and favorable productivity 
[28]. Mechanical aspects, including shaft stability and disk dimensions, 
may also require attention to avoid excessive angular velocities at the 
disk edges—concerns consistent with general principles of bioreactor 
engineering and already explored in related systems [29].

A key design feature of the RDB is its modular shaft, which enables 
targeted adjustment of disk spacing using stainless steel nuts (Fig. 1b). 
This flexibility allows for the optimization of microbial adhesion, BC 
accumulation, and mass transfer efficiency by fine-tuning the distance 
between disks, based on process requirements. Additionally, the shaft 
design ensures controlled submersion of the disks into the fermentation 
medium (Fig. 1c), a critical parameter influencing oxygen transfer and 
nutrient availability. Unlike conventional RDBs with fixed disk ar-
rangements, this adjustable configuration enhances process adapt-
ability, making it suitable for optimizing bioprocess conditions [30,31]. 
The disks were either left untreated, maintaining a smooth surface, or 
they were mechanically etched using sandpaper to increase surface 
roughness, thereby enhancing their adhesive potential.

The main novelty of the RDB is that the mechanical force required for 
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disk rotation inside the vessel was transferred indirectly using magnetic 
coupling. More specifically, a set of external drive magnets was coupled 
to a set of driven magnets inside the vessel. The drive magnets were fixed 
on the external disk which was rotated by an electric motor at the 
desired speed transmitting rotation force to the coupled driven magnets 
inside the RDB sealed vessel (Fig. 1b). The use of magnetic coupling in 
the RDB minimizes contamination risks, as it eliminates the need for 
mechanical seals that are prone to wear and leakage. However, potential 
limitations of this approach are closely related to reduced transmission 
efficiency in highly viscous environments and long-term durability of 
the magnetic components. In high-viscosity media, torque transmission 
efficiency can be improved by optimizing magnetic coupling configu-
ration (e.g., shape, size, and arrangement of magnets) to enhance 
magnetic flux and reduce slippage. Additionally, selecting high- 
performance materials for the containment shell, such as poly-
etheretherketone or advanced ceramics, can minimize friction and heat 
generation. Rare-earth magnets, which are commonly used for high 
magnetic strength, are susceptible to corrosion and demagnetization 
over time. To mitigate this, protective coatings such as polytetra-
fluoroethylene, epoxy resins, or corrosion-resistant alloys like Hastelloy- 
C can be applied, thereby extending operational lifespan and main-
taining performance [32,33]. In scenarios where higher torque or 
operation under extreme viscosity is required, electromagnetic coupling 
systems may present a promising alternative. Unlike permanent mag-
nets, electromagnetic couplings allow for dynamic control of torque via 
modulation of the electromagnetic field, enhancing performance under 
variable load conditions and reducing the risk of slippage [34]. However 

it is important to note that electromagnetic systems may introduce heat 
generation, additional power input, and electromagnetic interference 
[35].

While magnetic-driven agitation is increasingly used in bioreactors 
designed for highly sterile processes, its integration into an RDB for BC 
production has not been reported in detail in the literature [30,36]. Most 
studies utilizing RDBs either omit descriptions of the rotation mecha-
nism or rely on conventional shaft-driven systems with closed-type lip 
seals or transmission bearings, which pose sterility concerns due to 
potential leakage or contamination through moving parts [37,38]. 
Additionally, while some publications mention the use of closed-type lip 
seals and transmission bearings, they do not provide specific details on 
the transmission mechanism employed which may affect sterility 
[39–41]. Our approach ensures an effective sealed design that mini-
mizes contamination risks and improves bioprocess control. This design 
is particularly beneficial for microbial culture applications, especially 
when higher levels of sterility are required [36]. Although BC fermen-
tation does not demand highly sterile conditions, this approach could 
significantly benefit microbial co-cultures, such as those involving BC- 
producing bacteria and engineered microorganisms, which are used to 
produce novel BC composites for biomedical applications [42].

The vessel of the RDB was constructed out of plexiglas to allow for 
the visual inspection of the fermentation and the disks were CNC-cut out 
of polycarbonate. High-grade polycarbonate is a material which can 
withstand heating up to 140 ◦C, making it suitable for autoclaving. The 
material used to manufacture the disks in rotating biological contactors 
is a critical factor since it should properly accommodate the microbial 

Table 1 
Effect of disk surface texture and submersion level, rotation speed, distance between disks, and air supply on bacterial cellulose production and thickness per disk, 
glucose and free amino nitrogen consumption, and water holding capacity of the produced bacterial cellulose using the RDB.

