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Abstract:  A study to produce cellulose nanofibrils (CNF) from Kraft cellulose pulp, an optimal 
enzyme mixture, was defined using a centroid simplex mixture design. The enzyme blend contains 
69% endoglucanase and 31% exoglucanase. The central composite rotational design (CCRD) opti-
mized the CNF production process by achieving a higher crystallinity index. It thus corresponded 
to a solid loading of 15 g/L and an enzyme loading of 0.974. Using the Segal formula, the crystallinity 
index (CrI) of CNF was determined by X-ray diffraction to be 80.87%. The average diameter of nano-
cellulose fibers measured by scanning electron microscopy between 550 - 600 nm for the CNF pre-
pared by enzymatic hydrolysis and between 250 - 300 nm for the CNF produced by enzymatic hy-
drolysis with the optimal enzyme mixture followed by ultrasonic dispersion. Finally, synergistic 
interactions between the enzymes involved in nanocellulose production were demonstrated, with 
Colby factor values greater than one. 
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1. Introduction 
Cellulose is transformed into nanocellulose (NC) by mechanical treatments and 

chemical and enzymatic hydrolysis. It can also be produced by bacterial fermentation. 
Enzymatic hydrolysis uses cellulases to deconstruct cellulose to NC, which can be aided 
by automated techniques to increase its yield [1]. NC is a very appealing material due to 
its biodegradability, low density, transparency, low coefficient of thermal expansion, and 
high mechanical strength (breakdown requires pressures greater than 10 000 MPa), while 
materials such as steel and Kevlar need 500 MPa and 2 800 MPa respectively) [2]. Further-
more, NC presents a high degree of polymerization, chemical stability, biocompatibility, 
magnetic and electrical susceptibility, high surface area, and protonic conductivity, 
among other characteristics [2,3]. 

The properties of NC allow its application in various areas, such as biomedicine to 
create drug delivery systems, biosensors and virus elimination filters [1,4]. In the food 
area, it can function as a food stabilizer or as an ingredient in the formulation of food 
packaging [5]. It can also be used to develop high-tech energy devices such as nanogener-
ators, flexible transistors and others used in energy storage [6], in the formulation of hy-
drogels and aerogels [7,8] and as part of membrane filtration systems for sewage treat-
ment [9].   

The lignocellulosic material comprises lignin, hemicellulose, and cellulose, forming 
a highly stable and recalcitrant plant structure. It is necessary to submit the lignocellulosic 
material to different pretreatments to access the cellulosic fraction, which will later be 
transformed into nanocellulose through chemical hydrolysis [5,8,10]; enzymatic hydroly-
sis [11–14] or mechanical treatments [15]. 
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Enzymatic hydrolysis is considered an eco-friendly mechanism for producing NC 
because it does not require acid catalysts as acid hydrolysis, which contributes to environ-
mental pollution because of its corrosive nature. Moreover, enzymatic hydrolysis is a tech-
nique that does not require large energy consumption, as in mechanical and thermal pre-
treatments [13]. Another advantage of enzymatic pretreatment is its use in deconstructing 
lignocellulosic material. For example, for lignin fractionation, enzymes such as laccase, 
manganese-peroxidases and peroxidases can be implemented; for the hydrolysis of hem-
icellulose, hemicellulases (mannanases, xylanases, β-xylosidases, among others) are used 
and therefore, as a result of replacing acid-alkali pretreatments, cellulose structures can 
be better preserved, which can then be hydrolyzed to NC by using cellulases [16,17]. 

The cellulolytic enzymes can interact and exhibit the phenomenon of synergy. Enzy-
matic synergies between cellulolytic entities, which take part in the cellulase complex for 
NC production, are generally due to the combined action of this enzymatic entity with 
internal and external degradation activities. The synergistic effect of Endo-Exo can occur 
when the endoglucanase enzyme internally cleaves the cellulose chain, creating new re-
ducing and non-reducing ends in the cellulose fibers, which are further hydrolyzed by the 
exoglucanase [18]. 

Karim and co-workers summarized some possibilities in which enzyme synergism 
can occur to optimize cellulose hydrolysis: between two endoglucanases; between two 
exoglucanases; between endoglucanase and an exoglucanase; between endoglucanase, an 
exoglucanase, and a β-glucosidase; between a CBM and a catalytic domain; between two 
catalytic domains, between cellulosomes and non-complex cellulases, or between any 
combination of accessory proteins and some cellulase [19]. 

