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Abstract 

Use of enzyme for extraction of nanocellulose from sugarcane bagasse is greener alternative. Literature indicates that 
effectiveness of these enzymes can be improved by auxiliary enzymes or mediators. In the current study, extraction of 
nanocellulose using laccase with these moderators, auxiliary enzyme glucose oxidase and mediator molecule, ABTS 
[2,2′-azinobis(3-ethylbenzthiazoline-6-sulfonate)] individually was done. Cellulose and lignin content, FT-IR, TGA and 
DSC analysis, XRD, SEM and PSA were done. Enzyme moderators improved the performance of laccase in lignin deg-
radation. Lignin and cellulose content, crystallinity were used as parameters to optimize the concentrations, which 
was found to be ABTS (at 1.4 mM) and glucose oxidase (at 0.15 mg ml−1). At the optimal concentration, nanocellulose 
was extracted. Properties of nanocellulose obtained from both routes were compared. Size analysis revealed 339 nm 
and 636 nm for nanocellulose obtained with glucose oxidase and ABTS, respectively. Defibrillation was better in the 
case of the former one as seen from SEM.
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Introduction
Lignocellulosic agricultural residues such as sugarcane 
bagasse are produced in large quantities every year (more 
than 1287 million tons) (Melati et  al. 2017). Currently, 
the residue is mainly used as a fuel source to power sugar 
mills (Mandal and Chakrabarty 2011). A better alterna-
tive to using the biomass residues is for the production 
of nanocellulose, as cellulose constitutes 40–50% of its 
weight (Rocha et al. 2015; Yu et al. 2021). Nanocellulose 
has a wide range of applications in diverse industries 
such as biomedical and all engineering fields, owing to 
its physical and mechanical properties with rich surface 
chemistry and biocompatibility (Gupta and Shukla 2020; 
Khalid et al. 2021a). Nanocellulose has shown great inter-
est due to exceptional qualities such as lower cost, light-
weight, active surface functionalization, biodegradability, 
and eco-friendly nature (Khalid et al. 2021b). The applica-
tion of nanocellulose in varied areas such as manufactur-
ing, cosmetics, food, biomedical, and electronics sectors, 
has regarded it as a novel material with high value addi-
tion (Mandal and Chakrabarty 2011; Gupta and Shukla 
2020; Yu et  al. 2021). Use of sugarcane bagasse to pro-
duce nanocellulose will therefore serve as an apt example 
for a waste-to-wealth economy.

Lignocellulosic biomass primarily consists of cellulose, 
hemicellulose, and lignin. Lignin is a complex aromatic 
heteropolymer that consists of phenylpropanoid aryl-C3 
units, linked together with ether and C–C bonds (Chan-
dra et  al. 2015). For nanocellulose production from any 

lignocellulosic biomass material, an important step is 
the removal of lignin, since most of the short and loose-
chained hemicellulose fraction gets solubilized in the 
pre-treatment steps leaving behind modified lignin in the 
insoluble matrix (Pereira Ramos 2003; Gupta and Shukla 
2020). This leads to decreased accessibility to cellulose 
fraction, subsequently hindering furthering processing of 
biomass fibres for nanocellulose production. Reports also 
suggest that lignin binds with the hydrolytic enzymes 
non-specifically and thus obstruct cellulose hydrolysis 
(Rahikainen et  al. 2011). For extracting nanocellulose 
from lignocellulosic residues, conventional treatment 
methods include chemical, thermo-chemical or physico-
chemical methods. While chemical methods involve the 
use of strong chemicals, physical methods are not eas-
ily scalable (Mandal and Chakrabarty 2011; Pereira et al. 
2011; Wulandari et al. 2016; Luzzi et al. 2017).

A better alternative to conventional methods in extract-
ing nanocellulose from biomass is the use of enzymes 
(Tsegaye et al. 2018). Enzymes have been used for lignin 
removal in not just lignocellulosic biomass residues, 
but also the surface treatment of fibres used in polymer 
composites (Agrawala et al. 2019). Enzymatic hydrolysis 
is gaining much more research interest over other pre-
treatment routes because of various advantages it offers, 
namely, higher specificity, a requirement of no chemicals, 
lower energy inputs, and an eco-friendly process (Sique-
ira et al. 2010). However, it is important to promote the 
activities of these enzymes by employing co-factors, 
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mediators, etc., which in turn reduces the processing 
times. In the enzymatic treatment of biomass for lignin 
removal, laccases are considered to be most resourceful 
with broad specificity (Christopher et  al. 2014; Flórez-
Pardo et  al. 2015). However, laccases can only oxidize 
phenolic lignin structures that have a lower redox poten-
tial (< 0.4–0.8 V) and substrates which are large and bulky 
pose permeability issues (Tadesse et al. 2008).

