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Abstract
Xylooligosaccharide and cellooligosaccharide production has been improved over the years using different kinds of methods. 
Chemical and physical methods are the most used due to their facility in reducing the biomass recalcitrance; however, such 
methods require a great deal of energy and generate undesirable compounds. On the other hand, biological pretreatment 
is an option to overcome the high energy demand and pollution issues and optimize production. In this work, sugarcane 
bagasse was biologically pretreated with Coniophora puteana (CBMAI 0870), Gloeophyllum trabeum (CBMAI 0872), and 
Pleurotus ostreatus (CCIBt 2338) for 5 months. After the biological pretreatment, part of the material was milled in a knife 
mill (20-mesh) and another part was milled in a ball mill (powder aspect). The material was enzymatic hydrolyzed with 
cellulase (20, 50, and 100 IU/g) and xylanase (50 IU/g) combined with the milling techniques to produce cellooligosaccha-
rides and xylooligosaccharides. Xylooligosaccharides and cellooligosaccharides were characterized by ATR-FTIR analysis, 
scanning electron microscopy images and X-ray to evaluate the modifications in the lignocellulosic structure. The enzymatic 
hydrolysis using cellulase (50 IU/g) combined with knife milling resulted in 26.23% of cellooligosaccharide conversion after 
5 months of cultivation with C. puteana, while cellulase with the same enzymatic charge combined with ball milling resulted 
in 36.65% of cellooligosaccharide conversion using the same fungus and the same time of cultivation. Xylooligosaccharide 
conversion also reached better results when compared to untreated material: the best result was 78.12% of xylooligosac-
charide conversion after the biological pretreatment with G. trabeum. Finally, scanning electron microscope images made it 
possible to observe gaps formed by the fungi growth in the biomass in comparison to untreated material; and x-ray analysis 
showed evidence of the effect of ball milling pretreatment in the biomass, reducing its crystallinity.

Keywords  Ball mill · Biomass recalcitrance · Non-digestible oligomers · Prebiotic compounds · Soluble fiber · White-rot 
fungi

1  Introduction

In the literature, the process of converting lignocellulosic 
biomass into value-added products is commonly referred 
to as lignocellulosic biorefinery. This approach expands 
potential applications of lignocellulosic materials beyond 
generating heat energy and ethanol to include the produc-
tion of by-products and value-added molecules [1–5]. Two 
value-added molecules are xylooligosaccharides (XOS) and 
cellooligosaccharides (COS). These molecules comprise 
xylose and glucose, respectively, and are known to be inter-
esting to human health. XOS is considered healthy due to 
its capacity to prevent disorders in human nutrition, such as 
gastrointestinal disorders and infection, obesity control, and 
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better nutrient absorption [6–8]. XOS also presents various 
degrees of polymerization, from 2 to 10 xylose units, and 
the wide range of pH and thermostability makes this sugar 
a good prebiotic molecule [9, 10]. On the other hand, COS 
are oligomers formed by β-1,4 linked D-glucose units, with 
few numbers of glucose units, starting with 2 units, called 
cellobiose. A characteristic of COS is that the shorter COS 
(from 3 to 6 glucose units) are water soluble, while longer 
COS tend to be insoluble. The soluble COS is not digestible 
by humans and can be prebiotic. It stimulates the growth of 
healthy bacteria in vitro, such as Lactobacillus and Bifido-
bacterium [11–14]. To reach the desirable material, such 
as COS and XOS, lignocellulosic biomass is submitted to a 
pretreatment and enzymatic hydrolysis. The pretreatment is 
important to reduce the recalcitrance of the lignocellulosic 
material, while the enzymatic hydrolysis will break down the 
sugars into small units, forming COS and XOS.

Choosing the correct pretreatment is essential to modify 
the lignocellulosic material structure, as well as the correct 
enzyme for the enzymatic hydrolysis step. The main pre-
treatments to overcome the material recalcitrance are chemi-
cal, physical, and biological, or a combination of them [15], 
and each one has its limits and advantages. Physical and 
chemical pretreatments are faster; however, they demand 
more energy and generate undesirable compounds, respec-
tively. An example of chemical pretreatment is the acid and 
alkali pretreatment. A characteristic of an acid pretreatment 
is to solubilize hemicellulose and lignin, while the alkali 
pretreatment changes the lignin structure, reducing cellulose 
crystallinity and partially solubilizing the hemicellulose. An 
example of physical pretreatment can be steam explosions, 
which are used to auto-hydrolyze hemicellulose, or ball mill-
ing, reducing the size of the lignocellulosic material parti-
cles. On the other hand, biological pretreatment is cheaper 
and does not generate undesirable compounds. However, 
it requires time and proper isolation without contaminants 
to the process and depends on the microorganism involved 
in the process. White rot fungi, for example, are known to 
degrade lignin, while brown rot fungi degrade cellulose and 
hemicellulose [15–17].