The synergy between endoglucanase, exoglucanase and β-glucosidase is considered 
the fundamental mechanism for the complete hydrolysis of cellulose into glucose mono-
saccharides [20]. Regarding Exo-Exo synergy, the commercial enzymes Cel7A (formerly 
CBH I) and Cel6A (formerly CBH II) stand out. The enzyme Cel6A hydrolyzes the non-
reducing end of the cellulose molecule, whereas the enzyme Cel7A exhibits high specific-
ity for the reducing ends of the fibers; both enzymes are from Hypocrea jecorina. There-
fore, using the Cel6A enzyme to hydrolyze amorphous cellulose is preferable, while de-
constructing crystalline cellulose and the Cel7A enzyme is recommended [18]. 

Synergism could be calculated as "the ratio of the hydrolysis rate or yield of products 
released by enzymes when they act together to the sum of the rates or yield of these prod-
ucts when the enzymes are used separately in the same amounts as they were used in the 
mixture." [21]. Some research on cellulase synergism determines synergism as a ratio of 
sugars produced by the individual enzyme concerning the total soluble sugars produced 
by the individual components [22–25]. Nevertheless, other techniques exist to determine 
the synergism of mixtures of multiple compounds. The fundamental principle of the 
Colby Factor can also be implemented to assess mixtures of a different nature, such as 
drug mixtures, enzyme mixtures, microbial consortia, and others [26]. In the Colby Factor, 
the responses of active ingredients applied alone are used to calculate an expected re-
sponse when these compounds are combined [27].  

The crystallinity index (CrI) is the amount of crystalline to amorphous cellulose in a 
sample. CrI is a factor that contributes to biomass resilience. A high CrI indicates that the 
cellulosic material is highly ordered, making it difficult for cellulase to access the chains 
and thus affect glucose conversion [23,28–30]. The crystalline portion of cellulose is dense 
and prevents the entry of small molecules like enzymes and water. The literature shows 
that cellulose crystallinity influences cellulase component synergism [31,32]. Different cel-
lulase components have been shown to have varying cellulose adsorption capacities and 
activities. Banka and Mishra [33] found that crystallinity increased the adsorption of a 
non-hydrolytic cellulolytic component, called the fibril forming protein of Trichoderma re-
seei cellulase enzyme-forming protein, which suggests that cellulose crystallinity greatly 
influences the non-hydrolytic enzymatic components required for effective enzymatic hy-
drolysis of cellulose. Cellulose crystallinity may affect cellulase adsorption and the effec-
tiveness of cellulase components that have been adsorbed.  
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The following study was conducted to optimize an Endo/Exocellulase blend to pro-
duce cellulose nanofibrils (CNF) from cellulose pulp. Quantify synergism by using Col-
by's factor as a quantification parameter and evaluating its physicochemical and morpho-
logical properties. 

2. Results and discussion 
2.1. Determination of optimal model of enzymes mixture 

The simplex centroid mixture design determined the optimal enzyme mixture that 
released the lowest glucose concentration (g/L) after enzymatic hydrolysis of the Kraft 
cellulose pulp (KCP). Figure 1 shows that a contour plot can appreciate glucose concen-
tration dependence with the enzyme loading employed. The green area of the graph al-
lows one to determine the optimal point for reaching the lowest glucose concentrations, 
coinciding with a higher amount of endoglucanase (EGU), a minimum of exoglucanase 
(ExG), and zero of β-glucosidase (BG). It was concluded that the optimal enzyme mixture 
corresponds to 69 % EGU and 31 % ExG (𝜌𝜌 < 0.05). 

 
Figure 1. Contour plot of glucose concentration (g/L) as a function of enzyme loading (U/g). 

2.2. Cellulose nanofibrils (CNF) production 
The total enzyme loading used in each central composite rotational design (CCRD) 

experiment consisted of EGU and an exoglucanase fraction. Both fractions are governed 
by the result of the optimal enzyme mixture (69 % EGU and 31 % ExG). From the CCRD, 
13 samples were obtained (see Table 3), of which the highest crystallinity indices (CrI) 
were reached for a range of enzyme loading between 0.5 U/g and 3.0 U/g and for a solid 
loading value between 15 g/L and 20 g/L. The optimal point that benefits the increase of 
the CrI of CNF was determined, corresponding to 0.974 U/g for the enzyme loading and 
15 g/L for the solids loading (𝜌𝜌 < 0.05). 

Shorter enzymatic hydrolysis times are recommended by Hu and collaborators when 
there is enzyme synergy involved. These same authors produced nanocellulose in a hy-
drolysis time of up to 3 hours reaction time using endoglucanase, exoglucanases and lytic 
polysaccharide monooxygenase (LPMO) within the same enzyme mixture [12]. 

