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d Departament of Chemistry, Biotechnology and Bioprocess Engineering, Federal University of São João del-Rei, Campus Alto Paraopeba, MG 443, km 7, 36497-899 
Ouro Branco, MG, Brazil   

A R T I C L E  I N F O   

Keywords: 
Waste beer yeast 
Hydrolysate 
Fermentation 
BNC 
Alternative substrate 
DCCR 

A B S T R A C T   

Bacterial nanocellulose (BNC) has attained elevated interest due to its versatile structure and high resistance 
characteristics. Accordingly, efforts have been made in order to reduce its production costs, such as the 
employment of its by-products as a nutrient broth to yield the microorganism. Residual brewer's yeast is an 
excellent recourse, due to its high nutritional value and availability. Therefore, research which aimed to 
contribute to the development of a low cost, efficient and biosustainable technology for BNC production with 
Gluconacetobacter hansenii was carried out. BNC was obtained from residual brewer's yeast hydrolysate at pH 7.0 
and five days of incubation at 30 ◦C in static culture. The hydrolysate was characterized by the amount of sugars, 
fatty acids, total proteins and ash content. Subsequently, BNC obtained was characterized in terms of yield, 
carbon conversion ratio, hydrodynamic size, crystallinity, morphology, Fourier-transform infrared spectroscopy, 
and surface analysis. Residual brewer's yeast hydrolysate proved to be efficient in BNC production via gluco
neogenesis with consumption of alanine, threonine and glycerol, obtaining 1.9 times the yield of the chemically 
defined broth adopted as standard. Additionally, properties observed in the obtained BNC were equal to those 
obtained from conventional chemical medium. The research contributed to bacterial nanocellulose production 
using by-products from the brewing industry.   

1. Introduction 

Cellulose (C6H10O5)n is the most abundant biopolymer in nature, 
being found in all plant substances and corresponding to approximately 
40 % of all available carbon reserves in these species. It is reported that 
approximately 1.5•1012 tons of cellulose are produced annually, 
constituting one of the largest fractions of total biomass produced in the 
world [1]. Among the biopolymer's main characteristics, it is most 
notably a fibrous material, resistant, insoluble in water, biodegradable 
and responsible for maintaining plant cell wall structures. As a natural 
polymer, it retains a high-performance process with inherent advantages 
regarding its safety, biocompatibility, biodegradability and a versatile 
structure with broad possibilities for obtaining nanocomposites with 
different properties [2]. 

Besides plant cellulose, there is also bacterial nanocellulose (BNC), 
which is synthesized by aerobic bacteria, such as those of the genera 
Gluconacetobacter, Agrobacterium, Alcaligenes, Pseudomonas, Rhizobium 
or Sarcina and forms a kind of gelatinous, translucent film on the air- 
liquid interface of these microbial cultures [3]. Despite having the 
same structural formula, nanocellulose can be found in three forms: 
fibrillated nanocellulose (NFC), cellulose nanocrystals (CNC) and bac
terial nanocellulose (BNC). The main differences between these types of 
nanocellulose are in their structure: cellulose organized in parallel 
bundles in the case of NFC or in crystals in the case of CNC; and in its 
origin: NFC is obtained from wood fibers, NCC comes from plants and 
other sources and NCB is produced by non-photosynthetic fermentation 
processes by the aforementioned bacteria. [3]. 

According to Jedrzejczak-Krzepkowska et al. (2016), various 
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bacteria strains capable of producing BNC differ in their carbon source 
preferences for different metabolic pathways; thus being, in most cases, 
glucose, glycerol, sucrose and mannitol the ones which present the 
highest yield [4]. In 2007, Velasco-Bedrán and López-Isunza proposed a 
universal model for the basic metabolism of Gluconacetobacter species. 
According to the authors, species of this genre, due to a lack thereof or 
low phosphofructokinase activity (PFK), are unable to synthesize py
ruvates from glucose (via Embden-Myerhof-Parnas). Instead, pyruvate is 
obtained from acetate, glycerol or amino acids and is used to synthesize 
glucose through gluconeogenesis [5]. 

Considering BNC production, it is important to note that composition 
of the environment, pH and temperature are not the only factors that 
influence overall biopolymer performance; therefore, other factors 
should also be taken into account, such as form of a bioreactor, surface 
area and average volume of static cultures and intensity of mixing or 
shaking agitated fermenters/cultures [4]. 

Bacterial nanocellulose, despite having a molecular formula similar 
to plant cellulose (C6H10O5)n, possesses distinctive characteristics, such 
as high purity and absence of hemicellulose, pectin and lignin, which 
turn BNC purification into a simpler, easier and energy-efficient process 
when compared to plant cellulose purification. Furthermore, bacterial 
cellulose can be molded into different shapes during and after biosyn
thesis, making it a very enticing biopolymer. Besides, BNC has a high 
elasticity modulus, a high polymerization degree, high permeability, 
high porosity, excellent mechanical strength and high surface area. The 
latter, combined with porosity, favors its applicability as an adsorbent 
material [6]. 