A promising alternative to increase the laccase activity 
and broaden its substrate specificity is using the enzyme 
along with mediators, which are essentially low-molec-
ular-weight molecules capable of intervening in the lac-
case-mediated redox reactions (Christopher et  al. 2014; 
Moilanen et al. 2014). Such mediator molecules are capa-
ble of diffusing through smaller pores of the lignin matrix 
and thus reduce the diffusional resistance between the 
enzyme and substrate molecules. In presence of mediator 
molecules such as ABTS [2,2′-azinobis(3-ethylbenzthia-
zoline-6-sulfonate)], laccases were found to oxidize even 
non-phenolic lignin model compounds (Moilanen et  al. 
2014; Rajak and Banerjee 2015).

Apart from studies on laccase mediators, research-
ers have studied the laccase mechanism and concluded 
that laccase secretes quinonoid intermediates as a result 
of its action on phenolic substrates of lignin (Curl et al. 
2001; Witayakran and Ragauskas 2009). These quinon-
oid radicals block the active site of the laccase enzyme 
or repolymerize to form lignin polymer, thus decreasing 
its efficiency of lignin degradation (Rodríguez-Escribano 
et al. 2017). Glucose oxidase (GO) helps to transform the 
quinones into simpler phenolic compounds and also pre-
vents repolymerization of lignin from lignin-degraded 
intermediates (Szklarz and Leonowicz 1986; Leonowicz 
et  al. 2001). Hence, enzymatic pre-treatment methods 
may offer greener alternatives that are more economical 
with lesser processing times and higher yields (Flórez-
Pardo et al. 2015; Michelin et al. 2020).

In the current study, two strategies of increasing the 
laccase activity, namely: (a) by using mediators that 
reduce diffusional resistance and broadens substrate 
specificity; and (b) using oxidase enzymes that work 
concomitantly with laccase, blocking quinonoid inter-
mediates and preventing repolymerization of lignin have 
been investigated. For the study, laccase has been used to 
treat sugarcane bagasse using two kinds of supplements/
moderators: (a) ABTS mediator, and (b) glucose oxidase 
enzyme. In the initial experiments, the concentrations 
of the laccase moderators, namely glucose oxidase and 
ABTS were optimized. For these optimization studies, 
lignin and cellulose content before and after treatment, 
XRD analysis to study structural differences were per-
formed and analysed. Later, at the optimal concentrations 
of moderators, nanocellulose was extracted from mildly 

treated sugarcane bagasse and further characterized to 
compare the efficiency of the two laccase moderators.

Material and methods
Materials
Raw sugarcane bagasse was obtained from a local vendor 
and was thoroughly washed in water multiple times and 
dried at 80–90  °C. It was further chopped into smaller 
pieces with an average size of 2–3 cm. The material was 
stored in a closed container till further use (Ramesh 
et  al. 2021). The chemical reagents, sodium hydroxide, 
hydrogen peroxide, and oxalic acid were all analytical 
grade (AR grade, 95% purity) and obtained from SD Fine 
Chemicals, Mumbai.

For the enzymatic treatment, pure laccase enzyme 
(source: Trametes versicolor, Product No: 51639-1G, 
Activity: 12.9 U mg−1) and pure glucose oxidase enzyme 
(source: Aspergillus Niger, Product No: G7141-10KU, 
Activity: 100–250 U mg −1) were obtained from Sigma-
Aldrich. Laccase mediator, 2,2-azino-bis (3-ethylben-
zothiazoline-6-sulfonate) di-ammonium salt (ABTS) 
(Product No: A1888-1G) was also obtained from 
Sigma-Aldrich.

Methods
Chemical pre‑treatment
Sugarcane bagasse was treated with sodium hydroxide 
2% (w/v) for 6 h at 25 °C and oven-dried for 6 h (De Cam-
pos et  al. 2013). The dried bagasse was then bleached 
with hydrogen peroxide solution 30%(w/v) maintained at 
pH 2.3 for 6  h at 25  °C and oven-dried for 6  h (Azzam 
1989) followed by mild acid hydrolysis with oxalic acid at 
1% (w/v) concentration (Abraham et al. 2013). Finally, the 
bagasse was thoroughly washed with water several times 
to remove residues of chemicals before further treatment.

Enzyme treatment
For optimization  For enzymatic treatment, 10  g of 
raw bagasse was treated with various combinations of 
enzymes: (a) laccase and glucose oxidase, and (b) laccase 
and ABTS for 48 h during which the pH was maintained 
at 5 with 10 mM citrate buffer solution. The concentra-
tion of laccase was optimized in a separate study and was 
found to be 0.015 mg ml−1. Similarly, the concentration of 
glucose oxidase was varied between the range of 0.025–
0.25  mg  ml−1, and the optimum value was recorded at 
0.15  mg  ml−1. The concentration of ABTS was varied 
between the 0.2 and 2 mM range and the optimized value 
was determined at 1.4 mM.