In addition, it was decided to maintain a constant temperature of 50°C during the 
enzymatic hydrolysis of KCP because different reports indicate this value as an optimal 
temperature when working with enzymes of the cellulase family: Cui and collaborators 
used microcrystalline cellulose from wheat fiber to produce KCP at 50°C, derived from 
enzymatic hydrolysis with cellulases and aided with mechanical treatments [13]. Also, 
Martelli-Tosi employed soybean straw to produce CNF by enzymatic hydrolysis with cel-
lulases at 50 ºC [34]. 
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The crystallinity index was defined as the response variable for the future potential 
of using the produced CNF as a drug delivery system. In the pharmaceutical area, nano-
encapsulation drugs are increasingly used to increase the number of drugs available in a 
specific volume. For this, the crystallinity of the material is of great interest [35]. 

2.3. Crystal structure by X-ray diffraction (XRD) 
The diffractograms of the KCP and each CNF sample were obtained by X-ray diffrac-

tion and are shown in Figure S1. Both KCP and the CNF samples exhibited the Bragg 
angles (2θ) expected for the cellulose I (native cellulose) diffraction peaks: the signal at 
the lowest 2θ was found between 14º and 17º (a complex of 1-10 and 110 diffraction); then, 
the signal dropped to 18º or 18.5º (amorphous area contribution) and finally, showed the 
maximum intensity around 22.6º (200 diffraction) [2]. The CrI calculated by the Segal 
equation (see item 3.5.1) is summarized in Table 1. 

Table 1. Crystallinity index of KCP and CNF samples from CCRD. 

Sample KCP CNF-1 CNF-2 CNF-3 CNF-4 CNF-5 CNF-6 

CrI (%) 70.26 75.78 77.48 75.73 77.05 74.97 77.88 

Sample CNF-7 CNF-8 CNF-9 CNF-10 CNF-11 CNF-12 CNF-13 

CrI (%) 80.97 73.40 73.98 74.34 77.74 75.14 74.69 

Some researchers establish that the Segal equation may not be accurate when finding 
the CrI by considering only the crystalline intensity of the largest peak, ignoring the con-
tribution of other crystalline planes, and thus providing CrI higher than reality [36]. The 
Segal method tends to give a higher CrI value than others. However, it is because the Segal 
equation is just an arbitrary representation of cellulose crystallinity and does not always 
have a physically clear meaning: 50 % CrI does not always mean half of the cellulose is 
crystalline and another half amorphous [28]. 

KCP showed the lowest CrI values: 70.26 % with the Segal method, which was ex-
pected since the biomass was not subjected to enzymatic hydrolysis; therefore, it presents 
a larger amorphous area compared to that of the CNF samples, which results in lower CrI 
values. Sample Nº 7 of CNF exhibited the highest CrI: 80.87 %. The CrI values determined 
by Segal are consistent with CrI already reported in the literature for NC: 78.5 % by Ribeiro 
et al. [14], 66.4 % by Viana et al. [37] and 70 % according to Buzala et al. [38]. 

As sample Nº 7 and sample Nº 11 from CCRD obtained the highest CrI, they were 
the only two samples to be characterized by the following characterization techniques: 
scanning electron microscopy, particle size analysis, zeta potential, thermogravimetric 
analysis and Fourier transform infrared analysis. 

2.4. Scanning electron micrographs of cellulose nanofibrillar 
Figure 2 displays micrographs of the KCP and CNF sample Nº 7 at different magni-

fications generated by scanning electron microscopy (SEM). The formation of CNF with 
rough topography and irregular diameters along the length of the fiber can be evidenced. 
The diameter of the CNF was calculated using Image J software. The diameter sizes of the 
produced fibers lie between 5 

0 nm to 900 nm, where the largest trend lies between 550 nm and 600 nm; on the other 
hand, KCP revealed diameters between 5.0 µm to 7.5 µm. 

The CNF diameter measurements obtained previously by SEM are consistent with 
results published in the literature by other authors. Cui and co-workers hydrolyzed mi-
crocrystalline cellulose enzymatically with EGU, producing nanocrystalline cellulose 
(NCC) and, using SEM, reported measurements within 200 nm to 500 nm [13]. Similarly, 
Tong and colleagues obtained NCC derived from KCP hydrolysis employing cellulases 
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and xylanases at low enzymatic loading (10 U/mL) and, using SEM, reported lengths be-
tween 600 nm - 800 nm [11]. 

 

  
Figure 2. Micrographs: (a) KCP at 2000x. (b) CNF sample Nº 7 at 30.000x. 

2.5. Particle size analysis 
Table 2 shows the results of the dynamic light scattering (DLS) technique. KCP, CNF 

sample Nº 7 and CNF sample Nº 11 (that showed the highest CrI) were studied to deter-
mine the particle size in suspension. It is observed that KCP led the most increased mean 
hydrodynamic diameter (HD), equivalent to 509.63 nm; this is due to the fact it was not 
subjected to enzymatic hydrolysis, while CNF sample Nº 7 with the highest CrI showed a 
mean HD corresponding to 430.20 nm. 

