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Introduction
Alpha-L-arabinofuranosidases (EC3.2.1.55) are enzymes 
that release L-arabinose. They are involved in the hydrolysis 
of alpha-L-1,2-, alpha-L-1,3-, and alpha-L-1,5-arabinosyl 
linkages in oligosaccharides, and in hemicelluloses distributed 
in various plant tissues such as arabinoxylans, arabinogalactans 
and arabinans [1,2]. These enzymes work in synergy with other 
hemicellulolytic enzymes to achieve the complete degradation 
of the hemicelluloses since the L-arabinose side chains hinder 
the activity of the polysaccharide-degrading enzymes [3]. 
Alpha-L-arabinofuranosidases are receiving great attention 
because of their practical applications in a variety of agro-
industrial processes such as a more efficient conversion of 
lignocellulosic material into fermentative products, digestibility 
enhancement of animal feedstock, delignification of pulp, 
and clarification of juices [4]. The importance of alpha-L-
arabinofuranosidases is well known also in the oenological 
field because of the hydrolysis of monoterpenyl glycosides 
during wine fermentation with consequent flavour enhancement 
[5]. The alpha-L-arabinofuranosidase hydrolysis product, the 
L-arabinose, is a low caloric sweetener approved by US (FDA) 
and Japan for use as food additive [6]. Its chirality makes it a 
useful starting point for the synthesis of nucleosides used in 
antiviral therapy [7,8]. It has also been proven that it inhibits the 
intestinal sucrase, thus slowing down the sucrose absorption, and 
reduces the glycaemic response after the sugar ingestion [9,10]. 

Therefore, this sugar may be used as a functional compound 
that inhibits sucrose digestion. Basing on this ascertainment, 
an effective L-arabinose production could be important for the 
food and pharmaceutical industries. The commercial production 
of the L-arabinose consists in many steps of purification. The 
process foresees an extraction by acid hydrolysis from corn 
cob or Gum Arabic followed by purification through several 
steps of neutralization, ion exchange chromatography, and 
other procedures [11]. However, this method requires the use of 
large quantity of acids and time-consuming purification steps. 
An alternative solution is represented by the use of enzymes 
that can provide several advantages such as to operate in mild 
conditions, to reduce the numbers of purification steps, and to 
exploit agricultural wastes, currently discarded, for the sugar 
production.

In general, enzymes play important roles in the industrial 
processes being the biocatalytic transformations more eco-
friendly than the chemical ones. Enzymes isolated from (hyper) 
thermophilic micro-organisms are known as good biocatalysts 
because they are able to work under the extreme operative 
conditions often required by industrial processes in contrast to 
their mesophilic counterparts. To be economically attractive, an 
industrial process based on the use of enzymes must foresee 
their reutilization for additional cycles. In this sense, enzyme 
immobilization offers several advantages as it allows repeated 
use of the enzyme together with easiness of product recovery. 

In the present study, the immobilization in calcium alginate beads of the alpha-L-arabinofuranosidase 
from the extremophilic Archaeon Sulfolobus solfataricus expressed in Escherichia coli was described. 
The biochemical properties and the capability to release L-arabinose from L-arabinose-containing 
substrates were investigated as well.

Since the recombinant activity was localized in the cytosol and in the cell membranes, alginate 
beads entrapping E. coli whole cells were also prepared. The immobilization was carried out 
by mixing the enzyme and the cells with 3% (w/v) sodium alginate, and then adding 0.15 mol/L 
CaCl2. The immobilization yield was high, with 100% and 98% of recovery for the enzyme and 
the cells, respectively. The optimal pH was shifted to a lower value and the thermophilicity was 
increased, reaching 85°C for the enzyme and 95°C for the cells. The immobilized preparations 
showed enhanced thermal stability with half-lives of 16 h and 20 h at 90°C for the enzyme and the 
cells, respectively. The efficiency of the alpha-L-arabinofuranosidase in producing L-arabinose 
was tested by using L-arabinose-containing substrates. The enzyme was not active toward 
polymeric substrates such as arabinan and debranched arabinan, whereas 1,5-alpha-L-arabino-
oligosaccharides were hydrolysed giving 68% of L-arabinose after 24 h of incubation at 80°C 
with the immobilized enzyme.
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However, the immobilization procedure must be not harmful 
for the catalytic activity and, if the enzyme has to be applied 
in the food industry, the support should preferably be a food-
grade product [12]. In our previous work, we immobilized 
the recombinant bi-functional beta-D-xylosidase/alpha-L-
arabinofuranosidase from S. solfataricus in calcium alginate, 
because this technique is simple, and the support is cheap and 
non-toxic [13]. Beads of calcium alginate can be prepared 
under mild conditions and are used extensively for entrapping 
enzymes and cells [14-16]. However, there are few reports on 
immobilized alpha-L-arabinofuranosidases and none of them 
describes highly thermostable ones [17-19]. In the present study, 
the thermophilic and thermos° alpha-L-arabinofuranosidase 
from S. solfataricus, immobilized in calcium alginate beads 
either as recombinant enzyme or in Escherichia coli cells, 
was characterized and its properties were compared with 
those of the free enzyme. The efficiency of the preparations in 
producing L-arabinose from a mixture of 1,5-alpha-L-arabino-
oligosaccharides was also evaluated.

