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Abstract
Application of new techniques to convert brown algal biomass to glucose suitable for microbiology is implemented by com-
plete enzymatic hydrolysis of cellulose and laminarin. We proposed a scheme for obtaining cellulose-rich fraction (CRF) 
from the Arctic species Laminaria digitata, Saccharina latissima, Ascophyllum nodosum, Fucus vesiculosus and subsequent 
saccharification using glycoside hydrolases produced by Penicillium verruculosum and 1,3-β-glucanases from Myceliophtora 
thermophila. The dependence between the composition, degree of polymerization, and crystallinity of the substrates and its 
impact on the glucose yield during enzymatic hydrolysis was demonstrated. The enzyme preparations utilized in this study 
exhibited a conversion degree of up to 72% for L. digitata CRF. Alkaline pretreatment provides an increase in conversion of 
about 20%. Laminariaceae species (L. digitata and S. latissima) CRF demonstrated a higher potential for the production of 
fermentable sugars due to the accessible and well-developed structure of the cellulose fibrils and the higher laminarin content.
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1  Introduction

Brown algae are a type of marine plants that are widespread 
in the Arctic seas. They are commonly used in industry 
to produce carbohydrates such as alginates, fucoidan, and 
mannitol. The biomass of brown algae contains up to 13% 
dry matter of cellulose, which is one of the most important 
structure-forming components and imparts elasticity to the 
algal thallus [1]. When examining the properties of algal cel-
lulose as a component of the cell wall, it is worth noting that 
there are variations between the cellulose found in algae and 
that of higher plants, as described by Strømme et al. [2] and 
Mihranyan [3]. Algal cellulose has a greater surface area and 
smaller particle size, which leads to the creation of thinner 
and smaller fibers. This, in turn, enables the development of 
a multifaceted capillary-porous and crystalline-amorphous 
structure. Thus, it can be observed that the type of cellulose 
synthase complex present in algae determines the predomi-
nant content of the metastable Iα phase, whereas land plant 
wood contains the more stable Iβ type of cellulose [4].

Macroalgae are the subject of enzymatic hydrolysis 
investigations due to their capacity to produce sustainable 
feedstock, along with their high content of carbohydrates 
and low lignin [5–7]. Despite extensive study, there are still 
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a few limitations and gaps. Among the various algal spe-
cies, brown algae have been studied to a greater extent than 
green species. However, they are not considered a promis-
ing source of cellulose, in contrast to green algae [8]. This 
is due to the relatively low cellulose content in brown algae 
and the complex structure of their cell walls, which impede 
the availability of cellulose [9]. Consequently, there is a pau-
city of studies investigating the saccharification of cellulose 
from brown algae. Typically, these are converted to fucose 
and uronic acids’ derivatives [8]. Researchers commonly 
propose a conversion of the whole biomass with a complex 
mixture of enzymes [10]. However, this approach is hindered 
by the presence of inhibitors. Non-pretreated biomass con-
tains multiple compounds that can interfere with enzyme 
activity or produce inhibitors, thereby reducing the efficacy 
of targeted reactions. Consequently, to achieve high yields, 
algal biomass should be subjected to pretreatment at an early 
stage of the biotechnological processing [11].

In this context, industrial residues have the potential to 
be utilized as substrates for saccharification. The traditional 
processing of brown algae frequently results in the produc-
tion of a cellulose-rich fraction (CRF), which remains after 
the extraction of soluble compounds that could potentially 
impede enzymatic hydrolysis. The CRF is based on insoluble 
cellulose and contains bound protein and residual amounts 
of polysaccharides. From a biotechnological perspective, the 
CRF presents a relatively pure cellulosic material that can 
be easily converted to glucose. Furthermore, this approach 
significantly contributes to the waste’s management and 
comprehensive biorefinery.

The interest in eco-biotechnological approaches to syn-
thesizing substances that are currently produced from petro-
leum and its by-products has driven the potential for using 
cellulose-rich fractions. The proposed approach involves 
carefully selecting a suitable substrate for saccharification, 
which results in a hydrolyzate that is saturated with mono- 
and oligosaccharides. This hydrolyzate can then be used 
as a carbon source for microbiological cultures that pro-
duce specific compounds, such as lactic, succinic, fumaric, 
maleic acids, glycerin, sorbitol, and amino acids [12–14]. 
The physicochemical features of algal substrates (CRF) are 
highly complex, necessitating the development of unique 
approaches to effectively convert free and bound carbohy-
drates to fermentable sugars. The search for new specific 
enzymes and their mixtures is of the utmost importance in 
order to achieve this goal.