Table 2. Averages hydrodynamic diameter and zeta potential of KCP and two CNF samples. 

Sample CNF HD (nm) Zeta potential (mV) 

KCP 509.63 -39.37 

7 430.20 -48.47 

11  469.70 -52.60 

These HD data are consistent with those obtained by Ribeiro and colleagues. They 
created KCP-derived NCF using the commercial enzyme preparation Carezyme. They 
achieved HD values ranging from 405.6 nm to 562 nm [14]. Analogously, this range coin-
cides with that reported by Cui and colleagues. They obtained HD values within 80 nm 
to 600 nm for several NC samples with different hydrolysis times: hydrolysis times of 72, 
96, and 120 hours; and variable ultrasonic agitation times: 0 min, 30 min and 60 min [13]. 

When comparing the HD obtained by DLS with the diameters quantified by SEM, 
the former provides smaller diameter sizes by undergoing ultrasonic agitation (including 
KCP that resulted in a diameter range between 5.0 µm – 7.5 µm reached by SEM to an HD 
of 510 nm approximately), since it is a mechanical method that favors the defibrillation of 
cellulose, breaking and cleaving its bonds, thus decreasing its fibrillar size [39,40]. 

2.6. Zeta potential 
The zeta potential magnitude represents the degree of electrostatic repulsion be-

tween adjacent similarly charged particles in the dispersion. Zeta potential values of col-
loidal suspensions between (± 10 to ± 30 mV) and (± 30 to ± 60 mV) show initial instability 
and moderate stability, respectively [34]. The average zeta potential value of KCP and 
CNF samples is summarized in Table 2.  

As previously described, KCP, CNF sample Nº 7 and CNF sample Nº 11 exhibited a 
stable behavior in aqueous dispersion. Their zeta potential values ranged between - 40 
mV and - 55 mV. It can be observed that CNF sample No.11 showed the highest absolute 

(a) (b) 
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zeta potential value, equivalent to 52.60 mV. In comparison, KCP had the lowest (39.37 
mV). 

Using cellulases in NC production reveals that the buffer positively affects the 
nanostructure's stability. Beltramino and co-workers reported that the zeta potential 
changed from -124 mV to -53 mV when changing the process of obtaining NC from acid 
hydrolysis to enzymatic hydrolysis with cellulases and that this change can be attributed 
to ion-induced modifications of the ion distribution around the CNF, provided by the 
buffer [41]. The zeta potential value of CNF sample Nº 11 (-52.60 mV) is quite close to that 
achieved by Beltramino and colleagues when employing enzymatic hydrolysis (-53 mV) 
[41]. 

As mentioned before, CNF can formulate foams, emulsions and suspensions. De-
pending on its surface chemistry, aspect ratio and crystallinity, NC can control the rheol-
ogy and stability of dispersions [42]; however, zeta potential is affected by pH, tempera-
ture, and the presence of salts and impurities in the suspension. As a result, all of the 
above factors must be controlled to obtain reliable data. These requirements represent a 
significant limitation of this technique [43]. Therefore, precise protocols and techniques to 
characterize dispersion, particle size, and morphology are required to ensure consistent 
production and application of high-quality nanocellulose products. Particle sizing tech-
niques typically provide different but complementary information about particle size, 
morphology, and degree of agglomeration. However, there is no standard method for de-
termining the size or distribution of nanocellulose products. Moreover, it is not easy to 
compare data obtained from different techniques. In addition, industrial equipment is 
limited to a microscale nature, and most techniques for NC dimensioning are offline, time-
consuming and costly [44]. 

2.7. Thermostability analysis 
Figure 3 shows the thermal degradation of KCP, CNF sample Nº 7 and CNF sample 

Nº 11 and corresponds to the thermogram obtained by thermogravimetric analysis (TGA). 
The mass values were normalized to know the mass lost in the process. The three samples 
presented the first stage of decomposition before 100 ºC, in which the absorbed water 
evaporation and low molecular weight components that remain on the nanocomposites' 
surface occur. That remain on the surface of the nanocomposites takes place. The loss in 
mass in this first stage is between 5 and 8% of the respective sample. 

 
Figure 3. Evaluation of the thermal decomposition of KCP and CNF samples by TGA. 

The second and main thermal decomposition phase occurs around 250 ºC and 380 ºC 
for NC and about 300 ºC and 375 ºC for KCP. A series of degradation, dehydration and 
depolymerization reactions of the glycosidic units, cellulose and hemicellulose, conform 
to the study materials [45]. The mass lost at this point is between 55 % and 75 %. 
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NC starts to degrade around 250 °C, while KCP begins at about 300 °C; KCP degrades 
at higher temperatures due to the higher intensity of inter- and intramolecular interactions 
of cellulose and hemicellulose and due to its polymerization degree. KCP was the only 
one to present a slight decomposition stage above 500 ºC, which follows the oxidation of 
carbonized residues. 