Materials and Methods
Materials
Sodium alginate from Macrocystis pyrifera (medium viscosity), 
calcium chloride (CaCl2), isopropylthio-β-D-galactopyranoside 
(C9H18O5S), L-arabinose (C5H10O5), and p-nitrophenyl-alpha-
L-arabinofuranoside (pNPAF- C11H13NO7) were from Sigma-
Aldrich. Arabinan (sugar beet), debranched arabinan (sugar 
beet) and 1,5-alpha-L-arabino-oligosaccharides [arabinobiose 
(C10H18O9), arabinotriose (C15H26O13), arabinotetraose 
(C20H34O17), and arabinopentaose (C25H42O21)], were purchased 
from Megazyme International Ireland Ltd.

Growth conditions and isolation of the enzyme
Escherichia coli strain RB791 [20] used for the enzyme 
expression, was routinely cultured at 37°C in Luria-Bertani 
growth medium (tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 
g/L, pH 7.0) supplemented with ampicillin (100 g/mL) [21]. 
The production and the isolation of the recombinant enzyme 
were performed as previously reported [22].

Immobilization of enzyme and E. coli cells
Different amounts of recombinant alpha-L-arabinofuranosidase 
(from 392 to 1568 mU) added with 100 g/mL of bovine serum 
albumin (10 mg/mL) were mixed with 10 mL of 3% (w/v) 
sodium alginate. The resulting mixture was dropped into 20 
mL of 150 mmol/L CaCl2, pH 6.2 with a needle connected to 
a peristaltic pump. Engineered E. coli cells were immobilized 
as follows: 8, 12 and 17 mg (wet weight in 1 mL of 50 mmol/L 
MOPS-KOH buffer, pH 6.5) were added to 10 mL of 3% (w/v) 
sodium alginate and then dropped into a solution of CaCl2 as 
described above. The alginate beads were left to harden in 
the CaCl2 solution for 24 h at 4°C; then, they were recovered 
by a sieve. The vial containing the sodium alginate-enzyme 
(or cells) solution and the dropping device were rinsed with 
distilled water. The washings and the CaCl2 solution were used 
to estimate the amount of the unbound enzyme. Alginate beads 
were rinsed with 0.002% (w/v) sodium azide (NaN3) and stored 
at 4°C in a dry state to avoid the release of the activity.

Protein determination and enzyme assay 
Protein concentration was determined as described by Bradford 
[23] using the BioRad protein staining assay, and bovine serum 
albumin as the standard. Soluble and cell bound alpha-L-
arabinofuranosidase activity was determined at 75°C by using 
2.0 mmol/L pNPAF in 50 mmol/L MOPS-KOH, pH 6.5 as 
substrate. 