Fermentation 
media

Conditions and configuration Variable BC/disk 
(mg)

BC thickness 
(mm)

Glu cons (% 
w/w)

FAN cons (% 
w/w)

WHC (w/ 
w)

Glucose-based

Effect of disk area submerged, and disk surface 
texture

Disk area submerged 
(%)

Smooth disks, 5 rpm, no aeration

25
101.1 ±
3.9d 4.8 ± 0.3 c 32.1 ± 1.9 d 50.5 ± 5.3 c

97.4 ±
8.1a

35 132.0 ±
6.6c 7.9 ± 0.3 b 37.3 ± 2.6 c 53.7 ± 3.2 b 98.2 ±

5.6a

45 180.2 ±
5.7b 8.1 ± 0.5 b 48.2 ± 4.8 b 55.6 ± 3.6 a 100.3 ±

5.2a

Etched disks, 5 rpm, no aeration 45
220.5 ±
7.6a 9.1 ± 0.1 a 50.9 ± 2.5 a 55.1 ± 2.7 a

98.6 ±
12.3a

Glucose-based

Effect of disk rotation speed
Rotation speed 
(rpm)

Etched disks, 45 % disk submersion, no 
aeration

5 220.0 ±
7.6c 9.1 ± 0.4 c 50.9 ± 2.5 b 57.1 ± 2.7 b 98.6 ±

12.3a

10 353.6 ±
30.1b 9.9 ± 0.3 b 55.8 ± 7.8 b 59.1 ± 2.5 ab 99.4 ±

8.8a

20
442.7 ±
29.4a 13.7 ± 0.7 a 62.4 ± 8.9 a 61.6 ± 3.1 a

90.1 ±
2.1b

25
445.4 ±
28.3a 14.3 ± 0.6 a 61.5 ± 6.6 a 60.8 ± 5.2 a

77.9 ±
0.7c

Glucose-based

Effect of disk spacing and aeration Disk spacing (mm)

Etched disks, 45 % disk area submersion, 20 
rpm, no aeration

10 442.2 ±
29.4 c

13.7 ± 0.6 b 62.4 ± 8.9 b 61.6 ± 3.1 a 90.1 ±
2.1ab

20
470.6 ±
20.7 c 18.9 ± 1.5 b 66.6 ± 7.1 b 63.9 ± 2.6 a

92.3 ±
4.6ab

30
560.3 ±
22.6 b 29.9 ± 1.5 a 75.9 ± 3.6 a 64.7 ± 6.5 a

91.7 ±
2.8b

35 611.5 ±
57.2a 33.3 ± 1.3 a 78.6 ± 9.8 a 65.2 ± 4.5 a 99.1 ±

5.6a

40 602.3 ±
51.7 ab 31.4 ± 0.9a 76.2 ± 7.4 a 63.6 ± 7.2 a 94.2 ±

7.4ab

Glucose-based
Etched disks, 45 % disk submersion, 20 rpm, 
aerated (0.5 vvm) 35

1020 ±
87.2b 34.3 ± 0.8a 80.1 ± 3.2a 68.2 ± 1.5a 108.8 ±

4.3a

BW hydrolysates
Etched disks, 45 % disk submersion, 20 rpm, 
aerated (0.5 vvm)

35 2380 ± 0.4a 31.2 ± 1.6b 69.4 ± 2.1b 69.5 ± 1.3a 53.2 ±
4.8b

WHC: water holding capacity in g water/g dry BC; BC: bacterial cellulose; Glu: glucose; FAN: free amino nitrogen; cons: consumption; BW: bread waste.
Different superscript letters within same column, with the same conditions, indicate statistically significant differences (p < 0.05). In the case of BW-hydrolysates, the 
superscripts indicate statistically significant differences compared to the glucose-based medium under the same optimal conditions.
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adherence, accumulation of BC while being durable, and able to with-
stand autoclaving or disinfection. Materials such as polypropylene, 
polyethylene, plexiglas, stainless steel, and even 3D-printed poly-
carbonate disks have been used in BC fermentation systems [39–41].

3.2. Effect of disk submersion level and disk surface roughness on BC 
production

Initial experiments showed that different levels of disk submersion 
into the fermentation significantly affected BC production (p < 0.05) 
when smooth disks were used. Increasing the submersion levels led to 
increased BC synthesis and accumulation (Table 1) with the highest BC 
production (180 mg BC/disk) being achieved when 45 % (157 cm2 

effective area) of the disk was submerged. In this study, submersion 
levels higher than 45 % were not evaluated since it would expose the 
rotating shaft to the liquid medium and possibly result in damage and 
rotation collision [43]. In all cases, the WHC of the produced BC was 
>97 g water/g dry BC. The consumption of FAN and RS varied between 
50–56 % and 32–48 % respectively after 7 days of fermentation 
(Table 1).

Increasing the level of submersion area (up to a specific threshold) is 
positively correlated to oxygen availability and nutrient diffusion, pro-
moting BC synthesis [24]. Submersion levels of 50 % have been reported 
to promote bacterial growth in a RDB. When submersion depth exceeded 
50 %, BC production was hindered presumably due to decreased oxygen 
diffusion [43]. Soleimani et al. [31] used an RDB system with fixed disk 
surface submersion at 43.5 % and reported the production of 620 mg 
BC/disk at 8 rpm. In another study, 680 mg BC/disk was achieved using 
a RDB similar to the present one, at a constant disk submersion level of 
34 % and 1 L of medium [40].