The tendency to overcome the limitations of the pretreat-
ments is to use a combination of different pretreatments [15, 
16]. Various methods could be used to achieve a good COS 
and XOS yield [9, 18–20], according to each pretreatment 
characteristic. The inspiration to use a biological pretreat-
ment before enzymatic hydrolysis came from the fungi’s 
capacity of changing the lignocellulosic structure, decreas-
ing the biomass recalcitrance and facilitating the enzymatic 
hydrolysis [16]. Moreover, using different milling methods 
is a good alternative to decrease biomass recalcitrance even 
more [21].

Production of value-added products has been improved 
over the last decade and different technologies are important 

to find sustainable ways to produce more with less envi-
ronmental impact. Experiments using biologically pre-
treated material followed by enzymatic hydrolysis have a 
huge potential for eco-friendly production. Regarding this, 
the objective of this study is to optimize the COS and XOS 
production using a combination of biological pretreatment 
combined with physical pretreatments before the enzymatic 
hydrolysis step, based on the hypothesis that both pretreat-
ments can decrease the sugarcane bagasse recalcitrance. 
Moreover, an analysis with ATR-FTIR spectra, scanning 
electron microscope, and an X-ray technique were applied 
to verify the structural changes in the biomass [16].

2 � Materials and methods

2.1 � Material and bagasse preparation

The sugarcane bagasse was supplied by a local factory 
(Usina São João, Araras, SP, Brazil). The industrial bagasse 
was humidified to 75% and transferred to polypropylene 
bags. A falcon tube was placed into the central part of each 
bag as an opening for introducing the fungal inoculum after 
the set was twice autoclaved at 121 °C for 1 h. The control 
sample was prepared the same way, however no fungi was 
inoculated. A total of 15 bags were prepared/fungal strain.

2.2 � Biological pretreatment

The microorganisms used in this study were Coniophora 
puteana (CBMAI 0870) and Gloeophyllum trabeum 
(CBMAI 0872) (Brazilian Collection of Environment and 
Industry Microorganisms, Campinas State University-Uni-
camp, Campinas, São Paulo, Brazil), and Pleurotus ostreatus 
(CCIBt 2338) (from the São Paulo Botanic Institute).

The microorganisms were cultivated for 7 to 15 days at 
25 °C in Potato Dextrose Agar (PDA) (Kasvi Ltda). To pre-
pare the PDA medium, 39 g of PDA was added to 1 L of 
distilled water; then, it was autoclaved in 200-mL portions. 
The liquid was poured into Petri dishes (20 mL each); then, 
it was exposed to UV light. After completing the PDA prepa-
ration, the microorganisms were reactivated and put in the 
Petri dishes [22]. One-fifth of the PDA from Petri dishes was 
inoculated in the polypropylene bag. Inside the polypropyl-
ene bag, each culture was left to grow for 1 to 5 months at 
25 °C. Every month, one bag was taken as a sample and the 
biologically pretreated bagasse was dried at room tempera-
ture, milled at 20-mesh, and oven-dried at 60 °C for 24 h. A 
fraction of the biological pretreated sugarcane bagasse was 
milled in a ball milling for 1 h for later experiments. The 
samples were separated according to the fungus applied in 
the pretreatment.
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2.3 � Chemical characterization

After the biological pretreatment, and also for the control 
sample, the sugarcane bagasse chemical characterization 
(CC) was carried out as follows: 0.3 g of bagasse (dry basis) 
was added with 3 mL of 72% sulfuric acid (Sigma-Aldrich 
320,501-1L) to a 100 mL Schott bottle and allowed to react 
in a water bath at 45 °C for 7 min. After the reaction time, 
84 mL of distilled water was added and then autoclaved for 
30 min at 121 °C. Then, a filtration step, using a crucible 
(16 µm), separated the liquid and the solid fractions. The 
liquid fraction was used to determine the soluble lignin and 
the sugars and acetic acid in HPLC, using a Bio-Rad Aminex 
HPX-87H (300 × 7.8 mm) column in 45 °C, a refraction 
index detector Waters 2414, H2SO4 50 mM of mobile phase, 
a flow of 0.6 mL/min, and a sample volume of 20 μL. The 
solid fraction was dried for 24 h in an oven at 105 °C to 
determine the insoluble lignin. The soluble lignin was meas-
ured using a spectrophotometer at 215 and 208 nm adopting 
a standard method [23]. The total lignin was reported, mean-
ing the sum of soluble and insoluble lignin.

2.4 � Enzymatic hydrolysis

In the present study, two enzymes were used: cellulase 
cocktail (Cellic Ctec2–Novozymes, with 1455 IU/mL of 
endoglucanase) and xylanase. The xylanase was produced 
from Aspergillus versicolor (isolated from Brazilian soil) 
at our lab [24]. A. versicolor was grown on oat wheat and 
the xylanase was purified using chromatography on DEAE-
Sephadex A-50 column (20 × 1.8 cm) equilibrated with the 
dialysis buffer and Sephadex G-75 column (70 × 1.8 cm) 
equilibrated with the same buffer [25]. The purified endoxy-
lanase showed activity of 414.4 IU/mL.