The assay mixture (final volume 500 microliter), initially 
containing 450 microliter of substrate, was pre-heated at 75°C 
for 2 min. The reaction started by adding the appropriate amount 
of enzyme followed by incubation at 75°C for a variable time 
(2-4 min). The reaction was stopped by adding 1 mol/L Na2CO3 
(1 mL), and the amount of p-nitrophenol was quantified at 
405 nm by a ultraviolet-visible spectrophotometer (Cary 100, 
Varian Analytical Instruments). One enzyme unit was defined 
as the amount of enzyme releasing 1 micromol of p-nitrophenol 
per minute under the described conditions. Immobilized alpha-
L-arabinofuranosidase activity was determined by stirring the 
beads (50 mg and 30 mg for immobilized enzyme and cells, 
respectively) in 500 microliter of the standard reaction mixture 
under the assay conditions reported for the soluble enzyme. The 
reaction was stopped after 4 min, and the beads were removed 
before the addition of 1 mol/L Na2CO3. The yields after 
immobilization were defined as follows:

1) Immobilization yield (%)=[(A – B)/A × 100] 

2) Activity yield (%)=(C/A) × 100 

where A represents the total milliunits used in the immobilization, 
B the unbound milliunits, and C the milliunits of immobilized 
and active enzyme.

Influence of pH and temperature 
The pH dependence of the free alpha-L-arabinofuranosidase was 
compared with that of the immobilized preparations at 75°C in 
the range 5.5-7.5. Enzyme standard assay was performed in 
the following buffers: 50 mmol/L MES-NaOH for pH 5.5 and 
6.0, and 50 mmol/L MOPS-KOH for pH from 6.5 to 7.5. MES 
and MOPS were chosen as buffers in order to avoid alginate 
beads solubilisation. The influence of temperature on free 
and immobilized preparations was investigated in the range 
70°C-100°C. Standard enzyme assay to estimate the residual 
activity was performed in 50 mmol/L MOPS-KOH buffer, pH 6.5.

Thermal stability at 80°C and 90°C was investigated for free and 
immobilized preparations. Aliquots of free enzyme and cells, 
suspended in 50 mmol/L MOPS-KOH buffer, pH 6.5, were 
incubated in sealed Eppendorf tubes with mineral oil overlaid 
to avoid evaporation. For the immobilized preparations, 50 mg 
of beads in 1 mL of the buffer above were incubated. Samples 
were withdrawn at established times and the remaining activity 
was measured at 75°C by the standard enzyme assay. 

Hydrolysis of arabinose-containing substrates
Hydrolysis of arabinan and debranched arabinan was performed 
as follows: different concentrations of polysaccharides (5.0 mg/
mL and 10.0 mg/mL) were incubated with free and immobilized 
enzyme and cells (1.5 U/mL incubation mixture) at 80°C in 50 
mmol/L MOPS-KOH buffer, pH 6.5. The hydrolysis reaction 
was stopped after 72 h.
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The hydrolysis of the 1,5-alpha-L-arabino-oligosaccharides was 
performed as follows: the 1,5-alpha-L-arabino-oligosaccharides 
mixture (2.5 mg/mL and 5.0 mg/mL), formed by oligosaccharides 
from 2 to 5 arabinose units, was incubated with the free and 
the immobilized enzyme (0.38 U/mL incubation mixture) at 
80°C in 50 mmol/L MOPS-KOH buffer, pH 6.5 for 24 h. The 
amount of L-arabinose produced after polysaccharides and 
oligosaccharides hydrolysis was assessed by high performance 
anion exchange chromatography.

High performance anionic exchange chromatography
The estimation of the L-arabinose released from the substrates 
was performed by a high performance liquid chromatographic 
system (Dionex, Sunnyvale, CA), equipped with a pulsed 
electrochemical detector (PED), and an anionic exchange 
column (Carbopac PA-100). The separation and quantification 
of the L-arabinose was obtained with the following eluent: 160 
mmol/L NaOH (Buffer A) and 160 mmol/L NaOH plus 300 
mmol/L CH3COONa (Buffer B). L-Arabinose was eluted at the 
flow rate of 0.25 mL/min with the following gradient: t=0 min 
100% Buffer A; t=8 min 100% Buffer A; t=35 min 20% Buffer 
A. Maltose (C12H22O11) was added to each sample as internal 
standard. 

Statistical analysis

All experiments were independently performed at least 3 times 
with similar results. Data were processed in GraphPad Prism 
4 software (GraphPad Software) and expressed as mean ± SD.