2.8. Fourier transform infrared (FTIR) analysis 
Figure 4 shows the FTIR spectra of selected samples for comparison between the 

KCP, CNF sample Nº 7 and CNF sample Nº 11. Overall, a strong band appeared at ap-
proximately 3400 cm−1, which is related to the stretching vibration of the O-H groups. The 
band at 2800 cm-1 belongs to the aliphatic CH stretching; meanwhile, the peaks at 1480 
and 1250 cm−1 were attributed to the scissor vibration of –CH2; peaks at 1165 – 1145 cm-1 
were associated with C-O-C asymmetric stretch vibration, and peaks between 1120 – 1000 
cm-1 were attributed to stretching of the C-O bonds. Besides, the peaks at around 910 and 
890 cm−1 were attributed to the β-D-glucosyl group. CNF samples showed the same spec-
tra as KCP; these results supported the conclusion that cellulose's molecular structures 
remained unchanged in the cellulase hydrolysis process [12,13]. 

 
Figure 4. FTIR spectral of KCP sample (purple curve), CNF sample Nº 7 (green curve), and CNF 
sample Nº 11 (red curve). 

2.9. Experimental CCRD validation 
Previously, it was stated that the optimal point of CCRD that increases the CrI of 

CNF corresponds to 0.974 U/g for enzyme loading and 15 g/L for solids loading. There-
fore, a new set of CNF samples was produced to validate the CCRD optimal point. These 
samples were coded as A, B, C, D, E, F, G, and H. 

The diffractograms of the validation samples are presented in Figure 5. It can be ob-
served that the intensity of the peaks is higher for the second group of samples, i.e., for 
the samples that received ultrasonic treatment. The maximum intensity of the bands of 
the samples without ultrasonic dispersion treatment reaches a value of approximately 
1700 cps. In contrast, the value corresponds to 3 750 cps for the samples with ultrasonic 
treatment.  
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Figure 5. Diffractograms of the validation samples: (a) Without ultrasonic dispersion treatment. (b) 
With ultrasonic dispersion treatment. 

Table 3 shows the calculated CrI with Segal's equation (see item 3.5.1). Sample A had 
the highest CrI in validation samples without ultrasonic treatment: 74.78%. Likewise, sam-
ple B had the highest CrI: 78.45% for validation samples submitted to ultrasonic treatment.  

Table 3. Crystallinity indices of validation samples. 

Sample code 
Subjected to 

ultrasound treatment 
CrI (%) Enzyme/s used 

KCP No 70.26 None 

A No 74.78 EGU + ExG  
(Optimal mixture) B Yes 78.45 

C No 71.93 
Carezyme cocktail 

D Yes 72.27 

E No 74.63 
Pure EGU 

F Yes 76.68 

G No 72.13 
Pure ExG 

H Yes 75.80 

In Table 3, validation samples subjected to ultrasonic treatment showed a higher CrI 
than their respective pair that underwent ultrasonically. For example, with Segal's equa-
tion, sample D achieved a CrI of 72.27 %. In contrast, with sample C, 71.93 % was reached, 
reinforcing that ultrasonic benefits the increase in crystallinity and the degradation of the 
amorphous domains of nanocellulose. Nasir and co-workers explain that ultrasonic treat-
ment utilizes hydrodynamic forces with oscillation power to isolate cellulose fibers by 
forming, expanding, and imploding microscopic gas bubbles, facilitating the access of cel-
lulases in the cellulosic structure [46]. The ultrasonic treatment would break down the 
non-crystalline regions of the cellulose, thus destroying the interfibrillar bonds between 
the layers of cellulose molecules and enhancing the contact area of the enzyme and sub-
strate [13].  

In Figure 5, the green curve - which corresponds to the enzymatic hydrolysis with 
pure EGU only - presents the largest crystalline peaks intensity in the diffractograms; 
however, this does not imply that its CrI was the largest, as one should also consider the 
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intensity of the amorphous area of the nanocellulose, as defined in Equation 1 (see item 
3.5.1). For the enzymatic hydrolysis with pure EGU, the contribution of amorphous do-
mains was also greater than the other samples, thus decreasing the value of its CrI. 