However, the production of BNC is hampered by its elevated cost due 
to synthetic substrates employed. In order to circumvent this limitation, 
it is of utmost importance to carry out tests regarding utilized substrates. 
The recommended standard is MYP (mannitol yolk polymyxin) broth, 
which is high cost; hence, increasing production costs. An alternative 
substrate for BNC production is brewing industry waste [7]. 

The beer industry is one of the main economic harbors in Brazil, with 
production of approximately 13.3 billion liters in 2020 according to the 
Brazilian Beer Industry Association (CervBrasil). With such an elevated 
production, there is a subsequent generation of industrial waste, such as 
brewer's yeast. In general, yeast corresponds to between 1.5 and 3.0 kg 
of waste for every 100 L of beer produced [8]. 

Residual brewer's yeast – after fermentation – fosters from 35 to 60 % 
of protein dry mass, in addition to carbohydrates, minerals, lipids, en
zymes and vitamins of the B complex. Because of this composition, yeast 
is used in animal feed formulation, in obtaining products of high 
nutritional value in the pharmaceutical industry and in the human diet, 
as well as in microorganism cultures [9–11]. 

Application of material waste presents itself as a viable recourse in 
order to improve the efficiency of BNC biosynthesis when compared to 
employment of monosaccharides as carbon sources; hence, doubling 
performance in comparison to when only monosaccharides are used [4], 
proving the versatile metabolism that individuals of the genus Gluco
nacetobacter have. 

With high protein content of the utilized substrate, it is expected that 
the species Gluconacetobacter hasenii uses proteins for pyruvate pro
duction and subsequent glucose conversion; thus, generating energy for 
BNC production. 

Therefore, research was carried out in order to evaluate this pro
duction through experimental designs and BNC characterization in static 
culture using Gluconacetobacter hansenii as an alternative substrate from 
the brewing industry – the residual yeast hydrolysate – without sup
plementing the substrate with any other components (no added sugar or 
others). Moreover, the research attempted to further evaluate the hy
pothesis regarding the gluconeogenesis metabolic route used by bacteria 
in BNC production. 

2. Material and methods 

2.1. Material 

The strain of the bacterium Gluconacetobacter hansenii (ATCC 23769) 
was acquired from the André Tosello Tropical Culture Collection (CCT), 
Campinas – SP. The brewer's residual yeast was donated by the company 
and incubated at the Federal University of São João del-Rei, Campus 
Alto Paraopeba, TECDEF (Technology in Distilled and Fermented). 

2.2. Methods 

2.2.1. Pre-treatment and preparation of the brewer's residual yeast 
hydrolysate 

Brewer's residual yeast was pre-treated according to the methodol
ogy described by Lin et al. (2014) [12]. Substrates were dried in an oven 
(Solab) at 100 ◦C for 48 h, crushed in a blender (Walita) and solid was 
subsequently resuspended at 15 % (m⋅v− 1) in distilled water. The sus
pension was sonicated with pointer ultrasound (Unique) at 500 W for 40 
min. It was then subjected to acid hydrolysis (HCl) at 121 ◦C for 20 min 
at pH 2.0 and, next, centrifuged (Eppendorf 5920R) for 15 min at 3488g. 
The supernatant – a.k.a. hydrolysate – was autoclaved (Autoclave Ver
tical CS, Prismatec Autoclaves) at 1 atm and 110 ◦C for 15 min and then 
stored at 4 ◦C, whilst the precipitate was properly discarded. The hy
drolysate was characterized according to methodologies described in 
item 3.1. 

2.2.2. Obtaining the inoculum 
60 μL of the cryopreserved culture was added to 5.0 mL of sterile BHI 

(Brain Heart Infusion; Himedia) broth and incubated at 30 ◦C in a bac
terial oven for 24 h, in static culture. 

2.2.3. BNC production via static culture 
The hydrolysate was employed as a substrate for bacterial growth 

and BNC production without any medium supplementation. Preliminary 
tests was carried out to monitor cell growth and sugar consumption. The 
brewer's residual yeast hydrolysate was used in 125 mL Erlenmeyer 
flasks containing 50 mL medium and incubated at 30 ◦C for 96 h [13]. 
The experiments were performed in duplicate. The samples were 
collected at regular intervals of 12 h and cell concentration was deter
mined. The culture broth was centrifuged (3000 ×g for 15 min) and the 
supernatants were stored at − 20 ◦C for subsequent analysis of sugars by 
high-performance liquid chromatography (HPLC). 