Results
Alpha-L-arabinofuranosidase immobilization and 
storage stability

Escherichia coli growth, as well as the isolation and the 
purification of the recombinant thermophilic beta-D-xylosidase/
alpha-L-arabinofuranosidase necessary to the immobilization, 
were previously described [22]. The influence of different 
quantities of free enzyme on the immobilization yield was 

investigated. Different amounts of enzyme were mixed with 
bovine serum albumin before addition to the sodium alginate 
solution, and both immobilization and activity yields were 
high with every amount of alpha-L-arabinofuranosidase used 
(96 ± 0.35%-100%) (Table 1). Because of the recombinant 
enzyme was also localized in the E. coli cell membranes, 
alginate beads entrapping E. coli whole cells were prepared as 
well. Moreover, engineered E. coli cells were entrapped into 
alginate as alternative to the enzyme immobilization, in order 
to immobilize the alpha-L-arabinofuranosidase avoiding time-
consuming purification steps. The immobilization yield reached 
high percentage values, whereas the activity yield ranged from 
67% to 73% of the total added enzyme. A higher activity yield 
(up to 98%) was obtained by pre-heating the alginate beads at 
75°C (Table 2). 

The loss of enzyme activity at low temperature, known as storage 
stability, was investigated. The immobilized preparations 
exhibited greater stability in comparison to the free forms at 
4°C. The immobilized enzyme was the most stable retaining 
85% of activity after 4 months of storage. Immobilized cells 
maintained 55% of activity after the same period at 4°C, while 
the residual activity in the free preparations dropped to the 20% 
of their initial value.

Influence of pH and temperature
Characterization of the entrapped alpha-L-arabinofuranosidase 
was carried out with the immobilized preparations containing 
the highest activity (1568 mU/g beads and 2052 mU/g beads for 
the immobilized enzyme and cells, respectively), in order to use 
low bead volumes.

Their properties were compared with those of the respective free 
preparations. The influence of pH on the activity was investigated 
in the interval 5.5-7.5. The immobilized preparations showed 
optimal pH at more acidic value shifting from 6.5, which was 
the optimal pH for the free and cell-bound enzyme, to 6.0 
(Figure 1). The immobilized alpha-L-arabinofuranosidase was 
more active than the free forms at almost all pH values. At pH 

Alpha-L-arabinofuranosidase activity (mU/g beads)

Added (A) Unbound (B) Immobilized and active
(C)

Immobilization yield
[(A – B)/A × 100]

Activity yield
(C/A × 100)

392 ± 2.0 16 ± 1.5 376 ± 0.5 96 ± 0.35 96 ± 0.35
784 ± 6.2 0 784 ± 6.2 100 100

1568 ± 13.0 0 1568 ± 13.0 100 100
Results are expressed as mean ± SD. N=3.

Table 1. Immobilization of alpha-L-arabinofuranosidase.

Alpha-L-arabinofuranosidase activity (mU/g beads)

Cells(mg) Added (A) Unbound (B) Immobilized and 
active (C)

Immobilization yield 
[(A – B)/A × 100] Activity yield (C/A × 100)

8 985 ± 9.0 29 ± 4.0 719 ± 8.0 97 ± 0.45 73 ± 1.50
12 1477 ± 5.5 74 ± 5.5 1063 ± 7.0 95 ± 0.45 72 ± 0.75
17 2092 ± 13.0 40 ± 4.0 1402 ± 10.0 98 ± 0.20 67 ± 0.10
8 985 ± 9.0 29 ± 4.0 956 ± 14.0 97 ± 0.44 97 ± 0.54 *

12 1477 ± 5.5 74 ± 5.5 1403 ± 16.5 95 ± 0.47 95 ± 2.73 *
17 2092 ± 13.0 40 ± 4.0 2052 ± 18.0 98 ± 0.19 98 ± 0.25 *

*Immobilized cells were pre-heated for 2 min at 75°C before estimation of the enzyme activity.  
Results are expressed as mean ± SD. N=3.

Table 2. Immobilization of Escherichia coli cells.
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5.5, immobilized enzyme and cells showed 53% and 83% of 
their maximal activity compared to the 32% and 38% exhibited 
by the respective free forms. It is noteworthy that the activity of 
the alpha-L-arabinofuranosidase in the immobilized cells was 
never inferior to 70% of its maximal activity. 

The influence of temperature was investigated in the range 70-
100°C. The activity-temperature curves of the immobilized 
preparations were clearly different, in contrast to the curves 
of their free counterparts that exhibited a similar trend 
(Figure 2). The immobilization produced enhancement of the 
thermophilicity; the optimal temperature shifted to 85°C for 
the immobilized enzyme, whereas the activity of the alpha-L-
arabinofuranosidase in the immobilized cells shifted to a higher 
temperature (95°C). In addition, the immobilized preparations 
were highly active at 100°C, whereas the free forms showed an 
activity near to zero.