For nanocellulose production  For enzymatic treatment, 
mild acid hydrolysed bagasse was treated with various 
optimal combinations of enzymes: (a) laccase and glucose 
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oxidase (at 0.15 mg ml−1); and (b) laccase and ABTS (at 
1.4 mM) for 48 h during which the pH was maintained at 
5 with 10 mM citrate buffer solution.

Extraction of nanocellulose
Nanocellulose was extracted from pretreated sugarcane 
bagasse as detailed in our previous paper (Ramesh et al. 
2021). Figure 1 summarizes the steps that were followed 
to produce nanocellulose from the raw bagasse. For 
mechanical treatment, the bagasse was soaked for 24 h in 
water and later treated in Super Mass Collider (Masuko 
Sangyo MKCA6-2  J) to yield nanocellulose. The rota-
tional speed was slowly increased from 500 to 700  rpm 
to prevent friction between the grinding stones and dis-
sipate heat. The mechanical treatment is done to reduce 
the size of the fibre to the nano-range. The agglomerated 
suspension was sonicated (EN-50-US) for 3–4 h at 50 Hz 
and kept at 50 °C to stabilize the particle and generate the 
nanocellulose. The suspension was later vacuum dried 
for 5  h to remove moisture content (Kumar et  al. 2014; 
Ramesh et al. 2021).

Lignin estimation
0.25 g of sugarcane bagasse was taken in a conical flask 
and 5  ml of 72% sulphuric acid was added and the 
sample was incubated for 2  h at 20  °C. Subsequently, 

192.5  ml of distilled water is added and autoclaved at 
121  °C for 1 h. The sample was filtered, and the resid-
ual insoluble lignin was thoroughly washed and was 
oven-dried till constant weight. The filtrate, soluble 
lignin was measured in UV spectrometer to obtain the 
absorbance value (Viera et al. 2007; Ramesh et al. 2021):

where Conc = concentration of soluble lignin in the fil-
trate (g/l), Vfinal = total volume of the filtrate (ml).

where A = absorbance value measured from the UV spec-
trometer, ∈  = absorption coefficient (M−1  cm−1) −  105 
for sugarcane bagasse, C = concentration of soluble 
lignin (M), L = path length (cm), insoluble lignin percent-
age + soluble lignin percentage = total lignin percentage.

Cellulose estimation
0.5 g of sugarcane bagasse was taken in a round-bottom 
flask. 15  ml acetic acid and 1.5  ml concentrated nitric 
acid was added to the sample and refluxed in a Soxhlet 
setup. The sample was then washed with ethanol and 
filtered using a cotton cloth followed by oven drying 
and its weight was noted (Material A). Material A was 
incinerated at 525 °C in the muffle furnace till constant 
weight was attained (Material B) (Yarbrough et al. 2017; 
Ramesh et al. 2021):

Fourier‑transform infrared (FT‑IR) spectroscopy
The FT-IR spectra of the solid samples before and after 
every treatment were acquired on FT/IR 4200 spectro-
photometer of JASCO Make. Sample pellets were pre-
pared using 1 mg of sample and 100 mg of oven-dried 
potassium bromide. For each spectrum, 64 scans in the 
range of 400–4000  cm−1 with a resolution of 2  cm−1 
were conducted in the transmittance mode and FT-IR 
spectra for the samples lie between ranges of 500–
4500  cm−1 (Mandal and Chakrabarty 2011; Pamidipati 
and Ahmed 2019).

(1a)Insoluble weight content(%) =
Wlignin

Wfibre
× 100,

(1b)

Soluble weight content (%) =
Conc× Vfinal

Wfibre × 1000
× 100,

C =

A

∈ ×L
,

(2)%Cellulose =
Material A−Material B

Initial weight
× 100.

Alkali treatment 

2 wt% NaOH at 25 ℃,6h

Raw Bagasse 

Bleaching(H2O2) 

pH=2.3 at 25 ℃ for 6h

Acid Hydrolysis (oxalic acid) 

1wt%, 25 ℃, 6h 

Enzymatic Treatment 

Laccase + Glucose Oxidase (GO) 

pH = 5, 25 ℃ 

Laccase + ABTS 

pH = 5, 25 ℃ 

Mechanical Treatment 

Super Mass Collider 

Ultrasonication, 50Hz and Vacuum 

drying 5 h 

Nanocellulose 

Fig. 1  Schematic representation of the nanocellulose synthesis
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X‑ray diffraction (XRD)
XRD was used to find the crystallinity of bagasse after 
every treatment process. The samples were analysed by 
Rigaku Ultima IV X-ray diffractometer, to find the crys-
tallinity index at an angle range of 2θ = 5–60o with a 
monochromatic CuKα radiation source at 30  kV and 
20 mA with a step size of 0.02 and rate of increase at 1°/
min (Ghazy et al. 2016).