Furthermore, Gibril and colleagues state that ultrasonic treatment alters the cellulose 
molecular structure due to the cavitation phenomenon. Ultrasonication treatment creates 
air bubbles inside the cellulose suspension, gradually releasing energy until they reach 
their maximum size. At this point, they explode, emitting high pressures and tempera-
tures (of the order of 5000 kPa and 5000 K, respectively) for a relatively short time. The 
release of energy is sufficient to deconstruct the amorphous domains and cause surface 
cracks in the crystalline region, thus facilitating the access of enzymes into the cellulose 
fibers and subsequently occurring enzymatic hydrolysis [47].  

The SEM technique was used to characterize the validation CNF samples that did not 
undergo ultrasonic treatment (validation samples A, C, E and G). Processing of CNF mi-
crographs obtained at 30,000x magnification (not shown) exhibited rough topography 
with irregular diameter fibrils along the structure. Successively measurements using Im-
age J software were made to calculate CNF diameters. The validation samples treated with 
the optimal enzyme mixture had the smallest CNF diameters, whose average lies between 
250 nm to 300 nm; on the other hand, the validation samples hydrolyzed with pure EGU 
exhibited average CNF diameters between 450 nm to 485 nm. In contrast, Carezyme-
treated validation samples showed average CNF diameters lie within 450 nm to 500 nm. 
Finally, the validation samples hydrolyzed with pure ExG showed average CNF diame-
ters of 550 nm to 585 nm.  

Comparing the average CNF diameter obtained because of the CCRD (550 nm – 600 
nm) with the average CNF diameter produced with the optimal enzyme mixture during 
the experimental validation (250 nm – 300 nm), it can be seen that the diameter of the 
nanocellulose fibers decreased by approximately 50 %. 

2.10. Colby Factor 
This study aims to determine an enzymatic synergistic effect using the crystallinity 

index (CrI) ratio when performing a controlled enzymatic modification of nanocellulose 
with Endo-Exo cellulases. The results obtained to evaluate enzyme synergism were deter-
mined using the adapted Colby factor method, in which a ratio of crystallinity indices was 
used to calculate the Colby factor, as described in section 3.6. The CrI ratio was used be-
cause crystallinity is a feature that influences the rate of cellulose hydrolysis [48] and, con-
sequently, in CNF production.  

The enzymatic processes are very complex and require a synergistic study among 
cellulases [49] to understand better the correlation between crystallinity and enzymatic 
synergism. The accessibility of enzymes within the cellulose structure has been proposed 
as a key factor influencing enzyme hydrolysis rates [30] and, subsequently, CNF produc-
tion. The accessibility of cellulases in cellulose structure is inhibited when cellulose is 
mostly crystalline and is enhanced when cellulose is mainly amorphous; i.e., enzyme ac-
cess is favored as a result of the greater free space available at lower CrI [30]. Since the 
crystallinity of cellulose plays an important role in enzyme adsorption, it was of interest 
in this research to correlate the enzymatic synergism with CrI for CNF production.  

Analyzing the CrI (see Table 3) for the hydrolyzed and ultrasonically homogenized 
samples, there is an increase of approximately 7.8% of CrI in KCP when hydrolyzed under 
ExG action, 9.2% for hydrolysis under EGU action and an increase of 11. 7% for hydrolysis 
under the optimal mix of EGU+ExG, in which CrI is attributed to chain consumption in 
the non-crystalline region. For the enzyme synergism analysis, only the validation sam-
ples that produced CNF derived from an enzyme mixture and ultrasonic treatment were 
evaluated, i.e., sample B and sample D.  The remaining validation samples: E, F, G, and 
H, were produced using pure enzymes and not an enzymatic cocktail; therefore, the Colby 
Factor could not be determined for these last four validation samples. 
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The validation samples hydrolyzed with the optimal enzyme mixture and Carezyme 
cocktail showed enzyme synergism by exhibiting Colby's factor values > 1, with a maxi-
mum synergism of 1.15 for the optimal pure enzyme mixture and 1.06 for the Carezyme 
cocktail. Therefore, the effect generated by the interactions between enzymes in a mixture 
is greater than the response that would have been obtained by adding the enzyme effects 
individually. Thus, the synergistic nature of enzyme interactions for CNF production was 
demonstrated [27].  

3. Materials and Methods 
3.1. Materials 

The raw material for CNF preparation was the bleached Kraft cellulose pulp (KCP) 
(Fibria Celulose, Brazil). The applied cellulases: Carezyme (enzyme activity ≥ 1 000 U/g, 
from Aspergillus sp), endoglucanase (≥ 2 U/g protein, from Acidothermus cellulolyticus), 
exoglucanase (cellobiohydrolase I, 0.13 U/mg, from Hypocrea jecorina) and β-glucosidase 
(≥ 4 U/g solid, from almonds), were supplied by Sigma Aldrich. The sodium citrate buffer 
(50 mM) used during the enzymatic treatment was prepared from 0,1 M Na3C6H5O7 and 
0,1 M C6H8O7 so that pH was between 4.8 and 5.0. All the chemicals we used were of 
analytical grade and were supplied by Sigma Aldrich. 