For all experiments, the enzymatic hydrolysis was per-
formed with 1 g of material, in 5 mL of sodium acetate 
buffer solution in pH 5.2. The buffer solution was prepared 
with sodium acetate (Dinâmica–Química Contemporânea 
Ltda, COD: 1015) and acetic acid (Dinâmica–Química 
Contemporânea Ltda, COD: P.10.0021.000.00.81). It was 
performed for 24 h at 50 °C (for cellulase) or 55 °C (for xyla-
nase) in a shaker at 150 rpm. After hydrolysis, the samples 
were boiled for 7 min, filtered in 0.44 µm and 0.22 µm filters, 
and then went through HPLC to determine the sugars. The 
enzymatic hydrolysis was made in three different steps, dif-
fering in the milling method, enzyme, and enzymatic charge. 
The first experiment was enzymatic hydrolysis with cellulase 
using material milled in a knife mill (20-mesh) and three dif-
ferent charges: 20 IU/g, 50 IU/g, and 100 IU/g. The second 
one used cellulase cocktail after milling the material in a ball 
mill, using an intermediary enzyme charge (50 IU/g). In this 
experiment, the samples cultivated for 1 and 5 months were 
hydrolyzed. The ball milling was performed in a 150 mL 

reactor using a 110 g metallic ball with 617 blows per min-
ute, in a ball mill model MA 350 (MARCONI Equipamentos 
para Laboratórios Ltda). In the third experiment, the samples 
were milled using a knife mill, and the hydrolysis was per-
formed using xylanase with an intermediary enzyme charge 
(50 IU/g).

2.5 � Analysis of ATR‑FTIR

Knife-milled untreated and biologically pretreated bagasse 
before and after enzymatic hydrolysis with cellulase with 
50 IU/g were analyzed by infrared (FTIR) attenuated total 
reflectance (ATR), using an FTIR-IRAffinity-1S Shimadzu 
spectrophotometer. The samples analyzed by FTIR-ATR 
were only from the first and last months of cultivation as 
the objective of this experiment was to study the difference 
caused by the biological pretreatment and enzymatic hydrol-
ysis in the lignocellulosic structure.

2.6 � Biomass images from electron microscope

The 20-mesh milled untreated and biologically pretreated 
samples of three consecutive months were measured using 
scanning electron microscopy (SEM, EVO-LS-15, Carl 
Zeiss), operated at 15 kV with a spot size of 3.0–4.0 mm 
and a working distance (WD) of 9.5 mm.

2.7 � X‑ray analysis

The analyzed samples were from the first and last months of 
cultivation for each microorganism and also with untreated 
material. All samples were compared after grinding in the 
ball mill and knife mill with a particle size of 20 mesh. A 
Shimadzu XRD-6000 model diffractometer equipped with 
a Cu anode (λ = 1.54059 Å) was used. Measurements were 
taken at 40 kV and 30 mA voltages in θ–2θ configuration 
from 2θ = 13 to 25°, with a step size of 0.02° and a scan 
speed of 2°/min. The proportion of crystalline regions in 
bioplastics was determined from the crystallinity index 
(CrI), from Eq. 1:

Equation 1: Crystallinity index formula
where I20 is the intensity from plane diffraction at 

2θ = 20°, and Iam represents the background scattering 
intensity [26].

2.8 � Statistical analysis

The statistical analysis was made in DX3Trial-expert soft-
ware (DesignExpert, Stat-Ease company, version DX 6.0.6). 
ANOVA was used to compare statistical differences between 

CrI =

[

I20 − Iam

I20

]

∗ 100
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untreated material with the biologically pretreated material. 
Different letters mean statistical differences between the 
samples.

3 � Results and discussion

3.1 � Chemical characterization

The sugarcane bagasse was submitted to a chemical char-
acterization to determine the percentage of cellulose, hemi-
cellulose, and lignin (Table 1). Corroborating previous lit-
erature [16], the changes in the lignocellulosic components 
can be observed. It is important to note that, in the chemical 
composition table, the ANOVA test was made comparing 
only the untreated samples to the samples corresponding 
to each microorganism, not comparing the microorganisms 
themselves (Supplementary Table 1).

A consequence of biological pretreatment is the con-
sumption of cell wall components. The implication of 
consuming the cellulose and hemicellulose was the lignin 
content increase after the biological pretreatment. In this 
case, the lignin content of the samples pretreated with G. 
trabeum and C. puteana reached 60.49% after 1 month 
of cultivation with G. trabeum, while the untreated sam-
ples reached 21.55% of lignin content. In this case, both 
fungi statistically changed the lignin content of the bio-
mass compared to untreated samples. However, the lignin 
content of untreated samples was statistically similar for 
P. ostreatus, except for the fourth month, reaching 34.60% 

of lignin content. The increase in lignin is related to the 
lignocellulosic structure modifications as fungi tend to first 
consume more readily available sugars instead of lignin 
[27].