The high metabolic activity and protein expression make 
filamentous fungi an efficient platform for production plant 
glycoside hydrolases. Cultivation of fungi on different sub-
strates, combined with strain modification using genetic 
and protein engineering methods, allows the production of 
enzyme complexes with a wide range of activities that can 
selectively act on different carbohydrate components. The 

glycoside hydrolases produced by the ascomycete fungus 
Penicillium verruculosum have been shown to efficiently 
hydrolyze polysaccharides from both herbaceous and woody 
substrates. These broad-spectrum hydrolases were initially 
obtained at the Chemical Department of Lomonosov Mos-
cow State University and Federal Research Centre “Funda-
mentals of Biotechnology” RAS, Russia. Currently, there is 
ongoing research in the field of developing new and improv-
ing existing enzyme preparations to obtain new beneficial 
properties. A complex of 1,3-β-glucanases was designed 
from the ascomycete fungus Myceliophtora thermophila 
[15] for the effective conversion of grain β-glucans. This 
enzyme complex has the potential to convert algal laminarin, 
which has glucopyranose residues connected by 1,3-glyco-
sidic linkages. The cultivation of filamentous fungi strains 
on growth media containing polysaccharide components of 
various origins can lead to the production of enzyme com-
plexes with a broad range of activities. This ensures the ver-
satility and high specificity of fungal hydrolases.

The enzyme complexes of P. verruculosum and M. ther-
mophila are primarily adapted for the saccharification of 
terrestrial plant substrates and have never been implemented 
in the hydrolysis of algal substrates. Given the presence of 
laminarin in seaweeds, it can be reasonably assumed that 
these enzyme preparations will demonstrate high effective-
ness in glucose production when applied to marine plants. 
The primary objective of the current study was to evalu-
ate the reactivity of brown algae cellulose-rich fractions for 
enzymatic hydrolysis of glucans. It is postulated that the 
physicochemical characteristics of substrates, including 
chemical composition, crystallinity, and surface morphol-
ogy, which are dependent on taxonomic classification, will 
determine the efficacy of glucans’ conversion. Furthermore, 
the efficiency of the enzymatic hydrolysis could be opti-
mized through the integration of pre-treatment techniques, 
which would enhance the accessibility of reactive sites for 
interaction with enzymes. In this study, four species of Arc-
tic brown algae (Fucaceae and Laminariaceae families) were 
employed as the initial material to obtain cellulose-rich frac-
tions for subsequent optimization of enzymatic saccharifi-
cation. Consequently, the current research could facilitate 
the investigation of these renewable plant materials for the 
effective production of glucans, which could then be utilized 
in further biotechnological fermentation processes.

2 � Materials and methods

2.1 � Enzymes

For the hydrolysis of algal CRF, 1,3-β-glucanases produced 
by the filamentous fungus M. thermophila, and complexes of 
glycoside hydrolases with endoglucanase, cellobiohydrolase, 
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and β-glucosidase activities produced by the ascomycete P. 
verruculosum were used. The enzyme dosage was deter-
mined as mg of protein per 1 g of dry weight of substrate 
(d.w.). The enzyme dosages and combinations were selected 
based on previous studies of the level of substrate conversion 
of the glycoside hydrolases utilized [15]. In instances where 
the selected dosages resulted in insufficient glucose forma-
tion, the dosage was doubled to ensure sufficient substrate 
conversion. Protein concentration was determined according 
to the Lowry protein assay [16] using BSA as a standard. 
The loading of cellulase complex was 80 mg of protein/g 
d.w.; the loading of the 1,3-β-glucanase ranged from of 30 
to 220 mg of protein/g d.w. Additionally, β-glucosidase 
preparation was also added to the reaction mixture in the 
dosage of 1–5 mg protein/g d.w. The specific activities of 
the enzyme preparations towards sodium carboxymethyl cel-
lulose (CMC, endoglucanase activity), birch xylan (xyla-
nase activity), microcrystalline cellulose (MCC, cellobio-
hydrolase activity), p-NF-β-D-glucopyranoside (p-NFG) 
(β-glucosidase activity), and laminarin (β-1,3-glucanase 
activity) were determined at pH 5.0, 50 °C [17, 18]. Table 1 
presents the specific activities per 1 g d.w. for both single 
enzyme preparations and their combinations.