In the aforementioned experiments, it was observed that BC did not 
adhere homogeneously to the smooth surface of the disks (Fig. 1d). To 
overcome this obstacle, the effect of the disk surface roughness was 
investigated. More specifically, the surface of the disks was mechani-
cally etched using sandpaper, resulting in a consistent rough texture. 
Under the optimal disk submersion level (45 %), and using etched disks, 
BC production was significantly enhanced (p < 0.05) compared to 
fermentation that involved smooth disks. The rougher surface creates a 
more favorable environment for bacterial growth and BC deposition, as 
the bacteria can adhere more firmly, leading to increased BC yield. 
Sharma et al. [41] conducted fermentations using smooth stainless-steel 
disks with holes with 16 mesh size. They remarked that mesh size is a 
critical factor for attachment since small mesh disks facilitated the 
attachment of BC on the disks and resulted in the maximum amount of 
BC/disk. A very interesting study from Lin et al. [37] showed that 
composite disks made of 50 % polypropylene and other ingredients such 
as soybean hulls, flour and yeast extract were effective for BC attach-
ment and production (0.34 g/L/day). The incorporation of nutrient 
sources in the disks allowed bacteria to grow on the disk and eliminated 
the need for reinoculation, achieving semi-continuous conditions (five 
consecutive runs). In another publication, the comparison between 
plexiglas and four different polyethylene disks (integrated, perforated, 
lace covered, and stainless steel covered) revealed that integrated 
polyethylene was better suited leading to 0.74 g BC/disk [31].

3.3. Effect of disk rotation speed on BC production

The optimal rotation disk speed should be one to two times the disk 
radius, though some studies suggest that speeds up to five times the 
radius can also be beneficial [31,43]. Being in line with these reports, 
and considering that the disk radius was 5 cm, four distinct rotation 
speeds were evaluated, ranging from an initial 5 rpm to a maximum of 
25 rpm (Table 1). In all cases, RS and FAN consumption ranged between 
50.9 and 62.4 % and 57.1–61.6 % respectively in all cases. WHC of the 
produced BC was inversely related to the rotation speed when applying 
10–25 rpm. Studies have shown that shear stress from increased 

agitation, may disrupt the alignment and aggregation (linked to 
porosity) of cellulose chains, leading to denser and more compact 
structures with reduced WHC [10,44].

In this study, increasing the speed rotation up to 20 rpm led to a 
substantial increase in BC production indicating an optimal balance 
between oxygen transfer, shear stress tolerance, and stable bacterial 
adhesion in the given RDB configuration. Further rise did not affect the 
produced BC/disk. Moderate shear stress improves oxygen transfer and 
nutrient distribution within the fermentation media, supporting the 
aerobic metabolism of BC-producing bacteria. However, excessive 
rotational speeds can cause over-aeration, elevating dissolved oxygen 
levels and shifting metabolism toward gluconic acid production—an 
alternative pathway that competes with BC synthesis [45,46]. Moreover, 
shear stress generated from agitation may promote genetic instability, 
increasing the risk of spontaneous mutations from cellulose-producing 
(Cel+) to cellulose-negative (Cel− ) mutants. This is attributed to the 
disruption of bacterial membranes and interruption of the cellulose 
polymerization process [46–48]. To add, excessive shear stress -exerted 
on bacteria adhered to the disks- has been associated with cell detach-
ment, reduced bacterial adhesion, and lower enzymatic activity required 
for cellulose polymerization [10].

Reported optimal rotation speeds in RDB span 2–35 rpm; however, 
results remain inconsistent due to variations in the RDB design [49]. For 
instance, an RDB system (4000 cm3, 8 disks, 2.5 L active volume) pro-
duced 5 g/L BC at 7 rpm using Gluconacetobacter xylinus NCIM 2526, 
while increasing the rotation speed to 9 or 12 rpm significantly reduced 
BC yields due to excessive aeration [41]. Similarly, Acetobacter xylinum 
0416 produced maximum BC at 7 rpm (active volume = 4 L), while a 
slight increase of the rotation led to reduced yields [50]. In contrast, 
other studies reported higher optimal speeds, such as 15 rpm (yielding 
5.4 g/L BC) using Gluconacetobacter sp. RKY5 in an 8-disk RDB system 
(1-L active volume, 4-day fermentation) [40] and 13 rpm (yielding 900 
mg BC/disk) using Acetobacter xylinium PTCC 1734 in a 3-L (active 
volume) bioreactor [31].