Differential scanning calorimeter (DSC)
DSC is used to study the thermal behaviour of the cel-
lulose sample at each treatment process. The sample was 
heated from 30 to 400  °C at a heat rate of 10  °C  min−1 
under a nitrogen atmosphere with a flow rate of 
100  mL  min−1 to avoid thermos-oxidative degradation 
(Mandal and Chakrabarty 2011).

Thermo‑gravimetric analysis (TGA)
TGA is used to study the thermal stability of the cellu-
lose sample. Weighted amount of 2.60  mg of sample 
was heated from 30 to 400  °C with the heating rate of 
10  °C  min−1 under nitrogen atmosphere with the flow 
rate of 100 mL min−1 to avoid thermo-oxidative degrada-
tion. The thermogram was used to determine the onset 
melting temperature of the sample (Mandal and Chakra-
barty 2011).

Scanning electron microscopy (SEM)
SEM was used to study the morphology of fibre. The 
sample images were captured using Hitachi S3700 VP-
SEM. The samples were silver-coated using the sputter-
ing technique (Oliveira et al. 2016) and the images were 
captured for analysis.

Particle size analyzer (PSA)
Particle size was measured using ZEN MELVERN. The 
suspended fibres were placed in a cuvette and placed 
inside the analyzer which gave the average size of the par-
ticles. The particle range lies in between 300 and 500 nm 
under the following conditions: particle refractive index 
1.33, viscosity 0.8872 cP, and temperature of 25 °C. Three 
measuring cycles of 5  min each were recorded and the 
average was taken using the software (DTS, Ver. 3.00 
from Malvern (Mandal and Chakrabarty 2011).

Results and discussion
Optimization of the moderator concentration for optimal 
laccase activity
Klason’s lignin test
Klason’s lignin test was performed to optimize the vari-
ous concentrations of glucose oxidase (GO) and ABTS 
when combined with the laccase (L) enzyme. The concen-
tration of laccase was previously optimized in an earlier 

study as reported above, and the optimum concentra-
tion of laccase used for this entire study is 0.015 mg ml−1. 
Different concentrations of glucose oxidase and ABTS 
were taken and used to treat raw bagasse directly. From 
Fig. 2A, we observe that for varying concentrations of the 
glucose oxidase, the maximum reduction in the lignin 
content (from 25 for raw bagasse to 19.9%) was obtained 
at the GO concentration of 0.25 mg ml−1. From Fig. 2B, 
we see that for the different concentrations of the ABTS 
mediator, the maximum removal of lignin percentage was 
found at 1.4  mM. Beyond this concentration, the lignin 
content was found to increase again. Certain reports 
suggest that ABTS at higher concentrations can have an 
inhibitory effect on the laccase enzyme (Tavares et  al. 
2008), and therefore we may have seen a decreased lignin 
degradation at higher concentrations. Before choosing 
the optimal values of GO and ABTS, cellulose analysis of 
bagasse before and after treatment with the enzyme solu-
tion was also performed.

Cellulose test
Cellulose test was performed to optimize the various 
concentrations of glucose oxidase (GO) and ABTS when 
combined with the laccase (L) enzyme. The optimum 
concentration of laccase used for this entire study is 
0.015  mg  ml−1. Different concentrations of glucose oxi-
dase and ABTS were used in combination with laccase to 
treat the raw bagasse for lignin removal. Figure 3A shows 
the cellulose content in raw bagasse (50.2%) and after 
treatment with laccase and GO, while Fig. 3B illustrates 
the variation in cellulose content for various concentra-
tions of ABTS in presence of laccase. We can observe 
from both the figures that cellulose content increased 
after treatment with the enzyme solutions. While the 
raw bagasse has 50.2% cellulose content, it gradually 
increased as the GO concentration was increased, and 
the highest cellulose value was 58.1% at the concentra-
tion of 0.25  mg  ml−1 GO and laccase (Fig.  3A). When 
raw bagasse was treated with varying concentrations of 
ABTS in presence of laccase (Fig. 3B), the cellulose con-
tent increased with an increase in ABTS concentration 
from 0.2 to 1.4 mM, and then decreasing trend was noted 
like the trend seen in lignin content (Fig. 3B). At 1.4 mM 
ABTS concentration the highest value of cellulose con-
tent, 62.51% was recorded. From the studies done on 
lignin and cellulose content, the optimal value for laccase 
and GO was found to be 0.25 mg ml−1 while for laccase 
and ABTS, 1.4 mM was the optimum concentration.