2.2 � Preparation of cellulose‑rich fraction (CRF)

The CRF was obtained from the biomass of brown algae spe-
cies Ascophyllum nodosum (AN), Fucus vesiculosus (FV), 
Laminaria digitata (LD), and Saccharina latissima (SL) 
(Fig. 1). The seaweeds were collected at mid-August 2021 
from the White Sea (Solovetsky Archipelago, 65°00′55″N 
35°59′39″E).

In the first stage, the lipid-pigment complex was removed 
through chloroform extraction in a Soxhlet apparatus. Subse-
quently, the defatted mass underwent a series of extractions 
to remove acid- and water-soluble components and alginic 
acids from the biomass. This included extraction with 0.1 M 
hydrochloric acid at 60 °C, 1:20, three times for 1 h; 1.5% 
sodium carbonate at 50 °C, 1:20 twice for 1 h; and water at 
60 °C, hydromodulus 1:30 six times for 30 min. The resulting 
material was dried under natural conditions. To increase the 

accessibility of CRF in enzymatic hydrolysis, acid or alkaline 
pretreatment was carried out according to the scheme in Fig. 1.

2.3 � Analysis of cellulose‑rich fraction

The mannitol content was determined spectrophotometrically 
by the optical density of solutions of the mannitol complex 
with copper ions [19]. The protein content was determined 
using the total nitrogen conversion method (EuroEA 3000, 
EuroVector, Italy). The amount of alginic acids in the bio-
mass was determined titrimetrically following the Alcian 
blue binding method [20]. The Kürschner-Hoffer method was 
used for the gravimetric determination of cellulose, which 
involves boiling of CRF with a mixture of ethanol and con-
centrated nitric acid [21]. To quantify easily hydrolyzable 
polysaccharides, CRF were preliminary hydrolyzed with 
6 M hydrochloric acid at 110 °C. The amount of reducing 
substances in the resulting hydrolyzate was then determined 
titrimetrically using Fehling’s reagent [21]. The ash content 
was determined through gravimetric analysis after the com-
plete combustion of the organic portion of the sample in a 
muffle furnace at 550 °C.

2.4 � Physicochemical properties of CRF

The composition and ratio of crystalline phases in CRF sam-
ples were evaluated using the Rietveld method. The crystal-
linity index (CI) was calculated using the Ruland method 
[22–24] using the following formula:
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amorphous phase, and θ is Bragg’s angle.

The degree of polymerization (DP) was determined by vis-
cometry of CRF solutions in cadoxene [25]. Intrinsic viscosity 
was determined by the formulas:

where ηγ is the specific viscosity characterizing the increase 
in the viscosity of the solution relative to the viscosity of the 
solvent; t1 is the solution outflow time, s; t0 is the solvent 
outflow time, s; and C is the concentration of the solution, 
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(3)�� = t1∕t0 − 1Table 1   The activity of enzyme combinations, un per mg of protein

Enzyme 
combination

CMC Xylan MCC p-NFG Laminarin

1 32.58 21.38 0.52 0.57 5.82
2 51.79 33.57 0.70 0.63 -
3 4.64 3.65 0.26 0.49 14.29
4 4.91 4.01 0.25 8.62 13.10
5 4.74 3.79 0.26 3.64 13.82
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where Km and α are constants equal to 0.7 and 0.9, respectively 
(for cadoxene solutions) and [η] is intrinsic viscosity, mL/g.

Infrared spectra were recorded on an IR Prestige 21 (Shi-
madzu, Japan) at a resolution of 4 cm−1 and 128 scans. Sur-
face images were obtained using scanning electron micros-
copy (SEM) on a Zeiss SIGMA VP scanning microscope 
(Carl Zeiss, Germany).

2.5 � Enzymatic saccharification of CRF

The CRF before and after pretreatment was enzymatically hydro-
lyzed at a substrate loading of 1% (d.w.) in a Biosan es-20/60 incu-
bator shaker (Biosan, Latvia) with constant stirring at 150 rpm 
and a temperature of 50 °C. The pH level of the reaction mixture 

(4)DP = ([�]∕K
m
)1∕� was maintained at 5.0 using 0.05 M sodium acetate buffer. The 

hydrolysis lasted for 24–48 h. For analysis, 1 mL of the suspen-
sion was taken, centrifuged at 13,400 rpm in a MiniSpin Plus 
centrifuge (Eppendorf, Germany). The supernatant (hydrolyzate) 
was collected for further glucose analysis, and the solid residue 
was freeze-dried on a FreeZone 2.5 (Labconco, USA, Canada).