3.4. Effect of disk spacing and air supply

Subsequent experiments evaluated disk spacing ranging from 10 to 
35 mm to maximize BC production. Disk spacing up to 20 mm did not 
significantly enhance BC production. Stepwise increase of disk spacing 
to 30 and 35 mm resulted in a 1.3-fold and 1.4-fold increase of BC/disk 
compared to the default spacing of 10 mm. The highest BC production of 
611 mg BC/disk accompanied by the maximum BC thickness (33.3 mm) 
and WHC (99.1 g water/g dry BC) were obtained at 35 mm disk spacing 
while further increase of the spacing did not show any significant 
contribution (p < 0.05) to BC production. Increased disk spacing led to 
increased consumption of RS (62.4–78.6 %) and FAN (61.6–65.2 %). 
Insufficient spacing between disks may impede nutrient diffusion, 
resulting in localized nutrient depletion around the disks, potentially 
inhibiting bacterial growth and BC synthesis. Optimal disk spacing can 
minimize the competition among neighboring colonies for space and 
nutrients [10,51]. In the study of Soleimani et al. [31] the disk spacing of 
20 mm resulted in the highest production of BC equal to 900 mg/disk, 
while further increase of the distance was to the detriment of BC syn-
thesis. Increasing the disk spacing corresponds to less disks mounted on 
the shaft, which could mean less overall BC production. Nevertheless, 
this study presents a bioreactor prototype and highlights the key factors 
influencing BC production. Once key factors affecting BC production are 
identified, a new vessel with the appropriate length to accommodate 
more disks can be used with the same motor, optimizing the relationship 
between the number of disks, BC/disk, and overall BC production.

The implementation of aeration in the RDB led to a 67 % increase in 
the amount of BC/disk, as compared to the fermentation that air supply 
was not provided. BC thickness was also favored reaching 34.3 mm 
while RS and FAN consumption were slightly increased. The air supply 
had a beneficial impact on the WHC (108.8 g water/g dry BC) of BC. 
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Aeration has been correlated with structural changes in the arrangement 
of BC nanofibrils [44,52] probably leading to larger pore sizes of BC and 
thus greater amounts of water being trapped within the BC matrix. The 
beneficial effect of aeration on BC production was also reported by 
Soleimani et al. [31] who concluded that under a constant aeration rate 
of 0.5 vvm in a RDB, BC production was improved by 64 % compared to 
the non-aerated process. In another study, increasing the aeration rate to 
1.25 vvm yielded the highest BC production levels, while further in-
crease had a detrimental effect on BC biosynthesis [29]. Other studies 
that employed RDB did not incorporate supplemental aeration in the 
fermentation vessel, and instead used passive aeration [37,39,41,53]. 
Air sparging of 0.25 vvm has been suggested as favorable for BC pro-
duction (11.6 g/L) when fermentations were performed in tray bio-
reactors using free sugars derived from orange peels and 
K. sucrofermentans [54].

Oxygen availability enhances BC biosynthesis by sustaining aerobic 
respiration, which generates ATP via oxidative phosphorylation to drive 
energy-intensive processes. In this metabolic framework, hexoses (e.g., 
glucose) are metabolized via the pentose phosphate pathway to produce 
UDP-glucose (the direct precursor of cellulose), while three‑carbon 
compounds (e.g., pyruvate) and carboxylic acids enter gluconeogenesis 
coupled with the tricarboxylic acid cycle, producing intermediates that 
are channeled into UDP-glucose synthesis. ATP powers (i) UDP-glucose 
synthesis through phosphorylation and uridylyltransferase activity, and 
(ii) the bcs operon-encoded cellulose synthase complex (BcsA/BcsB), 
which polymerizes UDP-glucose into β-1,4-glucan chains. BcsC and BcsD 
mediate fibril extrusion (through transmembrane pores) and hierarchi-
cal fibril assembly into crystalline ribbons [46,55]. Consequently, 
increased ATP yield via oxygen availability ensures sufficient energy for 
precursor synthesis and polymerization/extrusion processes, directly 
relating oxygen availability with BC yield [56]. However, excessive 
oxygen levels beyond a certain threshold may shift metabolic priorities 
leading to reduced BC yields. For example, excessive oxygen can induce 
oxidative stress in bacterial cells, damaging cellular components and 
disrupting metabolic pathways essential for BC production. Moreover, 
cell growth over BC synthesis may be favored by redirecting cellular 
resources toward biomass formation [57–59].

3.5. Characterization of BW and production of enzymatic hydrolysates

The BW used in this study were defective items that failed to meet the 
quality control standards during their preparation process. These dis-
carded products, typically deemed unsuitable for consumer consump-
tion, represent a valuable yet underutilized resource. BW consisted 
predominantly of starch (60.9 ± 3.0 % w/w), soluble sugars (13.2 ± 3.6 
g/L) and oil (8.9 ± 0.6 % w/w) while ash content was 1.45 ± 0.1 % (w/ 
w). BW exhibited a pH value of 7.5 ± 0.3, and a moisture content of 29.1 
± 1.4 % (w/w). The range of starch content in bakery waste is reported 
to fall between 50 % and 70 %, with water content ranging from 25 % to 
35 %. The pH level of this waste is typically found to be between 4.0 and 
7.0, while its ash content ranges from 1 % to 4 %. Bakery waste is known 
to have a lipid content of 1 % to 3 %. It is important to note that these 
values are based on reported averages and may vary depending on the 
specific product, bakery and production processes used [4,5,60].