After the preliminary test, in order to determine best conditions for 
BNC production, an experimental design was traced using Central 
Composite Rotatable Design – DCCR – fractionated 22 with 4 axial points 
and triplicate at the central point, totaling 11 trials. Variables evaluated 
were pH (3.4–7) and incubation time (5–20 days). BNC was obtained via 
aerobic batch static fermentation, in which 400 mL of hydrolysate were 
placed in a properly sanitized container with filtered air circulation and 
covered with cotton. Then, 200.0 μL of the inoculum previously acti
vated in BHI broth were added, sustained in static culture. After culti
vation, the BNC, separated from the substrate by vacuum filtration, was 
washed abundantly in running water, then soaked in 0.1 mol⋅L− 1 NaOH. 
The solution was then heated to 80 ◦C for 2 h on a hot plate (IKA C- MAG 
HS10) in order to remove all bacteria and subsequently washed thor
oughly with distilled water to completely remove the alkali. Purified 
BNC was dried at 105 ◦C until reaching constant mass and then stored at 
25 ◦C for further analysis. The same procedure was performed in order 
to obtain BNC using MYP broth as a culture medium. BNC production 
yield using residual brewer's yeast hydrolysate was observed side-to-side 
with the BNC production yield using the standard MYP substrate. 
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2.3. Analytical methods 

2.3.1. Substrate characterization 

2.3.1.1. Fatty acids and sugars. The total amount of sugar was quanti
fied by DNS method. In order to identify the substances, the material was 
analyzed via HPLC – High-Performance Liquid Chromatography. Ana
lyzes were carried out at the Institute of Biological Sciences of the 
Federal University of Minas Gerais. The column used was SUPELCOGEL 
C610H 6 % Crosslinked (Sigma-Aldrich) and the mobile phase was a 
0.05 mol⋅L− 1 H2SO4 solution prepared in MiliQ® water [13]. 

2.3.1.2. Moisture content. 30 mL of hydrolyzed substrate were added to 
porcelain crucibles – which were previously dried – and weighed on an 
analytical balance (Shimadzu, Japan). Crucibles were placed in an oven 
at 105 ◦C until reaching constant mass. The crucible masses with the 
sample were documented before and after drying at 105 ◦C in an oven. 
Moisture content was determined by the difference between mass 
measured at the beginning and after reaching constant mass value in the 
oven [14]. 

2.3.1.3. Ash content. The sample obtained from item 2.2.4.1 was 
incinerated in a muffle furnace (Hipperquímica) at 550 ◦C until ash was 
obtained and, subsequently, its content was measured by the difference 
between its final and initial mass [14]. 

2.3.1.4. Protein content. The Bradford method was employed with 
bovine serum albumin (BSA) as the standard, within the range of 100 to 
2000 mg⋅mL− 1. 10 μL of hydrolysate and 200 μL of Bradford reagent 
(Sigma-Aldrich) were pipetted into each well of a 96-well microplate. 
After 10 min, reading was performed with a microplate reader at 630 
nm. 

2.3.1.5. Magnetic resonance spectroscopy. In order to obtain the 1H NMR 
spectrum, 20 mg of sample was extracted with a combination of 0.750 
mL of a KH2PO4 buffer solution in D2O (pH 6.0), containing 0.01 % 
(m⋅v− 1) of 3-trimethylsilyl‑sodium 2,2,3,3-propionate-d4 (TSP-d4) as an 
internal reference and 0.750 mL of methanol‑d4. After being combined 
with solvent, the sample was vortexed for 1 min, placed in an ultrasound 
bath for 20 min and centrifuged at 17000 g. Then, 800 μL of supernatant 
was transferred to a 5 mm diameter NMR tube. 1H NMR spectrum was 
obtained using a Bruker AVANCE DRX400 spectrometer at 300 K, with a 
spectral window of 20 ppm, many points with 65 k, averaging 32 sam
ples, with acquisition times (AQ) and recovery (d1) of 2.0 s. For pro
cessing, a 0.3 Hz line broadening was used, prior to the Fourier 
transform. Phases and baselines were automatically corrected using the 
TopSpin 4.0.9 program and, the spectrum was calibrated by the TSP-d4 
signal at 0.00 ppm. Compound identifications were performed using 
Chenomx NMR Suite 9.0 (Chenomx Inc.) program, which compared the 
spectrum obtained with those of pure substances from the program's 
database. 

2.3.2. Characterization of BNC 

2.3.2.1. BNC yield. BNC yield was obtained by the amount of dry BNC 
(mg) per volume unit of substrate (mL) following Eq. (1) [7]. 

Yield =
Dry mass of BNC (mg)

Volume of substrate (mL)
(1)  

2.3.2.2. Carbon conversion ratio. The CCR was obtained by the amount 
of dry BNC (mg) and the amount of contained sugar (mg), according to 
Eq. (2) [7]. 