For cellulose content, almost all samples were statisti-
cally similar to the untreated sample, except for the one that 
was biologically pretreated with C. puteana after 5 months. 
The higher cellulose content was observed after 2 months of 
biological pretreatment with G. trabeum, reaching 45.40%, 
while the lower was in the last month of cultivation with 
C. puteana 30.69%. For total hemicelluloses, a decrease 
for G. trabeum and C. puteana was observed, from 27.66% 
for untreated samples to 16.7% after 1 month of cultiva-
tion with G. trabeum, and 15.17% for C. puteana after 
4 months of biological pretreatment. However, the hemicel-
luloses percentage increased after 5 months of cultivation 
with P. ostreatus, reaching 38.86%. Generally, the hemicel-
lulose content changed statistically in almost all samples, 
except those from 1-month culture with C. puteana and P. 
ostreatus. The same pattern for cellulose and hemicellulose 
content after biological pretreatment with these fungi was 
reported in the literature [16].

The preference for sugars or lignin is related to the 
microorganism enzymatic arsenal. White-rot fungi prefer to 
degrade lignin, while brown-rot fungi degrade other poly-
saccharides. However, regardless of which macromolecule 
was consumed, a consequence of degradation is the change 
in the lignocellulosic structure and its recalcitrance [28]. 
Once the recalcitrance decreases, the enzymatic hydrolysis 
may be more efficient in COS and XOS production, which 

Table 1   Chemical composition of untreated and biologically pretreated sugarcane bagasse material

Significant statistical differences (p-value less than 0.05) were symbolized by different letters in the same column for each microorganism

Microorganism Growth time 
(months)

Cellulose (%) Hemicellulose (%) Total lignin (%)

Untreated 0 40.53 ± 5.41a,b 27.66 ± 3.15a 21.55 ± 0.20a

Gloeophyllum trabeum (CBMAI 0872) 1 37.60 ± 1.63a 16.7 ± 1.74b 60.49 ± 1.70b

2 45.40 ± 0.96b 20.08 ± 2.09b 53.06 ± 4.62b

3 37.14 ± 1.07a 17.57 ± 4.72b 33.57 ± 1.65a,d

4 42.42 ± 2.94a,b 16.06 ± 1.75b 57.70 ± 1.41b

5 43.30 ± 1.16a,b 15.66 ± 0.25b 34.95 ± 3.91d

Coniophora puteana (CBMAI 0870) 1 41.55 ± 0a 22.12 ± 5.44a,c 25.24 ± 0.38a,c

2 43.27 ± 0.06a 16.22 ± 0.08b,c 41.58 ± 0.77b

3 41.21 ± 1.53a 17.98 ± 0.46b,c 38.09 ± 7.91b,c

4 32.81 ± 1.72c 15.17 ± 0.11b 42.75 ± 2.74b

5 30.69 ± 0.00c 15.24 ± 0.19b 36.63 ± 1.86b,c

Pleurotus ostreatus (CCIBt 2338) 1 35.84 ± 0.54a 32.33 ± 3.58a,c 26,43 ± 0a,b

2 40.12 ± 0.06a 35.79 ± 3.85b,c 29.72 ± 4.86a,b

3 39.51 ± 0.36a 38.35 ± 1.74b,c 26.07 ± 2.19a,b

4 41.29 ± 0.92a 38.34 ± 0.63b,c 34.60 ± 3.17b

5 40.28 ± 1.00a 38.86 ± 0.80b 26.47 ± 0.52a,b
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is the main objective of this work, leading this characteristic 
to have a major impact on the final results.

3.2 � Enzymatic hydrolysis

The enzymatic hydrolysis occurred both in untreated and 
biologically pretreated sugarcane bagasse samples using 
three different enzymatic charges, including ball and knife 
mills. The purpose of differing the enzymatic charges was 
to compare the effectiveness of enzyme charge over the 
20-mesh milled bagasse, after the biological pretreatment. 
Besides that, a comparison using the material after ball 
milling was made. The statistical analysis compared the 
untreated samples with each microorganism, and then, the 
enzymatic charges for each line of the table.

Table 2 presents the bagasse milled at 20-mesh, hydro-
lyzed by cellulase at 20, 50, and 100 IU/g. The table that 
represents the quantity of glucose, cellobiose, cellotriose, 
cellotetraose, cellopentaose, cellohexaose, and larger than 
cellohexaose, individually, can be found in Supplementary 
Table 2, in the Supplementary material. For most sam-
ples, the COS yield was better using 100 IU/g of cellulase. 
However, the most evident value was 26.39% of COS yield 
in the fifth month of biological pretreatment with Coni-
ophora puteana using 50 IU/g of enzyme charge. Compar-
ing the data from the COS yield, it was observed by using 
the ANOVA test that most of the results between 50 and 
100 IU/g were not significantly different.

The material treated with G. trabeum and enzymatic 
hydrolysis produced more COS than the untreated one; how-
ever, most samples were statistically similar, except those 
cultivated for 5 months (20 IU/g), reaching 14.47% of COS; 
1, 3, and 5 months (50 IU/g), reaching 12.37%, 12.76%, 
and 11.38% of COS, respectively; and 1 month (100 IU/g), 
reaching 16.91% of COS. C. puteana followed the same pat-
tern as G. trabeum. In this case, the samples that are different 
were cultivated for 5 months (20 IU/g and 100 IU/g) and 4 
and 5 months (50 IU/g). A different pattern was shown by 
P. ostreatus when enzymatic hydrolyzed with cellulose 50 
and 100 IU/g were used: most of the results presented less 
COS yield compared to the untreated biomass, reaching only 
3.52% of COS yield using 50 IU/g of cellulase in the mate-
rial cultivated for two months.