X‑ray diffraction (XRD)
Apart from the percentage cellulose content, another 
important factor that needs to be considered for nano-
cellulose production is the degree of crystallinity in 
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cellulose which will impact the final nanocellulose 
product. For this reason, XRD analysis was also per-
formed on various combinations of GO and ABTS 
with laccase before finalizing the optimal concentra-
tions. Figure 4A and B shows the XRD graphs for vari-
ous combinations of GO with laccase and ABTS with 
laccase, respectively. From the figures, we can see that 
the highest intensity was noted at 0.15 mg ml−1 for glu-
cose oxidase (Fig.  4A), while for ABTS, the crystallin-
ity was highest at 1.4 mM concentration (Fig. 4B). The 
crystallinity indices for various concentrations were 
also calculated using Eq.  (1), where intensity I200 indi-
cates the crystalline compounds and Iam represents the 
amorphous compounds (Table 1). From Table 1, for the 
combination of laccase and GO, the maximum crys-
tallinity of 71.4% was observed at a concentration of 
0.15 mg  ml−1. However, at previously considered opti-
mal value of 0.25 mg ml−1 GO the crystallinity percent 
was found to be 60%. On the other hand, for ABTS, 
1.4  mM concentration showed the highest crystallin-
ity index at 70% and was consistent with the previous 
optimal values for lignin and cellulose content. There-
fore, after analysing Klason’s lignin content, cellulose 
content, and XRD analysis, we optimized the glucose 
oxidase enzyme concentration to be 0.15  mg  ml−1 
and ABTS concentration as 1.4  mM. These concen-
trations were used with laccase (at 0.015 mg  ml−1) for 
further studies on nanocellulose production and its 
characterization:

Nanocellulose production and characterization
Klason’s lignin test and cellulose test
Nanocellulose was extracted from sugarcane bagasse 
as detailed in the materials and methods section. In 
the enzymatic treatment, the concentration of laccase 
used was 0.015 mg ml−1 and the optimized concentra-
tion of GO and ABTS, i.e., 0.15 mg  ml−1 and 1.4 mM, 
respectively, were used. Klason’s lignin test and Cellu-
lose tests were performed after each treatment process 
and reported in Fig.  5A and B. A significant removal 
in lignin was noted at each treatment step (Fig.  5A), 
and the decrease was from 25% originally present in 
bagasse to ~ 5% after enzyme treatment. The maximum 
lignin removal was observed at the enzyme treatment 
step, with laccase + ABTS at 52% and laccase + GO 
with 58% lignin removal. The lignin content in the final 
nanocellulose product obtained with laccase + GO 
and laccase + ABTS treatments are 3.89 and 3.94%, 

(3)
Crystallinity Index (C.I)−

(

I200 − Iam

/

I200

)

× 100.

respectively. In literature, lignin removal by laccases in 
the presence of ABTS has been reported to be between 
20 and 35% for 5–10 days for untreated biomass (Karp 
et al. 2015). In another study, up to 27% lignin removal 
was found in sugarcane bagasse with the laccase-medi-
ator pre-treatment step (Rencoret et  al. 2017). In our 
case, in the alkali and acid-pretreated sugarcane more 
than 50% of lignin removal was found with both lac-
case + ABTS and laccase + GO treatments.

The cellulose content was found to increase after every 
treatment process as shown in Fig. 5B. The cellulose con-
tent increased from 44.32 to 80.66% when treated with 
laccase + GO enzyme and has increased to 82.22% when 
treated with laccase + ABTS. However, when cellulose 
content was measured in the final nanocellulose product 
obtained after mechanical treatment, the cellulose con-
tent was almost similar for both the enzyme treatments. 
In the case of laccase + ABTS, a slight decrease in the cel-
lulose content of nanocellulose was noted. We speculate 
that some of the crystalline bonds might have ruptured 
due to which the amount of cellulose content reduced 
after subjecting to mechanical treatment.

XRD analysis
XRD analysis was performed for nanocellulose obtained 
after the two enzyme treatments for calculating and 
comparing the crystallinity indices of cellulose. Fig-
ure  6 shows diffractogram obtained from raw bagasse 
and nanocellulose extracted from laccase + GO and lac-
case + ABTS. The two major diffraction peaks at the fol-
lowing 2 θ angles, 15.2° and 22.5° represent the presence 
of cellulose-I structure. A clear increase in the intensities 
is seen for nanocellulose as compared to raw bagasse. 
When the intensities for the two enzyme treatments are 
compared, laccase + ABTS shows a higher intensity com-
pared to laccase + GO. Also, the crystallinity indexes 
were calculated from Eq. (4) using the intensity at the 200 
peak (I200, 2 θ = 22.5°) and the minimum between the 200 
and 110 peaks (Iam 2 θ = 18°) (Mandal and Chakrabarty 
2011). The crystalline index for raw bagasse was found 
to be 43.35% which increased to 59.42% in the case of 
laccase + GO nanocellulose and 61.71% laccase + ABTS 
nanocellulose (Table 2):

Fourier‑transform infrared (FT‑IR) for cellulose crystallinity
FT-IR analysis was also performed on raw bagasse, nano-
cellulose obtained from laccase + GO and laccase + ABTS 
(Fig.  7). The spectral bands seen at 1420  cm−1 and 
893  cm−1, show the presence of cellulose-I content and 