The thermal stability of the free and immobilized preparations 
was investigated at 80°C and 90°C within 24 h by measuring the 

residual activity. Immobilized enzyme and cells showed high 
thermal stability, retaining 100% of activity after 24 h at 80°C 
(Figure 3a). Heat-resistance at 90°C was higher compared to 
the free forms as well. Immobilized enzyme and cells showed 
half-lives of 16 h and 20 h, respectively whereas half of the 
inactivation was reached after 3 h and 9 h by the free enzyme 
and cells, respectively (Figure 3b).

L-arabinose production from arabinose-containing 
substrates 
The L-arabinose production at high temperature by means 
of the free and the immobilized preparations was firstly 
attempted with arabinan and debranched arabinan. Alpha-L-
arabinofuranosidase released L-arabinose as unique sugar from 
the polysaccharides, but low degree of hydrolysis was obtained 
even after 72 h of incubation at 80°C with all preparations. 
The yield ranged from 5.5 ± 0.4 % to 35.6 ± 1.1% with the 
free preparations, and from 0.8 ± 0.2% to 6.0 ± 0.1% with the 
immobilized ones (Table 3). Debranched arabinan was used in 
order to obtain a higher yield of L-arabinose as it is a linear 

Figure 1. Effect of pH on free and immobilized alpha-L-arabinofuranosidase. Enzyme activity was measured at 75°C with 2.0 mmol/L pNPAF 
buffered at different pH values. Results are expressed as mean ± SD, N=3. Free enzyme (○);  immobilized enzyme (●); free cells (□); immobilized 
cells (■).

Figure 2. Effect of temperature on free and immobilized alpha-L-arabinofuranosidase. Enzyme activity was measured at different temperatures 
with 2.0 mmol/L pNPAF  dissolved in 50 mmol/L MOPS-KOH, pH 6.5. Results are expressed as mean ± SD, N=3. Free enzyme (○);  immobilized 
enzyme (●); free cells (□); immobilized cells (■).
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polysaccharide, that offers less obstacles to the degradation of 
the sugar chain. Contrarily to ours expectations, the debranched 
arabinan was hydrolysed in a lower percentage by both free and 
immobilized preparations. 

A mixture of 1,5-alpha-L-arabino-oligosaccharides (from 
arabinobiose to arabinopentaose) was used to test the hydrolysis 
efficiency of the free and immobilized enzyme with short-chain 
substrates. The L-arabinose release from the oligosaccharides 
was investigated by using two different concentrations of 
substrate. A significant percentage of arabino-oligosaccharides 
degradation was achieved with both preparations after 24 h of 
hydrolysis (65 ± 0.8% and 83 ± 1.4%), and the L-arabinose 
yield was quite similar at both the substrate concentrations used 
(Table 4). 

The quantity of L-arabinose produced by the immobilized 
enzyme was slightly lower than that of the free form at both the 
concentrations. However, it can be considered a very promising 
result with 68 ± 0.8% and 65 ± 0.8% yield from 2.5 mg/L and 
5.0 mg/L of substrate, respectively.

Furthermore, the immobilized enzyme retained 64% of activity 
at the end of the hydrolysis process, whereas the residual activity 
of the free enzyme was 12%.

Discussion
An enzyme provided with high thermostability allows to 

perform processes at high temperatures with the following 
advantages: better solubility of the substrates, absence of 
microbial contamination in the reaction media, and higher rate of 
substrate conversion [24-26]. In addition, the immobilization of 
a biocatalyst leads to an increased stability and to the possibility 
of operating in continuous with recovery of the enzyme and 
recycle. Several thermophilic enzymes have been immobilized 
with the attempt to improve their thermophilicity and/or thermal 
stability [27,28], and to realize continuous processes with reuse 
of the biocatalyst [29]. As the importance of the L-arabinose in 
the food industry and health is known [30-32], the thermophilic 
alpha-L-arabinofuranosidase from S. solfataricus expressed 
in E. coli was entrapped into alginate beads with the intention 
to produce this sugar at high temperature and to recycle the 
biocatalyst. Sodium alginate was chosen as water-insoluble 
matrix for the immobilization since its rapid gelification occurs 
without drastic changes of temperature and pH that could affect 
both activity and viability of the enzymes and micro-organisms 
[33]. Moreover, it is one of the most common hydrogels largely 
used in the food industries. When it is added to a solution of 
calcium cations, rapidly forms a gel whose porosity is adequate 
to retain cells and high molecular weight enzymes, as the case 
of the alpha-L-arabinofuranosidase (molecular mass: 338.8 ± 10 
kDa) [22,34]. The enzyme immobilization procedure occurred 
with high entrapment and activity yields for the presence of 
bovine serum albumin which formed large aggregates that 