Considering the comparison of COS yield among the 
fungi, it is important to highlight that some samples showed 
significant differences throughout all the months, such as the 
fifth month for G. trabeum and the third month for P. ostrea-
tus when using 20 IU/g; and the fifth month for C. puteana 
using 50 and 100 IU/g of cellulase. All ANOVA tests for 
enzymatic hydrolysis are shown in the Supplementary mate-
rial (Tables 3, 4 and 5).

Table 3 shows the COS yield (%) of cellulase applied to 
biologically pretreated sugarcane bagasse after ball milling, 
including the quantities of glucose, celobiose, cellotriose, 
celotetraose, cellopentaose, cellohexaose, and sugars larger 
than cellohexaose, individually, in the same conditions. In 
this experiment, only 2 months of cultivation were selected. 

Table 2   COS yield (%) 
after enzymatic hydrolysis 
of biologically pretreated 
sugarcane bagasse using three 
different enzymatic charges of 
cellulase

Significant statistical differences (p-value lesser than 0.05) were symbolized by different letters in the same 
column and line for each microorganism

Samples (20-mesh milled) Cultiva-
tion time 
(months)

Enzymatic charge

20 IU/g 50 IU/g 100 IU/g

Untreated - 2.42 ± 2.57aA 5.65 ± 1.56aA 9.39 ± 4.15aA

Gloeophyllum trabeum (CBMAI 0872) 1 4.61 ± 0.64aA 12.37 ± 0.04bA,B 16.91 ± 5.33bB

2 4.10 ± 2.51aA 7.04 ± 2.12aA 10.11 ± 0.83a,bA

3 6.52 ± 2.50aA 12.76 ± 2.10bB 14.97 ± 0.08a,bB

4 5.96 ± 1.55aA 8.08 ± 2.11a,cA 9.17 ± 0.66aA

5 14.47 ± 1.63bA 11.38 ± 0.62b,cA 11.51 ± 3.98a,bA

Coniophora puteana (CBMAI 0870) 1 2.30 ± 0aA 4.87 ± 0.96aA 6.58 ± 2.69aA

2 4.70 ± 0aA 9.77 ± 0.88a,cA 10.86 ± 3.58aA

3 5.79 ± 1.58aA 9.01 ± 2.98a,cA,B 13.22 ± 0aB

4 10.07 ± 2.08aA 12.46 ± 0.81b,cA 11.78 ± 1.96aA

5 21.79 ± 7.09bA 26.39 ± 3.29dA 25.22 ± 7.29bA

Pleurotus ostreatus (CCIBt 2338) 1 5.24 ± 0a,bA 5.93 ± 0.13aA 6.21 ± 1.30a,bA

2 5.61 ± 0a,bA 3.52 ± 1.39aA 5.60 ± 0.75a,bA

3 7.80 ± 1.14bA 4.69 ± 1.14aB 4.77 ± 0bA,B

4 4.09 ± 1.29aA 6.40 ± 1.72aA 6.32 ± 0.62a,bA

5 5.24 ± 0.71a,bA 4.68 ± 1.03aA 4.53 ± 1.10bA
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The untreated sample showed the lowest COS yield (8.87%). 
For the biologically pretreated material with G. trabeum, the 
best result was 22.58%, cultivated for 1 month. For Coni-
ophora puteana and Pleurotus ostreatus, the best result was 
in the fifth (36.65%) and fourth month (16.11%) of cultiva-
tion, respectively. The value of 36.65% of COS yield for C. 
puteana was the best result for this experiment: more than 
twice the COS conversion compared to the sample corre-
sponding to the first month. The ANOVA analysis showed 
the statistical comparison between the untreated sample and 
each microorganism. The statistical similarity appeared only 
for the samples represented by month 5 for G. trabeum and 
month 1 for P. ostreatus. All samples compared to each other 
showed significant differences (Supplementary material).

The result of COS yield (Table 3), where all samples were 
milled with ball milling, was greater than any other sample 
milled to the 20-mesh, including those that used 100 IU/g 
of cellulase in the enzymatic hydrolysis. Ball milling was 
already used as an enhancer for enzymatic hydrolysis of cel-
lulosic materials. Mais et al. (2002) [29] used ball milling to 
increase the cellulose hydrolysis in Pseudotsuga menziesii 
(Pinophyta, Plantae) both at room temperature (25 °C) and 
at 45 °C. In this case, pre- and post-treatments in the lignin 
removal were reported. Wu et al. (2021) [30] used ball mill-
ing to enhance enzymatic hydrolysis in Populus tremuloides 
(Magnoliophyta, Plantae) and reported 66.5% of glucose at 
a low enzyme dose (10 FPU/g). The difference in this work 
came from the milling step: the samples were intermittently 
milled to optimize the enzymatic hydrolysis, while in the 
present work, the milling and hydrolyzation were carried out 
in different steps. In addition, the ball milling pretreatment 
modified the microcrystalline cellulose properties, managing 
to increase the capacity enzymatic hydrolysis [21]. Although 
those experiments did not aim to produce COS, the effect 

of ball milling used together with enzymatic hydrolysis 
was clear: the ball milling method enhanced the capacity of 
enzymatic hydrolysis. In fact, the combination of ball mill-
ing with other methods to enhance enzymatic processes or 
production of some biomass-based products are common in 
the literature [31–35]. However, there is a lack of literature 
on experiments using ball milling and biological pretreat-
ment to enhance enzymatic hydrolysis for COS production. 
The results of the present study show the great potential of 
this technique, and ball milling after biological pretreatment 
can be used together for other purposes.