3.2. Determination of enzyme activity 
Total cellulase activity (FPase) is determined by the degradation of the paper filter 

and includes exoglucanase and endoglucanase. This dosage was based on Ghose's (1987) 
methodology with modifications. An aliquot of 20 µL of enzyme extract, a 0.6 cm diameter 
circle of Whatman No. 1 filter paper, and 40 µL of sodium citrate buffer (50 mM, pH 4.8) 
was added to a PCR plate incubated at 50 ºC for 60 minutes. All tests were performed in 
triplicate. Paper circles were removed to control the enzyme, but other reagents remained. 
To control the substrate, 60 µL of sodium citrate buffer and a ring of filter paper were 
added, but only 60 µL of sodium citrate buffer was added to the blank. Following the 
reaction time, 120 µL of 3,5-dinitrosalicylic acid (DNS) was added to the samples, then 
placed in a boiling bath for 15 minutes. After cooling the samples, 20 µL of the reaction 
mixture was transferred to a 96-well plate containing 180 µL) of ultrapure water. A UV 
spectrophotometer set to 540 nm was used to read the samples. A standard curve was 
created with a 1 mg/ml glucose solution.  

3.3. Determination of optimal enzyme mixture 
The endoglucanase (EGU), exoglucanase (ExG), and β-glucosidase (BG) enzyme mix-

ture was optimized using a simplex centroid mixture design varying the total enzyme 
loading of each experiment between 0.5 and 5.0 U/g, a total solid loading of 25 g/L and 
considering glucose release (g/L) as the response variable. The quantification of glucose 
released from each experiment was determined according to the glucose oxidase-peroxi-
dase (GOD-PAP) methodology [50], using a spectrophotometer UV (Shimadzu, UV-1800). 

3.4. Preparation of cellulose nanofibrils 
A central composite rotational design (CCRD) was implemented to produce CNF by 

varying the total enzymatic loading between 0.5 and 5.0 U/g and the total solids loading 
between 15 and 50 g/L.  

First, KCP was ground in a Willye-type knife mill (Tecnal, TE-680). The KCP 
grounded was added into Falcon tubes, then 15 mL of 50 mM sodium citrate buffer, pH 
4.8, was added to each tube, and a different volume of the optimal enzyme mixture was 
added based on the enzyme loading for each experiment. Enzymatic hydrolysis occurred 
at 50 ºC, pH 4.8, 200 rpm and 20 h reaction in a shaker (New Brunswick™, Innova®44). 
After 20 h reaction, Falcon tubes were placed in a centrifuge (Thermo Scientific, Sorval 
Lynx 4000) at 3 000 rpm. Then, the prepared CNF samples were subjected to successive 
washings (three times) with deionized water and centrifuged after each washing. The 
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CNF samples were submitted to an ultrasonic bath (Branson, 2510) for 10 minutes with 42 
kHz and 230 W of power. At the end of the ultrasonic bath, the CNF samples were centri-
fuged for the last time and stored at 4 ºC. All experimental conditions for CNF production 
are summarized in Table 4; meanwhile, Table 5 indicates the performance of experiments 
in the CCRD. 

Table 4. Experimental conditions for CNF production. 

Enzymatic 
loading 

(U/g) 

Solids 
loading (g/L) 

Temperature 
(ºC) 

pH 
Agitation 

(rpm) 
Hydrolysis 

time (h) 

0.5 - 5.0 15 - 50 50  4.8 - 5.0 200 20 

Table 5. Variables and levels used in the central composite rotational design (CCRD). 

 

 

 

 

 

 

 
 

                                 * EL: Enzyme loading (U/g), **SL: Solids loading (g/L). 

3.5. Samples characterizations 
3.5.1. X-ray diffraction analysis (XRD). 

The XRD patterns for CNF samples were obtained by an X-ray diffractometer 
(Rigaku, Miniflex II) with Cu Kα radiation of 0.15418 nm at 30 kV and 15 mA. The samples 
were scanned for 2θ from 5º to 40º with the step of 0.02º. The crystallinity index (%) of 
CNF samples was estimated by the Segal method: 

𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐶𝐶200 − 𝐶𝐶𝐴𝐴𝐴𝐴

𝐶𝐶200
∗ 100 %    (1) 

where CrI: crystallinity index (%), I200: maximum diffraction intensity corresponding to 
the crystalline material (cps), and IAM: minimum diffraction intensity corresponding to the 
amorphous material (cps). 

3.5.2. Morphology Analysis. 
The morphologies of the CNF samples were characterized by scanning electron mi-

croscopy (SEM) (Jeol, JSM-7100F) at the voltage of 2 kV, and those samples did not need 
any treatment. 