2.6 � Evaluation of the efficiency of enzymatic 
hydrolysis of CRF

The degree of conversion (DC), % of CRF polysaccharides 
was calculated according to Formula (5)

(5)DC =
m

CRF
− m

res

m
CRF

∙ 100% − %
soluble

Fig. 1   Scheme for CRF produc-
tion from brown algae and 
pretreatment technology for 
enzymatic saccharification
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where m
CRF

 is the weight of CRF (d.w.) (g), m
res

 is the 
weight of solid residue (d.w.) after hydrolysis (g), and %

soluble
 

is the share of soluble compounds in CRF.
The concentration of glucose in hydrolyzates was meas-

ured using the glucose oxidase–peroxidase method. The DC 
of β-glucans, especially cellulose and laminarin, was estimated 
based on the amount of glucose produced during hydrolysis. 
The glucose yield (GY) was calculated according to Formula (6)

where C
GL

 is the concentration of glucose in hydrolyzate 
(g/L), C

S
 and C

E
 are background glucose concentrations 

from substrate and enzyme preparation, respectively (g/L), 
C
CRF

 is the loading of CRF (d.w.) (g/L), and 0.9 is the coef-
ficient of water addition of polysaccharides.

3 � Results and discussion

3.1 � Structure and physicochemical properties 
of CRF

Among algae, brown species are known for their devel-
oped structure, which often resembles that of higher plants. 

(6)GY =

(

C
GL

− C
S
− C

E

)

0.9

C
CRF

∙ 100%

Upon examining the surface of the CRF, a fibrous structure 
was observed in samples LD and SL (Fig. 2c and d), while 
samples AN and FV (Fig. 2a and b) have a more uniform 
surface. The SEM images indicate that the non-glucan com-
pounds in the CRF are evenly distributed, effectively cover-
ing the cellulose matrix of the algae, particularly in AN and 
FV. The SL and LD samples, which belong to the Laminari-
aceae family, exhibit a more complex physiological structure 
compared to other algae. This is attributed to the presence of 
sieve tubes in their tissues, which facilitate the transporta-
tion of assimilated substances [26]. Consequently, the mor-
phology of the SL and LD samples is fibrous and forms a 
network structure with a greater surface area and activity. 
Consequently, the developed structure serves to alleviate 
interactions between enzymes and target macromolecular 
segments. Consequently, scanning electron microscopy 
(SEM) images permit the assumption that the Laminariaceae 
species (LD and SL) exhibit a higher degree of reactivity.

Figure 3 presents FTIR data of the algal cellulosic-rich 
fraction samples in comparison with a pure microcrystalline 
cellulose as a reference. The most notable dissimilarities are 
observed in the 1500–1700 cm−1 region, which is specific 
for the vibrations of amide bonds. This finding is consistent 
with the hypothesis that protein molecules are tightly bound 
to the cellulose matrix, and that non-glucan compounds, 
which comprise up to one-third of CRF biomass (Table 2), 

Fig. 2   SEM images of cellulose-rich fractions. a F. vesiculosus. b A. nodosum. c L. digitata. d S. latissima; bars 100 nm
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are mainly presented by proteins. The presence of uronic 
acids, particularly in the AN and FV samples, is notable in 
the 800 cm−1 area. Additionally, the C = O vibrations of the 
carboxylic groups are evident as a peak at 1732 cm−1. The 
FTIR data indicates that the studied samples possess multi-
functional characteristics, necessitating a tailored approach 
to further saccharification.

Table 2 presents the aspects of chemical composition 
and physicochemical characteristics of CRF that influence 
enzymatic hydrolysis. The degree of polymerization was 
determined (Table 2), and it was observed that samples AN 
and FV contain cellulose with a lower molecular weight. 
X-ray diffraction studies revealed that cellulose Iβ is the 
predominant form in the LD and SL samples. The AN and 
FV samples display notable differences in crystallinity when 
observed in reflection and transmission. This disparity could 
be a sign of unformed cellulose and implies a considerable 
level of material anisotropy.