(4)
Crystallinity index (C.I)−

(

I200 − Iam

/

I200

)

× 100.
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describes the nature of crystal structures (Fan et  al. 
2012). Spectral analysis can be applied to the samples 
containing cellulose-I, II, and III or for the mixture of 
all the components (Kumar et  al. 2014). In the spec-
tra, the band between 1420 and 1430  cm−1 is known as 
‘crystalline band’, while the band appearing between 893 
and 898  cm−1 represents ‘amorphous band’ (Karimi and 
Taherzadeh 2016). To compare the degree of crystallinity 
in cellulose in different samples, the crystallinity indices, 
Lateral Order Index (LOI) and Total Crystallinity Index 
(TCI) were calculated by noting the absorbance values 
and taking ratios such as (Pamidipati and Ahmed 2019). 
Spectral ratio, 1420/893  cm−1 indicates LOI which is 
sensitive to the amount of crystalline versus amorphous 
regions in the cellulose, and therefore a lower value indi-
cates more amorphous regions in the cellulose struc-
ture. The ratio 1375/2900  cm−1 represents TCI, which 
compares cellulose I, II, III, and amorphous cellulose 
(Fan et al. 2012). Table 3 shows the values of crystallinity 
indices, and these values were higher in nanocellulose as 
compared to raw bagasse. Also, nanocellulose obtained 
from laccase + GO (17.12) showed a significantly higher 
LOI in comparison to laccase + ABTS (13.75). However, 
when TCI values were compared the values were in the 
reverse trend with laccase ABTS (2.01) showing a higher 
value as compared to laccase + GO (1.19) which agrees 
with the trend seen in XRD analysis. Nanocellulose 
obtained from laccase + ABTS had slightly higher cellu-
lose crystallinity as compared to laccase + GO.

Fourier‑transform infrared (FT‑IR) for lignin degradation
FT-IR studies were also conducted to examine the 
changes in the chemical composition of the lignin in 
bagasse before and after enzyme treatment. Lignin con-
sists of three monomers, namely p-hydroxyphenyl (H), 
guaiacyl (G) and syringyl (S) units (Fan et al. 2012). The 
degree of condensation and hence the ease of degrada-
tion of lignin can be studied by knowing the amounts of 
guaiacyl (G) and syringyl (S) content in lignin substruc-
tures. In this regard, S/G ratio which varies widely among 
various plant fibres is studied. In the paper and pulp 
industry, S/G ratio is widely used to study the degree of 

degradation of the lignin content and an increase in the 
ratio indicates increased ease of degradation of lignin as 
the more condensed guaiacyl linkages are broken down 
(Fan et al. 2012). In FT-IR spectrums, the S ring and the G 
ring stretching takes place at 1335 cm−1 and 1275 cm−1, 
respectively, and the ratio, S/G can be calculated from 
noting the absorbance values at these wavelengths (Fig. 7) 
(Pamidipati and Ahmed 2017). From Table 2 (S/G ratio), 
the ratio was found to increase after the enzymatic treat-
ment process and laccase + GO reported a higher value 
as compared to laccase + ABTS. An increase in S/G ratio 
indicates a reduction in the guaiacyl content and there-
fore we speculate that laccase in combination with GO 
can degrade the more condensed guaiacyl linkages as 
compared to laccase with ABTS. An increase in S/G val-
ues with a reduction in lignin has also been reported in 
literature (Chanoca et al. 2019; Machado et al. 2020).

Scanning electron microscopy (SEM)
The scanning electron micrographs of nanocellulose 
obtained after: (a) laccase + GO, and (b) laccase + ABTS 
treatments are shown in Fig.  8A and B. Although the 
separation of fibres can be confirmed for both GO and 
ABTS, the separation can be considered to be distinctly 
good when GO has been used (Fig.  8A). The pres-
ence of certain agglomerated masses was noted in lac-
case + ABTS (Fig.  8B) nanocellulose. The clean, smooth 
surfaces seen in the case of laccase + GO indicate better 
defibrillation, probably due to the synergistic effect of the 
two enzymes, i.e., GO and laccase. The combination of 
laccase and GO enzymes effectively produced even and 
smooth nanocellulose fibres due to the removal of other 
components such as wax, pectin, lignin, and hemicel-
lulose (Kumar et  al. 2012). Also, the aspect ratio (L/D) 
of these fibres was calculated and found to be 35.84 for 
laccase + GO and 26.87 for laccase + ABTS. Literature 
reports the typical aspect ratios to be between 10 and 
40 nm and the dimensions of nanocellulose obtained by 
both the treatments were well within this range (Kumar 
et al. 2012; Rahimi Kord Sofla et al. 2016).