CR =
Dry mass of BNC (mg)

Mass of contained sugar (mg)
⋅100 (2)  

2.3.2.3. Particle size distribution. The BNC hydrodynamic size and 
polydispersity index (PDI) were obtained via dynamic light scattering. 
Measurements were performed at 25.0 ± 0.5 ◦C using Zeta Sizer S 
(Malvern Instrument) with an avalanche photodiode detector and 
correlator with no further purification. The light source was a HeNe 
laser of 35 mW and wavelength of 632.8 nm, linearly polarized. For 
intensity control, a system of crossed polarizers was used. Detection 
angle was fixed at 173◦ and measurements were correlated by the 
CONTIN algorithm. Optimized BNC Zeta potential was determined by 
laser Doppler electrophoresis. 

2.3.2.4. BNC thermostability. Differential thermogravimetric analysis 
was performed on a DTG analyzer (DTG–60H, Shimadzu) and behavior 
of thermal events was performed using a Differential Scanning Calo
rimeter (DSC-60 Plus Model, Shimadzu). Temperature ranged from 25 to 
600 ◦C, at a rate of 10 ◦C⋅min− 1 under nitrogen atmosphere with a flow 
rate of 50 mL⋅min− 1. Thermodynamic parameters of dehydration tem
perature and glass transition, mass loss and enthalpy of dehydration and 
degradation could then be calculated. 

2.3.2.5. Crystallinity. The BNC X-ray diffraction pattern was obtained 
by an X-ray diffractometer (Shimadzu) with a 3 kW X-ray generator and 
LFF Cu anode. The radiation was CuKα of wavelength 1.54 Å. Voltage 
and current of the X-ray generator were 40 kV and 30 mA, respectively. 
Angular scan ranged from 10 to 30◦ with a step of 0.02◦ and ramp of 
1◦⋅min− 1. 

Results obtained in the XRD analysis were used to determine the 
crystallinity index, according to the Segal method, shown by Eq. (3). 

ICR(%) =
I002 − IAM

I002
⋅100 (3)  

where ICr is the crystallinity index expressed as a percentage, I002 is the 
maximum diffraction intensity corresponding to the crystalline material 
and IAM is the minimum diffraction intensity of the amorphous region. 

2.3.2.6. Analyses of morphology and composition using Scanning Electron 
Microscopy (SEM). Morphological analysis of BNC was performed via 
Scanning Electron Microscopy (SEM, Tescan Vega3 LMU) coupled to an 
Energy Dispersive X-Ray (EDS) detector for qualitative elemental anal
ysis. Air-dried BNC was fixed to a copper tip using double-conducting 
carbon adhesive tape and coated with platinum for 30 s. Images were 
obtained at 25 ◦C and 20 kV. 

2.3.2.7. Fourier-Transform Infrared Spectroscopy (FTIR). FTIR spectra of 
BNC samples were obtained using the Cary 630 FTIR spectrometer 
(Agilent), equipped with an attenuated total reflectance (ATR) acces
sory. Spectra were obtained within the range of 650 to 4000 cm− 1, with 
32 scans, at 25 ◦C. The spectrum was corrected at baseline and 
optimized. 

2.3.2.8. Surface analysis. Specific surface area and porosity were 
determined via Brunauer-Emmet-Teller (BET) multipoint analysis in 
Nova Station A equipment, using nitrogen as an inert gas. Adsorption 
and desorption of N2, at 77 K, were used to determine the specific sur
face area of the prepared material. From isotherms obtained, BET sur
face area and pore size distribution were calculated. 

3. Results and discussion 

3.1. Substrate characterization 

The hydrolysate had a moisture content of 40.9 ± 0.04 % and an ash 
content of 6.9 ± 0.1 %. Marson et al. (2019) characterized the residual 
brewer's yeast after the Brauzy hydrolysis and obtained an ash content of 
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8.9 ± 0.0 % [15]. Studies claim that Saccharomyces cerevisiae has a 
moisture content between 70 % and 80 % [16]; however, high- 
temperature heat treatments and autoclaving processes may have 
reduced this content in hydrolysate. Hydrolysate presented 0.26 g⋅L− 1 of 
protein. Regarding sugar content, the hydrolysate obtained a value of 
15.5 g⋅L− 1, determined via DNS method. Sugars identified by HPLC in 
the residual brewer's yeast hydrolysate were trehalose, glucose, fructose, 
mannose, and ribose. Ethanol, glycerol and acetic acid were also found 
in the material. 