3.2 � Enzymatic hydrolysis of brown algae 
polysaccharides

The enzymatic conversion of polysaccharides into sugars 
is based on the cleaving 1,4- and 1,3-glycosidic linkages. 
Cellulose, which is a polymer of D-glucopyranose linked 
by β-1,4-glycosidic bonds, can be hydrolyzed to glucose 

through the simultaneous action of endo- and exocellulases. 
Endoglucanases depolymerize amorphous structures, which 
can increase the number of reducing and non-reducing ends 
available for cellobiose cleavage by cellobiohydrolases. 
β-glucosidases cleave terminal non-reducing-D-glucose 
residues from cellobiose and oligosaccharides, producing 
glucose. The mutual action of endo- and exohydrolases has 
a positive synergistic effect owing to the removal of oligo- 
and disaccharides, which are known inhibitors of enzy-
matic hydrolysis. These inhibitors can cause a limitation 
of the adsorption of the enzyme by the surface area of the 
substrate. Endoxylanases, xylosidases, endofucoidanases, 
fucosidases, and 1,3-β-glucanases act by similar mecha-
nisms, catalyzing the hydrolysis of xylans and fucoidans, 
respectively [8, 27, 28].

To assess the potential bioconversion of seaweed glucan-
based polysaccharides, four CRF samples were subjected 
to hydrolysis with enzyme combination №1 (Table 1). The 
results indicate that the highest degree of conversion for 
non-pretreated samples after 24 h (Fig. 4a) was observed 
in L. digitata (LD). These significant findings for LD and 
SL samples are associated to their higher cellulose and 
laminarin content compared to AN and FV (Table 2). The 
overall low yields of fermentable sugars from AN and FV 
seaweeds can be explained by the reduced surface of cel-
lulose, hemicelluloses, and laminarin accessible to enzyme 
molecules, hindered by phenolic compounds, fucoidans with 
sulfate ester groups, and other components. The similari-
ties between AN and FV, LD, and SL are due to these spe-
cies belonging to the Fucaceae and Laminariaceae families, 
respectively. Therefore, the potential for glucose production 
varies among seaweed due to interspecific differences in the 
content and accessibility of the convertible polysaccharides 
(Table 2).

To enhance the conversion of cellulose-rich complexes 
in brown seaweed, we screened glycoside hydrolases to 
optimize the composition and dosage of enzymes on the 
LD sample as the most promising of the presented CRFs 
(Fig. 4b). It was determined that enzyme combination №4 
is the optimal choice for the hydrolysis of CRF due to its sig-
nificant 1,3-β-glucanase and increased β-glucosidase activi-
ties. In comparison to the results obtained, it was observed 
that enzyme combination №3, despite having a similar and 
twice higher 1,3-β-glucanase activity, exhibited a reduced 

Fig. 3   FTIR spectra of cellulose-rich fractions and commercial 
microcrystalline cellulose

Table 2   Chemical composition 
and physicochemical properties 
of algal CRF. DP, degree of 
polymerization; CI, crystallinity 
index

CRF Chemical composition, mg/g d.w DP, un XRD

Glucan compounds Non-glucan compounds Ash Iα, % Iβ, % II, % CI, %

AN 599.2 ± 30.0 331.1 ± 15.2 65.7 ± 3.4 330 5.7 54.6 42.5 15
FV 592.7 ± 45.2 343.6 ± 27.3 57.0 ± 3.1 180 - 61.9 38.1 10
LD 748.0 ± 25.4 238.8 ± 10.0 9.3 ± 0.7 940 4.3 95.7 - 53
SL 644.2 ± 23.1 342.0 ± 12.3 8.6 ± 0.4 1140 14.5 85.4 - 59
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efficiency of saccharification. Even with a fourfold increase 
in combination №3 loading, it was not possible to fully com-
pensate for the insufficient exocellulase and hemicellulase 
activities. The mixture №2 mainly consists of cellulases but 
lacks enzymes that catalyze the hydrolysis of the 1,3-glyco-
sidic linkages. According to the data presented in Table 1, 
it appears that a higher level of endoglucanase activity in 
cellulase and 1,3-β-glucanase preparations results in a more 
intensive accumulation of cellooligosaccharides. These 
cellooligosaccharides are subsequently hydrolyzed by exo-
enzymes into cello- and laminaribiose, which may cause an 
inhibitory effect on enzymatic reactions. The lower yield of 
sugars observed may be attributed to an insufficient level of 
β-glucosidase activity. Enzyme combination №4 has been 
found to have significant endo-1,3(4)-β-glucanase activity 
and contains a sufficient level of β-glucosidases activity to 
accelerate the saccharification of seaweed biomass [28]. The 
synergistic interaction of 1,3- and 1,4-glycoside hydrolases 
allows for a reduction in enzyme dosage of up to 4 times 
without a decrease of hydrolysis efficiency, which is an 
important economic factor for further scaling up enzymatic 
saccharification processes.