Initially, several concentrations of BW (71, 142, 213 g/L) were 
subjected to enzymatic hydrolysis using commercial α-amylases (0.28 g/ 
100 g dry BW) and glucoamylases (0.13 mL/100 g dry BW) (Table 2). 
Hydrolysis at 142 g/L BW showed the highest starch to glucose con-
version yield (YS/Glu) equal to 53.8 % while the YS/RS drastically 
decreased when initial BW concentration was 71 g/L or 213 g/L.

The effect of several enzyme dosages was also evaluated to maximize 
the YS/RS (Table 2). Elevated α-amylase and glucoamylase activity led to 
increased RS production and YS/RS that reached respectively 60.2 g/L 
and 66.2 % when α-amylase of 0.90 g/100 g dry RSW and glucoamylase 
of 0.45 g/100 g dry RSW were applied. The most commonly applied 
techniques for BW saccharification involve the use of acid treatment and 

enzymatic hydrolysis. Zhang et al. [60] reported that enzymatic hy-
drolysis of 30 % w/v bread, cake, and pastry waste produced 104.8, 35.6, 
and 54.2 g/L glucose, respectively. Similarly, Sigüenza-Andrés et al. 
[61] used a 25 % w/v solid BW and achieved 126.9 g/L glucose pro-
duction. Another study reports an impressive 86 % glucose conversion 
yield from BW when enzymatic hydrolysis conditions were optimized 
[62]. Crude enzyme consortia produced in solid state fermentation by 
Aspergillus awamori provided efficient saccharification for confectionery 
waste streams leading to the production of 112.4 g/L total sugars [14].

3.6. Effect of BW enzymatic hydrolysates on BC production

The best performed conditions of the novel RDB were applied in 
fermentations that involved the use of BW-based enzymatic hydroly-
sates. BW-derived hydrolysates supported efficient bacterial growth 
while the yield of BC/disk was increased by 2.3-fold (2380 mg BC/disk) 
compared to the conventional HS medium (Table 1). This could be 
attributed to the favorable nutritional content of BW in vitamins [5]. In 
this case the WHC of BC was 2-fold lower than that of the HS-derived BC. 
While glucose-based hydrolysates from alternative feedstocks have been 
extensively employed for BC fermentation—such as wheat milling by- 
products (5.2 g/L BC), confectionery waste (5.7 g/L BC) [14,18], rice 
and corn-derived starch hydrolysates (2.8 g/L BC after 30 days) [63], 
and waste beer yeast hydrolysates (up to 7.0 g/L BC following optimized 
ultrasonic treatment and acid hydrolysis) [64]—the utilization of BW as 
a feedstock for BC production remains largely unexplored, underscoring 
the novelty of our approach. Specifically, enzymatic hydrolysates of 
stale bread led to a BC concentration of 2.1 g/L with K. xylinus DSM 2004 
[65]. In another study, Gluconobacter oxydans MG2021 was grown in BW 
hydrolysate obtained through dilute-acid hydrolysis of various stale 
bread types, yielding 8.8–25.0 g BC per 100 g of stale bread [66]. To 
date, only Zahan et al. [50] have reported BC production using a RDB 
system with agro-food side streams as fermentation media. In that study, 
Acetobacter xylinum 0416 produced 28.3 g of dry BC after 4 days when 
cultivated on treated liquid pineapple waste in a 10-L RDB. By 
leveraging BW, we not only address food waste management but also 
enhance the feasibility of BC production using low-cost, and readily 
available raw materials, and thus opening new avenues for both waste 
valorization and biotechnological innovation.

3.7. Characterization of BC and BNCs

3.7.1. ATR-FTIR analysis
The FTIR spectra of BC (produced using HS-based media and BW 

enzymatic hydrolysates) and BNCs presented typical cellulose vibrations 
(Fig. 2a and b). The absorbance band within 2998–3726 cm− 1 was 
attributed to -OH stretching vibrations while the band in the range 
2689–2998 cm− 1 to the stretching vibration of -CH located in the cel-
lulose backbone of BC and BNCs [67]. The peaks at 1607 cm− 1 and 1636 
cm− 1 of BC and the strong peak at 1626 cm− 1 of BNC3 correspond to 

Table 2 
Enzymatic hydrolysis of bread waste using commercial enzymes at three initial 
concentrations of solids (71, 142, 213 g/L) and different concentrations of en-
zymes after 24 h.