Figure 3. Alpha-L-arabinofuranosidase thermal stability at 80 (a) and 90°C (b). Samples were withdrawn at established times and the residual 
activity was measured at 75°C with 2.0 mmol/L pNPAF dissolved in 50 mmol/L MOPS-KOH, pH 6.5. Results are expressed as mean ± SD, N=3. 
Free enzyme (○); immobilized enzyme (●); free cells (□); immobilized cells (■).  
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made possible the alpha-L-arabinofuranosidase retention in the 
beads. High yields were also obtained after the immobilization 
of the E. coli cells without bovine serum albumin, because the 
cells are large enough to be retained in the gel beads. However, 
the high activity yield registered with the immobilized cells 
was obtained after a pre-heating of the beads, as this treatment 
allowed the permeabilization of the cell membranes and a better 
diffusion of the substrate.

The immobilization shifted the pH optimum of 0.5 units 
towards acidic values. This shift was unexpected as the alginate 
support has an anionic nature, and usually the negatively 
charged supports move the pH optimum towards more alkaline 
values, as occurred to the beta-D-xylosidase activity of the same 
enzyme [11]. However, such behaviour it is not unusual; other 
enzymes showed a decrease of pH value compared to their free 
counterparts. The cathepsin B from goat brain showed optimal 
activity at pH 5.5 after immobilization in alginate beads, whereas 
the soluble form had an optimal pH value at 6.0 [35]. Munjal and 
Sawhney [36] described the immobilization in the alginate of a 
tyrosinase from mushrooms (Agaricus bispora). The optimal 
pH for the activity decreased from 7.0 (soluble enzyme) to 6.5 
(immobilized enzyme). The entrapment in calcium alginate 
conferred to the alpha-L-arabinofuranosidase higher activity at 
all pH values in comparison to the free preparations, indicating 
that the local microenvironment in the beads made the enzyme 
less sensitive to the pH changes. The thermophilicity was 
enhanced after the immobilization, with a remarkably activity 
at 100°C with respect to the free enzyme and E. coli cells. 
The immobilized enzyme was more active than the free form 
from 80°C up to 100°C, whereas the immobilized cells showed 
activity higher than the free cells from 90°C. This difference 
could be ascribed to the necessity of a permeabilization of the 

cell membranes by heat that allowed the substrate to diffuse 
more easily inside the cells. 

Although alpha-L-arabinofuranosidase and beta-D-xylosidase 
activities are localized in the same protein, they showed a 
different activity-temperature profile after immobilization. As 
a matter of fact, the beta-D-xylosidase activity-temperature 
curves of the immobilized enzyme and cells were quite similar 
[13]. The reason could reside in the existence of two different 
catalytic domains or in a diverse interaction with the respective 
substrates. The alpha-L-arabinofuranosidase catalytic domain 
could be less accessible than beta-D-xylosidase domain; hence, 
more elevated temperatures are required to allow to the substrate 
to reach the catalytic site of the cell bound enzyme when it is 
hidden in the beads. 

The thermal stability was improved after immobilization, in 
particular at 90°C, thus demonstrating that the immobilization 
can increase the resistance of the protein operating a protection 
against heat [37-39]. Our hypothesis is that the alpha-L-
arabinofuranosidase subunits were desegregated more slowly 
inside the alginate beads in comparison to the free enzyme due 
to the barrier imposed by the gel to heat diffusion. An increased 
thermostability after the immobilization is an usual characteristic, 
but although a number of alpha-L-arabinofuranosidases have 
been immobilized, very few thermophilic ones have been 
described until now. Recently, de Lima Damásio et al. [40] 
reported a thermophilic alpha-L-arabinofuranosidase from 
Aspergillus niveus immobilized, through ionic adsorption, 
onto different supports. The immobilization onto Q-Sepharose 
increased the enzyme stability as it retained the total activity at 
60°C after 6 h, while the free form was inactivated after 1 h. 