Several pretreatment methods have been found to 
enhance the saccharification processes of seaweed poly-
saccharides [29, 30]. Chemical and thermochemical pre-
treatment methods, such as ozonolysis [31, 32], treat-
ment with alkalis [33–35] and alkali metal salts [29], 
and dilute acids [36–38], have been shown to promote 
partial depolymerization of holocellulose. In addition, 
various physical (physicothermal) methods, which typi-
cally involve mechanical grinding and steam explosion, 
have been found to be highly effective [32, 39]. The use 
of concentrated acids or alkalis for pretreatment is less 
common, as it may cause extensive degradation of sug-
ars. This can result in the formation of inhibitors such as 
5-hydroxymethylfurfural, furfural, furan, formic, acetic, 

levulinic, and aliphatic acids, which can hinder the enzy-
matic hydrolysis and fermentation process [30]. In this 
perspective, the utilization of diluted acid represents the 
most optimal solution. Accordingly, to facilitate the acces-
sibility of enzymes to the CRFs, we propose a chemical 
pretreatment (Fig. 1) of the most promising CRFs of two 
families of seaweed (LD and AN) with 1.5% H2SO4 [40]. 
Subsequently, enzyme combination №1 was used for fur-
ther enzymatic hydrolysis of the acid-pretreated CRF. The 
acid pretreatment resulted in a 5% increase in the degree 
of conversion of LD, leading to an overall DC of 77%. 
Notably, no significant increase in glucose concentration 
was observed for AN (Fig. 5). The low efficacy of acid pre-
treatment may be attributed to the presence of condensed 
phenolic structures (analogous to lignin), which are not 
effectively removed by diluted acids.

Given the moderate effectiveness of acid pretreatment, 
we proposed alkalization of CRF as an alternative means 
of enhancing hydrolysis yield. In the case of hemicellulosic 
biomass, the most commonly applied approach to pretreat-
ment is the use of alkaline solutions. This medium facilitates 
the solubilization of non-glucans by destroying ester link-
ages and promotes swelling of cellulose fibers [40]. For this 
experiment, we employed 1 M NaOH, which gave result in 
96% yield of CRF. The kinetics of glucose accumulation 
during the enzymatic hydrolysis of the alkaline-pretreated 
CRF is shown in Fig. 6.

The results suggest that enzymatic hydrolysis efficiency 
reaches plateaus after the first 24 h, indicating that longer 
treatment may not be necessary. Additionally, alkalization was 
found to have a positive effect, reducing enzyme dosage and 
enabling the use of combination №5. Alkaline pretreatment 
results in ~ 20% increase of the DC compared to the non-pre-
treated and acid-pretreated CRF. It also provides a significant 
increase in glucose concentration in SL hydrolyzates. Alkali 
solution dissolves the hemicelluloses in CRF, thereby increas-
ing the surface area of cellulose fibers available for interaction 

Fig. 4   Comparing results of 24 h bioconversion by glycoside hydro-
lases M. thermophila and P. verruculosum. a Non-pretreated CRF 
samples with enzyme combination №1. b Variation in glucose yield 
of non-pretreated LD sample as a function of enzyme combination 
(compared to enzyme combination №1)

Fig. 5   Effect of acid pretreatment on the yield of fermentable sugars 
from cellulose-rich fractions LD and AN with enzyme combination 
№1. a Glucose yield. b Degree of conversion
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with cellulases. AN and FV show a lower degree of conver-
sion, despite being alkalized in the same manner as SL and LD 
samples. 40% was the limiting DC of AN sample, achieved 
after hydrolysis of CRF pretreated with dilute sulfuric acid. 
AN and FV seaweed contain fucoidan, which cannot be con-
verted to sugars by the enzymes used in this research owing to 
the specific and complex sulfated structure [27]. To increase 
the conversion of these types of seaweeds (Fucaceae family), it 
is necessary to search for an enzyme with fucoidanase [41–43] 
and other activities.