Particle size analysis
The particle size distribution was measured by using 
the Particle size analyzer (PSA) and the size distribu-
tion is shown in Fig. 9A and B. The particle sizes were 
measured after the mechanical treatment (super mass 
collider) step. From Table  4, around 90% particle size 
distribution (by volume) was found within 285  nm 
for laccase + GO nanocellulose and 524  nm for lac-
case + ABTS. Moreover, the size distribution was 
found to be narrower for laccase + GO (Fig.  9A) as 
compared to laccase + ABTS (Fig.  9B). Thus, although 
nano-range dimensions can be observed for both 

Table 1  XRD crystallinity indices for different concentrations of 
GO and ABTS when combined with laccase

S. no. Conc. of GO 
(mg ml−1)

Crystallinity 
index (%)

Conc. of 
ABTS (mM)

Crystallinity 
index (%)

1 0.01 63.8 0.2 60

2 0.05 68.57 0.6 55.8

3 0.1 60 1.0 61.5

4 0.15 71.4 1.4 70

5 0.25 60 1.8 57
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GO and ABTS nanocellulose, it is evident that a nar-
rower size distribution and better size reduction were 
found for laccase + GO as compared to that of lac-
case + ABTS (Fig.  9A and B). Also, as seen in Fig.  9 
inset images, nanocellulose product obtained from lac-
case + GO was brighter in colour and the treatment 
with laccase + ABTS resulted in a light brown coloured 
nanocellulose.

Differential scanning calorimeter (DSC)
Figure 10 shows the DSC thermograms of raw bagasse 
and the nanocellulose product obtained from lac-
case + GO and laccase + ABTS. All the DSC thermo-
grams exhibited two distinct endothermic changes 
within the range of temperature studied. The nature 
of endotherms, however, is quite characteristic of the 
composition of the material and differs from each other 
(Mandal and Chakrabarty 2011). The initial endotherm 
occurs in all the cases at a temperature much lower 
than 100 °C, and stands for the loss of moisture due to 
evaporation. For raw bagasse the initial degradation 
starts at 55  °C and for nanocellulose extracted from 
laccase + GO the initial decomposition starts at 71  °C, 

whereas for the nanocellulose extracted from lac-
case + ABTS the initial decomposition starts at 62  °C. 
Raw bagasse has various other constituents like lignin, 
hemicellulose, and other non-cellulosic components 
besides cellulose. All these hydrophilic substances help 
to retain moisture not only in greater proportion but 
also cause a variation in the sorptive forces holding this 
moisture. Therefore, the process of moisture loss for 
raw bagasse occurs over a wide range of temperatures 
compared to nanocellulose. The nanocellulose may be 
assumed to contain no hemicellulose, lignin content 
hence the nanocellulose may have absorbed moisture 
with uniform sorptive force and hence causing the 
moisture loss with a narrow range of temperature as 
observed from below Fig.  10. The second endotherm 
in each of the three cases is an indication of the course 
of fusion or melting which gives an idea of the nature 
of decomposition of the crystallites. The crystallin-
ity increases from raw bagasse to nanocellulose. In 
the case of raw bagasse, we observe the fusion process 
occurring over a wide range of temperature from 311 to 
359 °C. Raw bagasse contains various other constituents 
which have their characteristic melting range causing a 
wide temperature range for the raw bagasse material. 
In nanocellulose, a substantial proportion of the non-
cellulosic materials are lost, and cellulose crystals gets 
re-arranged in a more compact crystal structure and 
hence the range narrows for laccase + GO (359.44–
363.72 °C) and for laccase + ABTS (368.87–380.68 °C).

Thermo‑gravimetric analysis (TGA)
The initial weight loss occurs for raw bagasse and nano-
cellulose at 30  °C. This is because of the loosely bound 
moisture on the surface of the materials. The chem-
isorbed water is found to be given off at approx. at 120 °C 
for the raw bagasse and nanocellulose. In Fig. 11, the deg-
radation of the raw bagasse is observed to be at 226  °C 
and the rate of degradation reaches its peak at 335.65 °C 
as reported in our earlier work (Ramesh et al. 2021). The 
degradation of nanocellulose is associated with an addi-
tional hump, where there is a removal of all other com-
ponents which increases the cellulose crystallinity as 
observed by XRD results and the crystals become denser 
and more compact (Mandal and Chakrabarty 2011). This 
re-orientation of crystals leads to the rise in the onset 
temperature of degradation for nanocellulose. For lac-
case + GO nanocellulose the onset temperature was 
observed at 319 °C with the maximum peak at 342.72 °C, 
whereas for laccase + ABTS nanocellulose the onset 
temperature was observed at 327.65  °C with the maxi-
mum peak at 345.07  °C. Generally, thermal degradation 
involves dehydration, depolymerization, and decomposi-
tion of glycosyl units and then the formation of a charred 

Table 2  Crystallinity percentage of cellulose from XRD analysis 
and S/G ratio of lignin from FT-IR analysis

Sample Crystallinity (%) S/G ratio

Raw bagasse 43.35 0.892

Nanocellulose from lac-
case + GO treatment

59.42 2.01

Nanocellulose from lac-
case + ABTS treatment

61.71 1.56
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residue. The residual char formation was seen to be more 
in the case of nanocellulose probably due to the nano-
dimensions and availability of free ends of the chains. 
Also, the higher crystalline nature (cellulose crystal) of 
the nanocellulose increases the proportion of carbon, 
therefore the formation of char residue increases as car-
bon content increases for the nanocellulose (Kumar et al. 
2014).