In Fig. 1, through Magnetic Resonance Spectroscopy, it is possible to 
identify the region from δ 1.0–2.0, two doublets: one in δ 1.48 [d; 7.3 
(Hz)] and another in δ 1.32 [d; 6.8 (Hz)], indicating presence of alanine 
and threonine amino acids, respectively. Coupled with total reducing 
sugar analysis, it can be noted that there are not enough carbohydrates 
in the hydrolysate for the bacterium Gluconacetobacter hansenii to rely 
solely on this source of energy and perform glycolysis. According to 
Hutchens et al. (2007), for BNC synthesis to occur, glucose is oxidized by 
membrane-bound glucose dehydrogenase, which provides electrons to 
metabolic processes. When there is inhibition of glucose oxidation due 
to the presence of ethanol or glycerol, an increase in BNC production 
yield is observed, because bacteria of the Gluconacetobacter genus oxidize 
alcohol into acetic acid in order to obtain electrons and, thus, begin 
synthesizing BNC through alternative metabolic pathways to attain 
glycolysis. One of the alternative pathways is gluconeogenesis, in which 
glucose is synthesized from substances other than carbohydrates such as 
amino acids, lactate, glycerol, and propionic acid, for instance [17]. 
Therefore, it is suggested that the metabolic route chosen by the 

bacterium Gluconacetobacter hansenii for BNC production is gluconeo
genesis, since brewer's yeast hydrolysate is low in carbohydrates and, 
contrastingly, rich in gluconeogenic amino acids, such as alanine and 
threonine. 

3.2. BNC Characterization 

3.2.1. Obtaining BNC 
BNC was obtained via aerobic batch static fermentation, in which 

400 mL of hydrolysate were placed in a properly sanitized container 
with filtered air circulation and covered with cotton. Then, 200.0 μL of 
the inoculum previously activated in BHI broth were added, sustained in 
static culture, as aforementioned. The highest BNC yield was obtained 
with 5 days of incubation and a pH of 7.0 for the hydrolysate, obtaining 
a mass 1.9 times greater than when using the chemically defined broth, 
which is conventionally adopted (Table S1). Obtained results are in 
accordance with data reached by Lin et al. (2014), who used residual 
brewer's yeast hydrolysate treated with a combination of ultrasound and 
acid hydrolysis as a nutrient source for Gluconacetobacter xyllinus bac
terium to produce BNC via static culture and obtained a yield equivalent 
to twice the yield obtained when the traditional chemical medium was 
employed, as previously stated. However, it is important to emphasize 
that the strain used by Lin et al. (2014) is different from the one 
currently being described. Lin et al. (2014) used Gluconacetobacter xyl
linus while this research used Gluconacetobacter hansenii. Despite 
belonging to the same genus, bacteria may have different nutritional 
demands; consequently, producing BNC through different metabolic 

Fig. 1. 1H NMR spectrum obtained from the brewer's residual yeast hydrolysate.  
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routes. Lin et al. (2014) compare different types of pretreatments so that 
the highest possible production of nanocellulose occurs. In the current 
research, the two best pretreatments chosen by Lin et al. (2014) were 
used concomitantly in order to improve BNC production yield [12]. 

Table 1 shows fermentation results for Gluconacetobacter hansenii 
bacterium under the best conditions obtained, such as cell growth and 
consumption of trehalose and glycerol, reversed in the intensity of the 
chromatogram peaks. From data in the Table 1, it can be concluded that 
there is no consumption of sugar or glycerol by the bacteria during 
fermentation, which corroborates that the metabolic pathway chosen for 
BNC synthesis is gluconeogenesis. E. Velasco-Bedran and López-Isunza 
(2007) discussed the metabolism of species from the Gluconacetobacter 
genus and concluded that acetic acid can be used as a substrate and 
synthesized as a product, corroborating results of HPLC analysis and the 
fact that the species did not consume sugars. Furthermore, according to 
Velasco-Bedran and López-Isunza (2007), the presence of ethanol, also 
evidenced by the HPLC analysis of the residual brewer's yeast hydroly
sate, triggers dissimilation of the compound and initiates production of 
pyruvate via gluconeogenesis. Henceforth, an assumption that the 
metabolic route chosen by the bacterium was gluconeogenesis was 
based on the consumption of the gluconeogenic amino acids alanine and 
threonine and glycerol, which were used to then form the glucose 
necessary for bacteria to subsist in the medium [5]. Presence of amino 
acids can be verified in Fig. 1, while negligible consumption of glycerol 
and trehalose can be verified in Table 1. Therefore, it can be inferred 
that there was consumption of gluconeogenic amino acids instead of 
glycerol and sugars available in the medium. Thus, it was not necessary 
to add any kind of sugar to the medium. 

3.2.2. BNC yield 
Twelve batches were prepared and the average yield obtained was 

13.1 ± 0.4 mg/mL. According to Lin et al. (2014), BNC production is a 
process that generates low yield; ergo, expensive. Additionally, ac
cording to the author, in order to minimize costs, industrial residues are 
studied so that they may be employed as energy sources for the bacte
rium Gluconacetobacter hansenii; however, these residues still need to 
undergo pre-treatments, since the bacterium cannot metabolize poly
saccharides for BNC production [12]. 