A direct comparison of the results obtained with the 
literature data is complicated by the use of algal residues 
instead of the whole biomass and interspecific differences. 
Nevertheless, the results obtained in the current research 
are comparable and, in some cases, even greater than those 
reported by other researchers [7, 44, 45]. Manns and col-
leagues employed L. digitata brown algae for saccharifica-
tion. The highest glucose yield achieved was 40.8%, which 
is approximately twofold lower than that observed in our 
study [46]. Romero-Vargas et al. [10] demonstrated that 
intense ultrasound pretreatment of the whole brown algae 
D. dichotoma resulted in a 10–13% glucose yield. Enzy-
matic hydrolysis of acid-pretreated Sargassum brown algae 
yielded up to 4.5% glucose, even under more extreme con-
ditions (3.4–4.6% H₂SO₄, 1.5 h, 115 °C) [47]. Therefore, 
the algal residue (cellulose-rich fraction) employed in the 
present study yielded comparable and even greater values 
of glucose than the crude algal biomass utilized in other 
studies, which contains other carbohydrates with the poten-
tial to produce reducing sugars. This finding underscores 
the significant potential of this type of residue to markedly 
enhance marine biomass valorization through the enzymatic 
conversion of industrial waste.

3.3 � Effect of CRF composition and structure 
on the bioconversion rate

The degree of polymerization, crystallinity index, spe-
cific surface area, and chemical composition (non-glucan 

compounds) are the main characteristics of the cellulosic 
substrate which affect the rate of the enzymatic hydroly-
sis and its efficiency. According to the results, the highest 
yield of glucose and other reducing sugars specifically is 
the characteristic of LD and SL samples. These CRF have 
higher values of the DP, as well as the CI (Table 2). This 
result contradicts the generally accepted concept that the 
shorter the macromolecular chain and the higher content of 
the amorphous phase, the more effective enzymatic hydroly-
sis is. However, this issue is ambiguous and there are plenty 
of research that contain results similar to presented in the 
current study. Thus, Thielemans et al. [48] showed that the 
decrease in the DP does not compensate the removal of 
the amorphous phase of macromolecules, which leads to a 
decrease in glucose yield. Other studies revealed that there 
is no significant relationship between the rate, efficiency of 
enzymatic hydrolysis, and the degree of polymerization of 
cellulose [49–51]. Surface area does not show a correlation 
with the degree of conversion. It is noteworthy that even 
highly polymerized celluloses could give a high glucose 
yield through thorough optimization of hydrolysis and pre-
treatment conditions [52].

In our results, the bioconversion rate is more significant 
for substrates that have a higher CI (53% and 59% for LD 
and SL, respectively) compared to AN and FV (10% and 
15%). However, it is necessary to consider the influence of 
amorphous non-glucan polysaccharides on the results of 
XRD analysis. Koo et al. [53] stated that degree of crystal-
linity and crystallinity index values do not correlate. The 
effect of “hornification” should be taken into consideration 
when evaluating the bioconversion potential. A never-dried 
samples have a hydrolysis efficiency of 96%, while cel-
lulose after drying demonstrates a reduced bioconversion 
efficiency. 13C NMR analysis data showed that drying and 
subsequent humidification do not affect crystallinity. Thus, 
the authors concluded that there is no correlation between 
an increased crystallinity and a decrease in the level of enzy-
matic conversion.

Kashcheyeva et al. [54] revealed an atypical relationship 
between the yield of hydrolysis and the degree of polymeri-
zation and crystallinity index of cellulose of various origins. 
Thus, bacterial cellulose with the highest DP and CI values 
showed the same glucose yield as the miscanthus cellulose 
with the lowest DP and CI. The authors highlighted that 
degree of polymerization and crystallinity index are not 
the sole factors determining the bioconversion efficiency. 
Thus, bacterial cellulose has a developed “network” struc-
ture available to the multiple interactions with enzymes. 
Regarding seaweed cellulose, species L. digitata and S. latis-
sima have a more intricate structural organization of the cell 
walls. They contain conducting channels similar to the sieve 
tubes of higher plants. Probably, this developed structure 
of LD and SL samples, which is visible in the SEM images 

Fig. 6   The kinetics of glucose accumulation during enzymatic 
hydrolysis of alkaline-treated CRF with enzyme combination №5
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(Fig. 2), makes them more accessible to interaction with the 
enzymes. An equally important factor is the accumulation 
of inhibitors during the hydrolysis [40].