BW 
concentration 
(g/L)

α-Amylase (g/ 
100 g BW)

Glucoamylase 
(mL/100 g BW)

Glucose 
produced (g/ 
L)

YS/Glu 

(%)

71 0.28 0.13 16.1 ± 0.4d 33.9d

142 0.28 0.13 48.9 ± 1.2b 53.8c

213 0.28 0.13 47.1 ± 0.6c 32.9d

142 0.56 0.26 50.5 ± 0.8b 55.6b

142 0.90 0.45 60.2 ± 1.7a 66.2 a

BW: bread waste; YS/Glu: yield of starch conversion to glucose.
Different superscript letters within same column indicate statistically significant 
differences (p < 0.05).
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water absorption [13]. Moreover, in the spectrum of BCs (Fig. 2a), the 
absorption band with a peak at 1315 cm− 1 reflects the CH2 rocking vi-
bration at C6 carbon and the peak at 1205 cm− 1 the C-O-C symmetrical 
stretching vibration. On the other hand, in the FTIR spectra of BNCs 
(Fig. 2b), the absorption spectra band at 1428 cm− 1 is assigned as 
asymmetric angular deformation and at 898 cm− 1 as angular deforma-
tion of C–H. Asymmetric stretching vibrations of C–O–C glycosidic 
bonds are reflected in the peak recorded at 1157 cm− 1 [68]. The 
stretching of C–OH and C–C–OH bonds in secondary and primary alco-
hols of BCs and BNCs is responsible for the maxima around 1108 cm− 1 

and within 1055–981 cm− 1, respectively. The presence of the H–C–H 
and O–C–H deformation of cellulose skeletal vibrations of BCs and BNCs 
is suggested by the peak at 899 cm− 1 [69].

3.7.2. DLS and electrophoretic light scattering analysis
The size distributions in colloidal suspensions of BCs and BNCs ob-

tained after ex-situ modification were assessed via DLS (Table 3). BC 
(derived from glucose-based and BW-based media) suspensions pre-
sented very similar trimodal size distribution with Rh varying within 
65–637 nm. The broad distributions were attributed to the high PDI 
value of BC dispersions (ca. ~0.4), confirming thus the heterogeneity of 
the mixtures. A bimodal distribution of two peaks, one at 74 nm and the 
other at 471 nm with PDI = 0.49 was revealed for BNC1 (Table 3). A 

Fig. 2. (a, b) ATR-FTIR spectrum of BC produced in a rotating disk bioreactor (RDB) using glucose-based media (black) and bread waste hydrolysates (green) and BC 
treated for 24 h with H₂SO₄ (BNC1, dark grey), H₂SO₄/HCl (BNC2, blue), and cellulases (BNC3, red). (c–f) Thermal analysis of BC and treated samples: (c, e) de-
rivative thermogravimetric curves (DTG) and (d, f) thermogravimetric analysis (TGA) of BC produced in the RDB using glucose-based media (black) and bread waste 
hydrolysates (green), BNC1 (dark drey), BNC2 (blue) and BNC3 (red).

Table 3 
Physicochemical characterization of bacterial cellulose and treated bacterial 
cellulose after 24 hour hydrolysis.

Cellulose Rh (nm) ζ-potential 
(mV)

Ton 

(◦C)
Tf 

(◦C)
Tmax 

(◦C)

Glucose-based 
BC

69i, 584ii, 
637iii − 16.6 ± 6.46d 280a 349b 317a

BW-based BC 65i, 461ii, 
593iii − 17.0 ± 6.46d 279a 320d 295b

BNC1 74i, 471ii − 34.7 ± 4.15a 247b 334c 281bc

BNC2
60i, 387ii, 
2969iii − 27.5 ± 3.79c 239b 345bc 294b

BNC3 127i, 981ii − 30.5 ± 4.81b 238b 373a 271c

Bacterial cellulose (BC) nanostructures obtained after BC hydrolysis with H2SO4 
(BNC1), mixtures of H2SO4-HCl (BNC2) and commercial cellulases (BNC3).
The hydrodynamic radius (Rh) values are obtained with a 5 % error.
Ton = onset decomposition temperature; Tf = final decomposition temperature, 
Tmax = maximum decomposition temperature.
Different superscript letters within same column indicate statistically significant 
differences (p < 0.05).