XOS production was evaluated using xylanase (50 IU/g) 
applied to 20-mesh untreated and biologically pretreated 
material (Table 4). The untreated sample reached 2.95% of 
XOS yield. For G. trabeum and C. puteana, almost all sam-
ples converted more than 40% of XOS, reaching 78.56% 
in the sample pretreated with G. trabeum after one month 
of cultivation. For the samples pretreated with C. puteana, 
the best result was achieved after 5 months of cultivation, 
reaching 66.26% of XOS yield. The samples that were bio-
logically pretreated with P. ostreatus had the lowest XOS 
conversion of XOS in the first month of cultivation, 9.17%. 
For xylanase production, the statistical comparison revealed 
significant differences between all samples compared to the 
untreated one.

The XOS production occurred through the breakdown 
of the glycosidic linkage in the xylan chain. For XOS pro-
duction, there are a few studies in the literature using a 
milling technique and a biological pretreatment together 
[36]. These are usually performed using chemical, physi-
cal–chemical pretreatments, or enzymatic hydrolysis, aim-
ing at the food, medical and pharmaceutical industries 
[37]. Experiments producing XOS reached 67.43% of XOS 
conversion using Aspergillus versicolor endoxylanase with 

Table 3   COS yield (%) after 
enzymatic hydrolysis of ball-
milled biologically pretreated 
sugarcane bagasse using 
cellulase

Significant statistical differences (p-value lesser than 0.05) were symbolized by different letters in the same 
column for each microorganism
C1 glucose, C2 celobiose, C3 celotriose, C4 celotetraose, C5 celopentaose, C6 celohexaose, > C6 chains 
larger than celohexaose, COS gluco-oligosaccharides = C2 + C3 + C4 + C5 + C6 +  > C6

Samples (milled 
with ball-mill)

Cultivation time Enzymatic charge of 50 IU/g

Fungi Month Glucose C2 C3 C4 C5 C6  > C6 COS

Untreated 33.24 7.21 0 0.1 0 1.58 0 8.87 ± 0.28a

G. trabeum 1 46.26 15.28 1.29 0.1 1.48 4.44 0 22.58 ± 1.64b

5 30.28 5.24 0 0.44 0.39 3.50 0 9.56 ± 0.36a

C. puteana 2 32.55 10.12 0.98 0.09 1.11 3.35 0.01 15.64 ± 1.34b

5 64.13 22.83 1.97 0.13 1.6 10.12 0.01 36.65 ± 2.52c

P. ostreatus 1 38.83 6.66 0 0.11 0 2.10 0 8.86 ± 0.87a

4 48.58 11.39 0.69 0.25 0.72 3.08 0 16.11 ± 1.11b



Biomass Conversion and Biorefinery	

a 65 IU/g of enzymatic load for 24 h at 55 °C in sugar-
cane bagasse and leaves [3], while this experiment reached 
improved results (78.12% after 1 month of cultivation with 
Gloeophyllum trabeum) using less enzyme. However, in 
this case, the enzyme was used directly in the xylan, which 
can optimize the results. It was observed that the quantity 
of xylose varied according to the microorganism and time 
of cultivation. It is known that the reaction time, tempera-
ture, quantity and type of enzyme and even the rotation/
shaking (rpm) during enzymatic hydrolysis can change the 
xylose and XOS yield [38].

3.3 � FTIR‑ATR analysis

FTIR-ATR was applied to untreated and biologically pre-
treated material in different cultivation times and before 
and after enzymatic hydrolysis using cellulase with 50 IU/g 
of enzymatic charge (Fig. 1). All samples were milled in a 
20-mesh. Table 5 presents wavebands corresponding to the 
functional groups in sugarcane bagasse.