Desorption of the enzyme from the substrate’s surface 
is an essential factor on a par with sorption. Enzyme 
molecule being a catalyst have to move to the next site 
to maintain the hydrolytic reactions [55]. Various non-
productive interactions between the enzyme and sub-
strate components could hamper desorption. Regarding 
the wood pulp, lignin bonds cellulases via hydrophobic, 
electrostatic, and hydrogen interactions preventing their 
interaction with cellulose [56]. Seaweeds and CRF spe-
cifically lack lignin per se, while still containing a lot of 
accompanying non-glucan compounds. Instead of lignin, 
brown seaweeds produce phlorotannins—polymers of 
1,3,5-trihydroxybenzene [57], which have a high affin-
ity for proteins and cellulose [58]. As stated by Ximenes 
et al. [59], polymers rich in phenolic -OH groups, such as 
tannic acid, have a more pronounced effect of deactivat-
ing glycoside hydrolases (from 60 to 100% inhibition) 
than monomeric phenols. Consequently, phlorotannins, 
which are specific for seaweeds of the Fucaceae fam-
ily (AN and FV), may contribute to the reduced bio-
conversion of these substrates, as corroborates with the 
results of Obata et al. [60, 61]. Even though numerous 
extractions were performed to obtain CRF and remove 
most of non-glucan components of seaweed, its structure 
and composition still remain heterogeneous, primarily 
because of the presence of strong bonds with protein, 
phenols, and alginates. Therefore, a mono enzyme com-
bination will not work as efficiently as with pure cellu-
lose [62]. Introducing additional enzymes for the break-
down of fucoidans and alginates will probably achieve 
a more complete conversion of the CRF of the Fucaceae 
family (AN and FV) into glucose. The synergistic effect 
should increase the yield of glucose as a target product 
[46, 63]. As been said, many factors affect the bioconver-
sion potential of cellulose-based materials, sometimes in 
the opposite directions [55]. Therefore, when describing 
the influence of certain structural features of the sub-
strate on the efficiency of enzymatic hydrolysis, it is 
necessary to consider their mutual influence.

This perspective suggests that a comprehensive examina-
tion of the substrate before and after hydrolysis could assist 
in comprehensively understanding the limitations of the 
approach and the potential for modifying experimental condi-
tions to achieve even more pronounced results. In light of the 
apparent lack of promise exhibited by the Fucaceae species 
in the context of the current experiment, it is plausible that 
their performance could be enhanced through a more rigor-
ous selection process and the application of enzymes with 
fucoidanase activity. Nevertheless, the quantitative results 
obtained permit the conclusion that the cellulose-rich fraction 

of the Arctic seaweeds is a promising third-generation feed-
stock for the production of economically valuable substances 
via chemical or fermentation processes [8, 13, 29, 64–66].

4 � Conclusions

This article presents an evaluation of the bioconversion 
potential of four Arctic seaweed cellulose-rich fractions using 
glycoside hydrolases with broad hydrolytic performance pro-
duced by fungal strains Penicillium verruculosum and Myce-
liophtora thermophila. Laminaria digitata (LD), a member 
of the Laminariaceae family, exhibits the highest glucose 
yield of 50%, likely due to its notable content of highly 
accessible cellulose and laminarin, as well as its developed 
web-like structure of cellulose fibrils, which collectively con-
tribute to its high glucose-producing capacity. Prior to enzy-
matic conversion, a chemical treatment is required to remove 
cellulase-binding proteins, phenols, and polysaccharides that 
impede further biocatalytic reactions. Pretreatment with a 
1.5% H₂SO₄ solution allows for an increase in the degree 
of conversion to 77%, while alkalization with 1 M NaOH 
results in a reduction of the enzymes’ dosage without a loss 
of sugars’ yield. The results obtained indicate that caution 
should be exercised when attempting to draw conclusions 
regarding the correlation between the degree of crystallin-
ity/polymerization and glucose yield, as there are numerous 
factors affecting hydrolysis efficiency. It is therefore of the 
utmost importance to consider the mutual action of these 
factors. The substrates utilized in this study (cellulose-rich 
fraction) are analogous to industrial waste products derived 
from seaweed processing. Consequently, the bioconversion of 
this substrate will contribute to the comprehensive process-
ing, rational resource management, circular economy, and 
the expansion of the range of practically useful materials of 
algal origin.
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