Lin et al. (2014) observed that in order to obtain higher yields, it is 
necessary to add some extra nutrients to the nutrient broth obtained 
through the hydrolysis of brewer's residual yeast [12]. For instance, 
Hong and Qiu (2008) obtained an increase in BNC production with 
addition of Ca2+ introduced into the medium of konjac powder hydro
lysates [18], Gomes et al. (2013) increased BNC production with addi
tion of nitrogen and phosphate source supplements in hydrolysates of 
residues from olive production [19], Ha et al. (2008) improved BNC 

yield with addition of glucose to hydrolyzed brewer's yeast residues as a 
nutritional supplement [20]. No extra nutrients were added in the cur
rent research. 

3.2.3. Carbon conversion ratio 
Carbon conversion ratio expresses the carbon fraction of a hetero

trophic substrate that is incorporated into biomass, as shown through 
Eq. (2). The ratio between the amount of BNC obtained and the amount 
of sugar present in the culture medium was 1.8 %. As for the MYP broth, 
the value was 0.2 %. 

This result is corroborated by the higher production which occurs in 
the hydrolysate of residual brewer's yeast. Furthermore, according to 
Hutchens et al. (2007), MYP broth is recommended for BNC production 
through bacteria from the Gluconacetobacter genus on account of it being 
sugar alcohol, which provides electrons for the bacteria's metabolism, 
stimulating a higher BNC yield when compared to media in which only 
glucose is used as a carbon source [17]. Therefore, it is suggested that, 
due to the residual brewer's yeast hydrolysate having a greater amount 
of alcohol, there is a greater stimulus acting upon metabolism; conse
quently, leading to a greater carbon conversion ratio. 

3.2.4. Particle size distribution 
Nanocellulose presented an average hydrodynamic size of 66.9 ±

15.3 nm. Regarding the polydispersity index, nanocellulose presented 
0.4 ± 0.0, indicating a relatively low polydispersity due to the fact that, 
for natural polymers, PDI values lower than 0.4 are considered low 
while values greater than 0.4 are connected to high polydispersity 
nanoparticles [21]. The BNC Zeta potential was – 18.4 ± 3.5 mV, at pH 
7.0. Carboxylate groups present on BNC surface may be responsible for 
the negative value [22]. 

3.2.5. BNC thermostability 
TG analysis of BNC indicated a continuous total mass loss of 50.2 %, 

with a temperature increase from 25 ◦C to 600 ◦C, which can be divided 
into three distinct sections: from 25 ◦C to around 180 ◦C, with a loss of 
about 17.3 % mass; from 180 ◦C to 560 ◦C, with a mass loss of 
approximately 32.1 % and lastly from 560 ◦C to 600 ◦C, with a mass loss 
of 0.9 %, as shown in Fig. 2. BNC thermal degradation started at a 
temperature of approximately 120 ◦C, with the endothermic peak 
reaching its end as shown by the DSC, indicating water loss. Thus, events 
before this temperature can be correlated to BNC dehydration. 

The glass transition temperature (Tg) of BNC is between 120 ◦C and 
156 ◦C, differing from values commonly found in literature. According 
to the literature, the glass transition temperature, for dry and isolated 
cellulose, is between 200 ◦C and 250 ◦C. However, according to Hosseini 
et al. (2018), this temperature range does not refer to the Tg of the 
cellulose, but to its degradation temperature. The Tg of highly crystal
line macromolecules is difficult to determine [23]. The bacterium used 
to produce nanocellulose, Gluconacetobacter hansenii, is a species of 
acetic acid bacteria; that is, it oxidizes sugars or ethanol and produces 
acetic acid during fermentation [24]. Therefore, it is suggested that the 
glass transition temperature of the BNC produced in this work is in the 
temperature range of 120 ◦C and 156 ◦C, followed by the other phases of 
depolymerization and total degradation of the sample. The second stage 
of the analysis – which represented the greatest mass loss – is responsible 
for depolymerization and decomposition of glycosyl units. As indicated 
by the graph, degradation via presence of exothermic peaks is charac
teristic of degradation reactions. The third and final step was repre
sented by the graph part which tends to linearize, concerning formation 
of a carbonized residue [25–27]. 

3.2.6. Crystallinity 
According to Eq. (3), the ICR for the BNC obtained was 76.3 % and for 

its calculation, values regarding the peak close to 34◦ for the crystalline 
region and 36◦ for the amorphous region were used. Treatments into 
which cellulose samples are subjected can significantly affect their 

Table 1 
Yield of BNC produced in a static culture of Gluconacetobacter hansenii in the 
presence of residual brewer's yeast hydrolysate under maximum yield 
conditions.  