i Values correspond to the first peak.
ii Second peak.
iii Third peak detected in DLS diffractogram (not presented).
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similar peak distribution at 127 nm and 981 nm (PDI = 0.40) was 
detected for BNC3. On the other hand, BNC2 demonstrated a trimodal 
size distribution with average particle sizes of 60 nm, 387 nm and 2969 
nm and PDI = 0.49. The size distributions analyzed through CONTIN 
analysis are weighted by scattered intensity, and the mass of the scat-
tering particles in solution significantly influences the scattered in-
tensity. Hence, the number of smaller-in-size colloidal nanostructures is 
potentially higher than that of the larger ones. Zhai et al. [70] detected 
BC and BNC suspensions (produced by HCl hydrolysis for 4 h) of particle 
sizes at 590 nm with PDI = 0.37 and 221 nm with PDI = 0.18, respec-
tively. Rollini et al. [71] identified polydisperse bimodal size distribu-
tion of BNC after 65 % w/w H2SO4 hydrolysis in which the strongest 
peak centered at around 240 nm and the weakest peak at 1030 nm. 
Accordingly, Singhsa et al. [72] prepared BNCs using 65 % w/w H2SO4 
and particle sizes within 187–296 nm were revealed. Bimodal size dis-
tributions of BNC obtained after acid hydrolysis were detected by 
Efthymiou et al. [14]. In particular, average particle sizes of 63 nm and 
436 nm were monitored for BNC treated with H2SO4 (24 h) and 84 nm 
and 862 nm for BNC hydrolyzed with mixture of H2SO4-HCl (24 h). 
Natsia et al. [18] identified quite comparable bimodal distributions of 
BNC after 24 h of H2SO4 hydrolysis with two peaks at 72 nm and 931 
nm.

The ζ–potential values were determined within − 16.6 mV to − 34.7 
mV (Table 3). The absolute ζ–potential values of 15–30 mV suggest that 
the nanocolloidal systems are at the delicate dispersion/suspension 
threshold while the values of 30–40 mV suggest moderate stability of 
systems [73]. The highly negative surface charge of BNC1 and BNC2 is 
associated with the conjugated sulfate groups (–OSO3

− ) that resulted 
from the esterification of the hydroxyl groups on the cellulose surface 
[68]. BNCs treated with HCl present low-density surface charges or a 
surface charge that is undetectable compared to those treated with 
H2SO4 [74]. On the other hand, the sulfonation of the BNC surface with 
H2SO4 results in a larger negative surface charge [68]. Since there is no 
HCl interaction with the hydroxyl groups, BNCs treated with a H2SO4- 
HCl mixture have a lower effective charge than BC treated with H2SO4. 
Vasconcelos et al. [68] reported surface charges of − 33.6 mV and −
36.3 mV for BNC after 60 and 120 min of H2SO4 hydrolysis. Moreover, 
Efthymiou et al. [14] determined ζ-potential values of − 32.2 mV and −
28.0 for BNC obtained after 24 h H2SO4-assisted and H2SO4:HCl-assisted 
hydrolysis, respectively.

3.7.3. Thermal profile
BC produced from glucose-based and BW-based media presented 

very similar mass-loss profile with BNCs with three different events 
being identified (Fig. 2c–f). The first event (<150 ◦C) was attributed to 
the evaporation of remaining water event and volatile molecules that 
may appear in the cellulosic matrix. The second event (200–400 ◦C), 
that was related to cellulose degradation, including dehydration, 
breakdown, and depolymerization of the glycoside units, dominated. 
Oxidation and decomposition of carbon residues occurred during the 
last event with temperature values up to 600 ◦C [18]. Vasconcelos et al. 
[68] reported similar mass-loss profiles for BC and BNC obtained after 
different conditions of acid hydrolysis. In this study, in the case of BC 
produced from BW hydrolysates, the first and last event related to water 
evaporation and cellulose degradation respectively, were also confirmed 
as aforementioned. An extra event that was detected within 150–230 ◦C 
may be attributed to the presence of BW residues in the cellulosic ma-
terial. These residues may contain starch and low molecular weight 
compounds which are less thermally stable than cellulose and start to 
decompose in this temperature range [75].

The decomposition temperature, which serves as an indicator of 
thermal stability, is influenced by several structural factors, including 
molecular weight, crystallinity, and fiber alignment, all of which affect 
BC chain packing and thermal resistance. Variations in this temperature 
are often linked to differences in the production process (e.g., process 
parameters, microbial strain, and culture media), purification methods, 

and material modifications [56]. In this study, both BC samples 
exhibited similar onset decomposition temperature (Ton) but the 
maximum decomposition temperature (Tmax) of BC produced from BW 
hydrolysates decreased by 6.9 % compared to that derived from com-
mercial fermentation media (317 ◦C). This decrease may suggest that, 
despite the 0.22 μm filtration step used to sterilize the BW enzymatic 
hydrolysates, trace impurities may still be present, influencing the hi-
erarchical assembly of BC fibers. Media impurities can interfere with 
cellulose biosynthesis and self-assembly, leading to a less organized, 
lower-crystallinity BC network and ultimately reducing its thermal 
resistance [76]. This aligns with findings reported by Vasquez et al. [77] 
who reported a similar decrease in Tmax and crystallinity for BC pro-
duced from biodiesel-derived glycerol and cane bagasse, compared to 
BC from commercial glucose-based media. To add, heat sterilization of 
complex fermentation media may induce partial coagulation or floccu-
lation of certain components, such as polyphenols, proteins and metal 
ions that may be contained in them [46]. Such interactions may disrupt 
the alignment of cellulose microfibrils, leading to structural irregular-
ities and reduced crystallinity, which, in turn, compromises the thermal 
stability of the material. High crystallinity values enhance thermal 
resistance due to the stronger intermolecular hydrogen bonding and 
denser molecular packing, which restrict polymer chain mobility and 
delays thermal degradation [78]. Slightly higher Tmax values compared 
to our study were reported by Andritsou et al. [69] for BC produced from 
citrus peels (315 ◦C), while Vasconcelos et al. [68] and Natsia et al. [18] 
reported Tmax = 335–338 ◦C for nata de coco and BC produced from 
wheat milling hydrolysates respectively.