3.5.3. Thermogravimetric analysis (TGA). 
The TGA analysis of the KCP and CNF samples was performed with a constant flux 

of 40 mL/min of nitrogen to ensure that the weight variation was due to thermal degrada-
tion. The temperature of the CNF sample was ramped at a constant rate of 20 ºC/min at 
20–600 ºC, an alumina crucible was employed, and the weight loss was measured against 
the increased temperature on a thermal gravimetric analyzer (Shimadzu, DTG-60H). 
 

Sample CNF-1 CNF-2 CNF-3 CNF-4 CNF-5 CNF-6 CNF-7 

Enzyme loading  (U/g) 1.16 4.34 1.16 4.34 0.50 5.00 2.75 

Solids loading (g/L) 20 20 45 45 33 33 15 

Sample CNF-8 CN-F9 CNF-10 CNF-11 CNF-12 CNF-13  

Enzyme loading  (U/g) 2.75 2.75 2.75 2.75 2.75 2.75  

Solids loading (g/L) 50 33 33 33 33 33  
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3.5.4. Fourier transform infrared analysis (FTIR). 
Fourier transform infrared spectra of the KCP and CNF samples were measured in 

an FTIR spectrophotometer (Perkin Elmer Frontier, FT-IR spectrometer) in 4000–600 cm-1 
at a resolution of 4 cm-1 in the absorbance mode for 64 scans at room temperature. 

3.5.5. Particle size analysis. 
The KCP and CNF suspensions (0.02% w/v) were prepared with Milli-Q water and 

treated with an ultrasonic homogenizer (Branson Digital Sonifier, 102C) at 400 W, 10 % 
amplitude for 15 minutes. The particle size distributions of all the CNF samples were an-
alyzed using a laser-diffraction-particle-size analyzer (Malvern Instruments Ltd., UK) 
with ZetaSizer (NanoSeries) software, using Milli-Q water as solvent (ƞ=1.333). 

3.5.6. Zeta potential 
The surface charge of the KCP and CNF suspensions (0.02% w/v) were analyzed us-

ing Malvern Zetasizer NanoSeries, at an equilibrium time of 120 seconds. 

3.6. Experimental validation and Colby factor  
For the evaluation of enzymatic synergism, four new CNF samples were produced 

in duplicate at 50ºC, pH 4.8, 200 rpm and 20 h hydrolysis time, using: i) optimal mixture 
obtained with CCRD. ii) commercial enzyme cocktail, Carezyme (composed of EGU, ExG 
and BG), iii) pure EGU, and iv) pure ExG. One sample from each pair of duplicates was 
subjected to ultrasonic homogenization for 15 min. 
The model used to quantify the degree of the synergy of the enzyme mixture, the Colby 
model [27], was adopted as follows: 

𝐶𝐶𝐶𝐶 =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶
𝑇𝑇ℎ𝑀𝑀𝑒𝑒𝐶𝐶𝑒𝑒𝑒𝑒𝑀𝑀𝑒𝑒 𝐶𝐶𝐶𝐶𝐶𝐶

 (2) 

where CF: Colby's factor, Measured CrI: CrI experimentally observed (%) and theoretical 
CrI: CrI expected from the enzyme mixture (%). It was considered a theoretical 
crystallinity index, an average of CrI values of KCP samples reported in the literature 
[14,37,38,51]. 

4. Conclusions 
This study aimed to optimize synergism enzymatic pretreatment as an eco-friendly 

method for extracting cellulose nanofibrils (CNF) from cellulose pulp and evaluate the 
physicochemical and morphological properties of CNF. An optimal enzyme mixture (69 
% EGU and 31 % ExG) was established to produce CNF. XRD indicated that the best CNF 
sample showed a crystallinity index of 80.9% with the Segal method. SEM determined a 
CNF diameter trend within 550 – 600 nm. Subsequently, the optimal enzyme mixture was 
used ultrasonic to improve the CNF preparation. The SEM results showed CNF with 
rough topography and fiber diameters within the range of 250 – 300 nm, so ultrasonic 
treatment decreases the diameter of the CNF. Moreover, the modified Colby's Factor for-
mula was implemented to evaluate the degree of enzyme synergism, revealing a maxi-
mum value of 15% synergism between the EGU and ExG enzymes. The results derived 
from the different characterization techniques allow the conclusion that the CNF pro-
duced could be used for the manufacture of hydrogels or aerogels because the CNF sam-
ples showed moderate to high stability behavior in colloidal suspension, presenting zeta 
potential values within the range of ± 48 mV and ± 52 mV; as well as in food packaging 
applications and surface coating. 
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