Both samples of C. puteana and P. ostreatus showed 
bands at 1750–1500 cm−1 region, after enzymatic hydrol-
ysis. It is known that this region corresponds to the 

Table 4   XOS production 
after enzymatic hydrolysis 
of untreated and biologically 
pretreated sugarcane bagasse

Significant statistical differences (p-value lesser than 0.05) were symbolized by different letters in the same 
column for each microorganism
X1 xylose, X2 xylobiose, X3 xylotriose, X4 xylotetraose, X5 xylopentaose, X6 xylohexaose, > X6 chains 
larger than xylohexaose, XOS Xylo-oligosaccharides = X2 + X3 + X4 + X5 + X6 +  > X6

Samples (20-mesh) Cultivation time Enzymatic charge 50 IU/g

XOS (%)

Fungi Month X2 X3 X4 X5 X6  > X6 XOS

Untreated 0 0 0.06 0 0 2.90 2.95 ± 0.10a

G. trabeum 1 21.41 9.68 0.12 0 0 47.35 78.56 ± 0.03b

2 16.39 6.55 0.08 0 0 31.74 54.75 ± 0.43c

3 0 3.63 0.08 0.07 0 38.22 41.99 ± 5.92d

4 0 3.56 0.11 0 0 3845 42.12 ± 6.18d

5 0 10.96 0.11 0 0 39.02 50.08 ± 5.61c,d

C. puteana 1 0 0 0.08 0 4.86 10.37 15.31 ± 0.01b

2 0 9.39 1.19 1.34 0 39.13 51.05 ± 1.02c

3 0 6.80 1.72 0 0 36.63 45.15 ± 1.20d

4 0 6.71 0.50 0 0 41.58 48.78 ± 1.82d

5 0 4.43 0.11 0 0 61.73 66.26 ± 10.41c

P. ostreatus 1 0 0 0.05 0 0 9.13 9.17 ± 0.001b

2 0 0 0.04 0 0 7.40 7.44 ± 0.03c

3 0 0 0.04 0 0.92 7.77 8.72 ± 0.44b

4 0 0 0.04 0 0 9.05 9.09 ± 0.46b

5 0 0 0.04 0 0.76 6.94 7.73 ± 0.44c

Table 5   FTIR-ATR absorbance wavenumber in lignocellulosic biomass

Wavenumber (cm-1) Functional group Polymer Reference

1735 C = O stretching Hemicellulose [39]
Carbonyl-ester bond stretching of the p-coumaric acid unit Lignin [40]

1600 Aromatic ring vibration Lignin [41]
1510  C=C in aromatic ring Lignin [41]
1245 C–O of the acetyl group Hemicellulose [42, 43]
1161 C–O–C vibration pyranose ring Cellulose, hemicellulose [44, 45]
1050 C–O–C vibrations in the anomeric region of the xylans Hemicellulose [46, 47]
897 C–O–C stretch of β-glycosidic bonds Cellulose, hemicellulose [48–50]
833 C–H out-of-plane in p-hydroxyphenyl units Lignin [51]
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non-conjugating C = O stretching functional group from 
hemicellulose and C = C stretching from the aromatic ring 
vibration from lignin, respectively [52]. The bands around 
1510  cm−1 are evident in all samples after enzymatic 
hydrolysis, showing a modification in the lignin structure 
after the enzymatic hydrolysis with cellulase, once lignin 
and the sugars are strictly connected in the plant cell wall. 
The band 835 cm−1 also is atributed to lignin (C-H out 
of plane in p-hydroxyphenyl units) and it is evident in all 
samples after enzymatic hydrolysis [51, 53].

All enzymatically hydrolyzed samples also showed a 
band at the 1025 cm−1 wavelength. This band is between 
a region (897 and 1159 cm−1) that indicates the presence 
of hemicellulose and cellulose in the material, specifically 
the C–O–C β-glycosidic linkages between the sugar units 
in cellulose and hemicellulose [48, 54]. This showed a 
change in the polysaccharide structure, specifically a gly-
cosidic linkage formation [55]. For the C. puteana and 
G. trabeum samples, in the first month after enzymatic 
hydrolysis, the clearest peaks in this region were observed, 
probably due to the effects from the enzyme in the sugars. 
However, these bands are less evident in the fifth month 
possibly due to less quantity of sugars at this time of cul-
tivation. This argument can be supported by the quantity 
of hemicellulose remaining after biological pretreatment 
for these two fungi (Table 1). This region also covers the 
897 cm−1 band, which is attributed to vibrations belonging 
to polysaccharides, which is also evident in all samples 
after enzymatic hydrolysis.

All samples not enzymatically hydrolyzed showed the 
same patterns as the untreated sample, except the 1025 cm−1 
band in the P. ostreatus. In this case, the structure of poly-
saccharides may experience modifications by the microor-
ganism itself. The similarity of the material before enzy-
matic hydrolysis with untreated material demonstrates that 
the main modification in the lignocellulosic structure was 
made only after the enzymatic hydrolysis.

3.4 � Scanning electron microscope images

Scanning electron microscopy was applied to compare the 
degree of physical modification between untreated and biolog-
ically pretreated sugarcane bagasse (Fig. 2). Then, 3 months 
were analyzed in sequence compared to the untreated biomass 
to show the continuous modification caused by the fungus 
action. The arrows show gaps formed by the fungi growing, in 
addition to the continuous degradation during the experiment.