Conclusions

•	 Methods to improve the effect of greener routes 
using enzyme laccase, for producing nanocellulose 
with better properties were investigated. The role of 
mediator and additional enzymes was also investi-
gated, respectively.

•	 Laccase was used in combination with glucose 
oxidase (GO) enzyme, which acts as an auxiliary 
enzyme and 2,2′-azinobis (3-ethylbenzthiazoline-
6-sulfonate) (ABTS) which is a mediator molecule. A 
detailed comparison of laccase with GO and laccase 
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Fig. 7  FT-IR spectra of A raw bagasse B nanocellulose from laccase + GO and C nanocellulose from laccase + ABTS

Table 3  Lateral order index (LOI), total crystallinity index (TCI), from FT-IR analysis

Sample Lateral order index (LOI) (1430/897 cm−1) Total crystallinity index (TCI) 
(1375/2900 cm−1)

Raw bagasse 3.033 0.9268

Nanocellulose from laccase + GO 17.12 1.1875

Nanocellulose from laccase + ABTS 13.75 2.006
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Fig. 8  A SEM images for the nanocellulose–laccase + GO. B SEM images for the nanocellulose–laccase + ABTS
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with ABTS using analytical techniques such as gravi-
metric analysis, FT-IR, XRD, SEM, DSC, TGA and 
particle size analysis was performed.

•	 The addition of the moderators to the laccase 
enzyme significantly improved the performance of 
laccase. Maximum lignin removal and the highest 
cellulose content (62.1%) were found when ABTS (at 
1.4 mM) was used with laccase enzyme. In terms of 
cellulose crystallinity, ABTS (at 1.4 mM) and GO (at 
0.15 mg ml−1) yielded comparable results. The crys-
tallinity of cellulose increased to approx. 70% for both 

cases. Thus, optimal values of ABTS (at 1.4 mM) and 
GO (at 0.15 mg ml−1) were chosen for nanocellulose 
production.

•	 A detailed comparison of nanocellulose obtained 
from laccase + ABTS and laccase + GO was per-
formed. The cellulose content (82.22%) and cellulose 
crystallinity (61.71%) were found to be slightly bet-
ter in the case of nanocellulose obtained from lac-
case + ABTS.

•	 However, it was found that the laccase + GO per-
formed better as compared to that of ABTS when 

Fig. 9  Particle size analysis of nanocellulose for A laccase + GO and B laccase + ABTS. The inset shows extracted nanocellulose in containers

Table 4  Particle size distribution for nanocellulose

Nanocellulose Diameter (10) (≤ 10%) Diameter (50) (≤ 50%) Diameter (90) (≤ 90%) Diameter (99) (≤ 99%)

Laccase + GO (≤ ) 125 nm (≤ ) 189 nm (≤ ) 285 nm (≤ ) 339 nm

Laccase + ABTS (≤ ) 108 nm (≤ ) 383 nm (≤ ) 524 nm (≤ ) 636 nm
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PSA and SEM analysis were performed. The fibres 
from GO treatment had an even and cleaner topol-
ogy with negligent agglomeration which confirms 
the removal of all other constituents. Also, a narrow 
particle size distribution range in the particle size 
analysis was observed in nanocellulose obtained after 
laccase + GO enzyme treatment and the dimensions 
were found to be 339 nm (99% by vol.)

•	 From DSC thermograms, a more compact and 
denser cellulose crystal structure was seen for lac-
case + GO as a comparatively narrower endotherm 
range was noted.

•	 Based on the detailed analysis, nanocellulose 
obtained from laccase and glucose oxidase treat-
ment demonstrated superior properties. The studies 
indicated that the efficacy of laccase was found to 
remarkably improve in presence of auxiliary enzyme 

glucose oxidase and nanocellulose with improved 
properties was obtained from sugarcane bagasse.

In the current study, laccase activity increased in 
presence of both moderators, ABTS and glucose oxi-
dase. However, while ABTS improved the process by 
removing maximum lignin content, a superior quality 
of nanocellulose was obtained in the case of glucose 
oxidase. This demonstrates the differences in the mode 
of action of the laccase enzyme in presence of the two 
moderators. While ABTS seems to improve the lac-
case substrate specificity, glucose oxidase was addition-
ally found to remove other fibres to yield nanocellulose 
with a smooth finish. Further studies to establish differ-
ences in mechanism of actions of the two moderators 
would be implemented to understand differences in 
lignin degradation.
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