Time 
(hours) 

Cells 
(optical 
density) 

Trehalose 
(peak 
intensity) 

Trehalose 
concentration 

Glycerol 
(peak 
intensity) 

Glycerol 
concentration 

(TR =
9.77 min) 

(g/L) (TR =
15.89 
min) 

(g/L)  

0 0.906 ±
0,021 

131,721 
± 0,0 

0.49 ± 0,0 27,239 ±
0,0 

0.65 ± 0,0  

24 1.461 ±
0,085 

141,938 
± 0,0 

0.53 ± 0,0 28,837 ±
0,0 

0.69 ± 0,0  

48 1.521 ±
0,021 

140,245 
± 0,0 

0.52 ± 0,0 26,125 ±
0,0 

0.62 ± 0,0  

72 1.634 ±
0,011 

149,220 
± 0,0 

0.56 ± 0,0 26,678 ±
0,0 

0.63 ± 0,0  

96 1.656 ±
0,085 

135,124 
± 0,0 

0.49 ± 0,0 26,124 ±
0,0 

0.62 ± 0,0  
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degree of crystallinity [28]. When a treatment is carried out with NaOH, 
there is BNC mercerization, where crystallites composed of cellulose 
chains in a parallel orientation incorporate hydrated sodium and hy
droxide ions, which can reduce crystallinity and also form cellulose II, a 
product of the neutralization reaction of native cellulose [29]. This 
change is irreversible and usually accompanied by a decrease in crys
tallinity. Therefore, it is suggested that BNC mercerization might have 
occurred after washing it with NaOH during the purification process. 

Mercerized cellulose presents crystallinity peaks close to 25◦, while 
the amorphous region is closer to around 30◦ [29], not far from what is 
shown in Fig. 3. However, crystallinity indexes were obtained for eight 
samples of nanocellulose within a range of 70.3 to 75.8 %, using the 
Segal method [30–32]. 

3.2.7. Analyses of morphology and composition using Scanning Electron 
Microscopy (SEM) 

BNC morphological analysis was performed in three steps, in which 
images were zoomed in 350, 502 and 1000×, as shown in Fig. 4. BNC 
morphology consists of an irregular surface characterized by numerous 
interlaced and asymmetrical nodes. Results also indicate that BNC has a 
rough structure, which can be attributed to its network of unevenly 
dispersed and randomly overlapping fibrils [33]. Arrows indicate 
possible fibrils. According to Mohammadkazemi (2017), BNC's surface 
roughness can be attributed to its high surface area and crystallinity 
[34]. The intertwined nature and porosity of BNC greatly increase 
swelling, which allows the adsorption and absorption of several sub
stances by this material [33]. 

According to the EDS analysis, as shown in Fig. 5, it is possible to 
conclude that the composition of the BNC is characterized by the ma
jority presence of the following elements such as carbon (C) and oxygen 
(O). Other compounds in smaller amounts are present, such as: sodium 
(Na), magnesium (Mg), silicon (Si), phosphorus (P), sulfur (S), potas
sium (K) and calcium (Ca). Results show that BNC contains typical el
ements (C and O) that make up the building blocks of cellulose – 
(C6H10O5)n. However, the low concentration of other metals present in 
BNC occurs due to the contact of these metals during the process of 
obtaining or treating the sample which may affect the presence, con
centration and distribution of metals or inorganics elements in bacterial 
cellulosic materials [33]. Presence of Na in BNC composition is due to 
the treatment and processing of BNC in the presence of NaOH, which is 
used for pH adjustment, as well as for washing obtained BNC. Other 
metals come from processing BNC in the yeast hydrolysate [33]. Ac
cording to Chen et al. (2014), it is possible to observe C, N, O, P, K, Mg 
and S on the surface of Saccharomyces cerevisiae yeast via EDS [35]. Can 
et al. (2008) found K, Ca, Mg, and Na when they analyzed the yeast 
surface [36]. Therefore, as in the case of NaOH, there may have been 
elemental cross-transfers, which occur due to the contact BNC goes 
through during its processing or treatment with the metals found in EDS 
analysis. 

3.2.8. Fourier-Transform Infrared Spectroscopy (FTIR) 
From the analysis of Fig. 6, it is possible to determine the main 

Fig. 2. BNC thermogram, in N2 gas atmosphere.  

Fig. 3. X-ray diffractograms of the BNC sample obtained via residual brewer's 
yeast hydrolysate. 
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functional group peaks for the components of the material and intra
molecular hydrogen bonds typical of a polysaccharide. Hydrogen 
bonding of hydroxyl groups was characterized by the absorption band in 
the wavelength region between 3600 and 3100 cm− 1. Peaks observed in 
the wavelength region between 2940 and 2860 cm− 1 represent C–H 
bonds of the polysaccharide [37]. Thus, the region comprising a wave
length between 1200 and 800 cm− 1 pertains to monosaccharides [38]. 
Peaks observed at wavelengths between 1637 and 1456 cm− 1 indicate 
presence of free carboxyl groups [39]. FTIR spectrum of BNC includes 
peaks in the regions between wavelengths of 3600 and 3100 cm− 1, as 
well as in the region between 1200 and 800 cm− 1, corresponding to 
glucose, which has a large number of hydrogen bonds [40,41]. 