The untreated sugarcane bagasse showed no gaps and a 
preserved structure. It was observed that the biomass degra-
dation by the fungi started in the cell wall, where it experi-
enced structural modification, changing its recalcitrance and 
chemical composition [55]. In the cell wall, the components 
(lignin, cellulose, and hemicellulose) are degraded by specific 
enzymes produced by the fungus, which can be more or less 
specific for each macromolecule. Each microorganism has 
its own enzymatic arsenal, with particular ways of degrading 
biomass. Some white rot fungi do not completely degrade the 
lignin complex to reach the polysaccharides, as only a partial 

Fig. 1   A FTIR-ATR spectra of untreated and biologically pretreated 
with C. puteana (CBMAI 0870) bagasse samples. B FTIR-ATR spec-
tra of untreated and biologically pretreated with G. trabeum (CBMAI 

0872) bagasse samples. C FTIR-ATR spectra of untreated and bio-
logically pretreated with P. ostreatus (CCIBt 2338) bagasse samples
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structural modification in the cell wall may allow access of 
larger molecular size enzymes to the polysaccharides [56].

The biomass degradation by G. trabeum, C. puteana, and 
P. ostreatus can be seen in Fig. 2, mainly when compar-
ing the beginning and the end of the fungal growth. These 
images clearly show the way microorganisms modify the 
lignocellulosic structure to access the cellulose and hemi-
cellulose during the degradation process. The arrows show 
evidence of the structural modification in the cell wall, while 
the untreated biomass remains intact.

3.5 � X‑ray analysis

X-ray diffraction was applied to observe the crystallinity in 
the lignocellulosic structure, comparing the knife and ball 
milling (Fig. 3). The X-ray analysis diffraction reveals the 
peak, meaning the samples have a crystallinity index [26].

Two peaks were observed in all samples using knife mill-
ing: the first one around 2θ = 16° and the second one around 

2θ = 22°. Seiwert et al. (2021) [57] reported that the dif-
fraction pattern in 18.2° is related to the organized xylan, 
which may be the case at the peak at 2θ = 16°. The diffrac-
tion pattern at 21–22° is related to the cellulose organized 
structure at ~ 22.8° [58]. Comparing the curve related to 
the ball-milled samples, it was not possible to determine 
the crystallinity, including the untreated ones. In this case, 
the peak was no longer in 2θ = 22°. This characteristic of 
the curve means low crystallinity of the cellulose chain, 
meaning that the ball milling method was, in fact, efficient 
in deconstructing the lignocellulosic structure. This pattern 
was shown by all samples.

When comparing the results between the crystallinity 
index and COS production (Table 3), both after ball mill-
ing, it can be assumed that this pretreatment is related to 
the recalcitrance reduction of the biomass. The effect of 
ball milling was already analyzed in other biomasses for 
different reasons [59, 60]; however, all the conclusions led 
to the crystallinity decrease after ball milling.

Fig. 2   Scanning electron microscope image from the untreated and 
biologically pretreated sugarcane bagasse. The yellow arrows show 
the gaps formed by the fungi growth (G. trabeum 2nd month, G. tra-
beum 3rd month, C. puteana 1st month, C. puteana 2nd month, P. 
ostreatus 2nd month, P. ostreatus 3rd month and P. ostreatus 4th 

month) and the structural modifications in the lignocellulosic bio-
mass (G. trabeum 1st month, C. puteana 2nd month, C. puteana 3rd 
month, P. ostreatus 2nd month, P. ostreatus 3rd month, and P. ostrea-
tus 4th month)



	 Biomass Conversion and Biorefinery

Fig. 3   X-ray diffraction from sugarcane bagasse after biological pretreatment and ball mill
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4 � Conclusions

This work was based on the hypothesis that biological pre-
treatment combined with physical methods could modify 
the lignocellulosic structure. These modifications may 
reduce the biomass recalcitrance, facilitating the enzymatic 
hydrolysis step. The biological pretreatment effect was per-
ceptible by the scanning electron images, and the chemical 
characterization analysis verified that the polysaccharides 
were partially consumed. However, the COS and XOS yield 
was better than the untreated biomass, resulting in 26.39% 
of COS for C. puteana after 5 months of cultivation. This 
occurred due to the effects of fungi growth in the sugarcane 
bagasse, reducing its recalcitrance. The cellulose crystal-
linity was reduced after ball milling, as indicated by x-ray 
analysis. The quantity of COS yield after this pretreatment 
was higher than any samples that were only milled with a 
knife mill, reaching 36.65% of COS yield. In fact, after ball 
milling, only the intermediary enzyme charge (50 IU/g) was 
sufficient to achieve all values for the COS yield concern-
ing the samples that were knife milled, proving that the ball 
mill method also reduces the biomass recalcitrance. The 
higher values for XOS yield were achieved for the samples 
biologically pretreated with G. trabeum and C. puteana, 
reaching 78.56% of XOS for the first one after one month of 
cultivation. It is important to note that these samples were 
only milled with the knife mill and the enzyme charge was 
50 IU/g. These results can be optimized by increasing the 
quantity of enzymes or by milling the material in the ball 
mill. The most evident limitation of the biological pretreat-
ment is the time of cultivation. However, the present study 
showed potential for combined pretreatments, mainly the 
biological pretreatments and ball mill method. Future experi-
ments can be conducted using chemical pretreatments or dif-
ferent kinds of milling techniques together with biological 
pretreatments.
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