In the case of BNCs, Ton varied within 238–247 ◦C while Tmax values 
were lower compared to BC samples (Table 3). The presence of sulfate 
groups (-OSO3

− ) on the BNC surface during hydrolysis reactions with 
H2SO4 promotes structures with lower thermal stability [18]. Vascon-
celos et al. [68] suggested that Ton of H2SO4-treated BC significantly 
decreased (218–164 ◦C) when acid concentrations higher than 50 % 
were used while the Ton of H2SO4-HCl treated BC was quite higher 
(263 ◦C) than all H2SO4-treated BC samples. In this study, the contrary 
tendency was observed with non-considerable differences.

The ash content in the residual mass of the TG curves was 20 % and 
30 % for BC produced with glucose-based media and BW hydrolysates 
respectively. The residual mass of hydrolyzed BNCs in the TGA pre-
sented a low percentage of ashes (10–11 %) for BNC produced by the 
hydrolysis with H2SO4 and H2SO4/HCl mix when compared to the 
enzymatic, which has an ash content of approximately 25 %.

3.7.4. Transmission electron microscopy
The morphology of BNC suspensions was observed by TEM imaging, 

as presented in Fig. 3. Both H2SO4 (Fig. 3ai) and H2SO4/HCl (Fig. 3bi) 
assisted hydrolyses displayed BNC samples with typical rodlike/ 
needlelike nanostructure with width dimensions ranging 33.1 ± 18.2 
nm and 24.8 ± 14.2 nm respectively (Fig. 3a, b). It was observed that 
BNC samples that underwent H2SO4-assisted hydrolysis were more ho-
mogeneous in size compared to the BNC sample occurring upon H2SO4/ 
HCl assisted hydrolysis. This may be attributed to greater electrostatic 
repulsion due to the higher presence of sulfate groups on the surface 
among nanostructures within the aqueous suspension [72]. In addition, 
it has been reported that cellulosic samples treated with strong acids are 
producing disoriented regions along the cellulose fibrils, therefore sorter 
nanocrystals [79]. BNC occurring upon enzymatic assisted hydrolysis 
(Fig. 3ci) resulted in flat ribbons of 56.4 ± 26.3 nm width (Fig. 3c) with 
buddle of ribbons present in the sample. Overall, it has been shown that 
the morphology of enzymatically hydrolyzed BC is different and strongly 
depends on the enzyme/BC ratio. According to a previous study, pro-
gressive fibril thinning was observed when increasing the enzyme 
(cellulase) concentration, with individual nanocrystals as thin as 6 nm, 
while at the same time large particles were present even for the enzyme- 
richest mixtures, resulting in high polydispersity of BC-derived nano-
particles [17]. Moreover, independently of the kind of BC hydrolysis 
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technique, the duration of hydrolysis also plays a critical role on BC 
nanostructures size. For example, it has been reported that increasing 
hydrolysis time results in decreasing BC nanowhiskers length [80]. TEM 
image of BC that has not been subjected to any treatment (Fig. 3di) 
presents the typical interconnected fibrillar network of BC (width of 
63.5 ± 32.2) (Fig. 3d), along with some bacterial cells and media resi-
dues/impurities.

4. Conclusions

This study presented the design/manufacture of a novel RDB with 
magnetic coupling transmission for efficient BC production. Key findings 
showed that variations in disk submersion, spacing, surface roughness, 
and rotation speed affected BC production, while aeration significantly 
boosted BC yields. Substituting commercial glucose with BW enzymatic 
hydrolysates increased BC production 2.3-folds (2380 mg/disk). The 
property evaluation highlighted that fermentation media and hydrolysis 
methods (acid- and enzymatic-assisted hydrolysis) significantly affected 
the structural, thermal, and morphological properties of the biopolymer. 
Overall, this study offers insights into the potential of the RDB to achieve 
scalable BC production using waste-resources. Also, the importance of 
coupling fermentation and hydrolysis conditions to customize properties 
for bio-based product development was underscored. By leveraging 
sustainable fermentation substrates and fine-tuning processing methods, 
the production of biopolymers can contribute to innovations in envi-
ronmental sustainability, and circular bioeconomy paving the way for 
high-performance bio-based materials.
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