Henceforth, cellulose molecules are deposited in microfibrils in 
which there is an extensive amount of hydrogen bonds between cellu
lose chains, corroborating images obtained via SEM and producing a 
strong crystalline structure; thus, corroborating data obtained via XRD 
[42]. 

3.2.9. Surface analysis 
The isotherm resulting from adsorption between N2 and BNC in the 

BET analysis shown in Fig. 7 is type II, according to Brunauer, Emmet, 
and Teller (1938), which suggests that the adsorbent-adsorbent 

Fig. 4. BNC images obtained by SEM and approximated 350, 502 and 1000 times respectively.  

Fig. 5. BNC EDS spectrum.  

Fig. 6. FTIR spectrum of BNC obtained via residual brewer's yeast hydrolysate.  
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interaction is weak and indicates the occurrence of multilayer adsorp
tion without the necessity of completely forming the first layer [43]. 
Fig. 8 shows the adsorption-desorption of N2 on BNC at 77 K. The 
behavior of the amount of gas adsorbed versus the value of P/P0 depends 
on the material porous characteristics; hence, according to IUPAC, 
adsorption-desorption of N2 in BNC is type IVa. These isotherms describe 

adsorption processes in which there is the formation of monolayers and/ 
or multilayers, until formation of regions on which there is a sudden 
increase in the amount of gas adsorbed by the material. After the for
mation of these regions, saturation occurs, indicating that all pores have 
been filled and the material is no longer able to adsorb gas. Furthermore, 
type IV isotherms can differentiate into IVa and IVb, which are 

Fig. 7. BNC-N2 adsorption isotherm.  

Fig. 8. Volumetric adsorption-desorption of N2 in BNC.  
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hysteresis of the material initial behavior [44]. 
When interactions between the adsorbent and the adsorbate are 

weak, yet there are micropores or mesopores in the material, adsorption 
at low relative pressures is small. However, there may be a certain 
pressure which leads to sudden increase in the adsorption of gases due to 
pore filling. In this case, it is difficult to determine the amount of gas 
needed to form the monolayer [44]. 

Hysteresis is an element of isotherms which originate from adsorp
tion processes that are not completely reversible; that is, when it is 
difficult for the adsorbate to detach from the adsorbent during the 
desorption process. According to IUPAC, five types of possible hysteresis 
differ from each other due to the pressure range in which they occur, as 
well as their shape. The hysteresis presented by the adsorption/ 
desorption of N2 in BNC is of type IIb and occurs in intervals of high 
relative pressure, being originated due to the formation of menisci; that 
is, regions where there is a sudden increase in the amount of gas 
adsorbed by the material. The wide range in which hysteresis is present 
suggests that the exit of the adsorbate from the interior of the matrix is 
hampered on account of the large interconnection within the porous 
network [44]. 

In addition to the isotherm obtained, it was also possible to obtain 
data regarding BNC pore size, which is presented in Table 2. The high 
specific area and the negative Zeta potential values make BNC a material 
of interest for the adsorption of cations. 

The differentiation for obtained BNC types is correlated to the form 
of the culture, whether it be static or agitated, ultimately producing 
either the nanocellulose film or crystals. Furthermore, supplementation 
of culture media with plant residues affected the cellulose structure in 
many cases [4]. For instance, the nanostructure of the biopolymer 
derived from a rice husk-based medium, which contained lignin, 
hemicelluloses and mineral salts, was different from the BC synthesized 
in the glucose-based reference medium and was considered a potential 
new nanostructured drug transporter [45] with a tensile strength 79 % 
higher than the BNC reference [18]. 

4. Conclusions 

The current research proves the efficiency of using the residual hy
drolysate of brewer's yeast for the production of bacterial nanocellulose 
via static cultivation of the bacterium Gluconacetobacter hansenii, pre
viously prepared by sonication and acid hydrolysis, whose best yield was 
obtained in broth with pH 7.0 and 5 days of incubation in static culture. 
The metabolic route chosen by the bacterium was gluconeogenesis, as 
evidenced by the consumption of the amino acids alanine and threonine, 
and glycerol. The average hydrodynamic size obtained was 66.9 ± 15.3 
nm and the polydispersity index was 0.4 ± 0.0. The zeta potential pre
sented by the BNC, at pH 7.0, was − 18.4 ± 3.4 mV. BNC thermal 
degradation temperature was approximately 170 ◦C. Other character
izations prove the composition of bacterial nanocellulose is similar to 
vegetable cellulose. Thus, results suggest an economically and envi
ronmentally promising form of producing BNC. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2023.124897. 
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