The alpha-L-arabinofuranosidase acted on polysaccharides 
by an exo-mechanism as it produced L-arabinose as the only 
hydrolysis product. This implies that the enzyme reaction starts 
from the extremity of the sugar chain. The cause of the poor 
hydrolysis obtained after 72 h could be due to the conformation 
assumed by the polymers; their folding may hide the extremity of 
the chains making difficult the enzyme action. This assumption 
could also explain why the debranched arabinan, initially 
considered as a better substrate for the enzyme, was hydrolysed 
in a smaller percentage. In fact, whereas the extremity of the 
linear chains in the debranched arabinan can be hidden to the 
enzyme action, the alpha-1,2 and/or alpha-1,3 lateral chains 
of the arabinan can result more easily available. The lower 
percentage of hydrolysis achieved with the immobilized 
preparations compared to the yield obtained with the free ones 
was probably to ascribe to mass transfer problems encountered 
inside the alginate beads [41,42]. 

Preliminary trials of arabino-oligosaccharides hydrolysis 
showed that the free preparations hydrolysed the substrate 
with the same efficiency (data not shown). Moreover, it must 
be taken into consideration that at the end of the hydrolysis 
process carried out with the immobilized enzyme and cells, 
several washes of the beads were necessary in order to recover 
the L-arabinose and the arabino-oligosaccharides diffused into 
the matrix. In particular, more washes were needed for the 
immobilized cells because higher quantities of L-arabinose and 
substrate were entrapped, most likely for diffusion phenomena 

Substrate (mg/mL) Sample L-arabinose (%)
Arabinan (5.0) FE 11.5 ± 0.5
Arabinan (5.0) IE 2.6 ± 0.1
Arabinan (10.0) FE 35.6 ± 1.1
Arabinan (10.0) IE 6.0 ± 0.1
Arabinan (5.0) FC 9.4 ± 0.3
Arabinan (5.0) IC 3.9 ± 0.3

Arabinan (10.0) FC 27.9 ± 1.3
Arabinan (10.0) IC 3.0 ± 0.3

Debranched arabinan (5.0) FE 7.0 ± 0.6
Debranched arabinan (5.0) IE 1.1 ± 0.1
Debranched arabinan (5.0) FC 5.5 ± 0.4
Debranched arabinan (5.0) IC 0.8 ± 0.2

FE, free enzyme; IE, immobilized enzyme; FC, free E. coli cells; IC, immobilized 
E. coli cells. Results are expressed as mean ± SD. N=3.

 Table 3. Hydrolysis of arabinose-containing polysaccharides. 

Arabino-oligosaccharides (A2-A5)  
(mg/mL) Sample L-arabinose (%)

2.5 FE 83 ± 1.4

2.5 IE 68 ± 0.8

5 FE 78 ± 1.2

5 IE 65 ± 0.8

A2, arabinobiose; A5, arabinopentaose; FE, free enzyme; IE, immobilized enzyme. 
Results are expressed as mean ± SD. N=3.

Table 4. Hydrolysis of 1,5-alpha-L-arabino-oligosaccharides mixture.
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also inside the cells. This occurrence produced tedious and 
time-consuming steps that could be partly reduced by using 
the immobilized enzyme. As consequence, the experiments of 
arabino-oligosaccharides hydrolysis were performed using the 
free and the immobilized enzyme. The immobilized alpha-L-
arabinofuranosidase exhibited lesser efficiency than the free 
enzyme maybe for resistance of the carrier to the diffusion of the 
substrate; however, the L-arabinose yield was significant [43]. 

Conclusion

The immobilization procedure leads to two types of benefits: 
increased enzyme stability and possibility to operate continuous 
biotransformation’s with recovery of the enzyme and recycle. 
In the present work the immobilized enzyme was preferred for 
the hydrolysis of arabinose-containing substrates because of the 
higher entrapment of the L-arabinose in the immobilized cells at 
the end of the reaction. Although a lower yield was achieved with 
the immobilized enzyme in comparison to the free form, its use 
in the accomplishment of a hydrolysis process is advantageous 
since it can be easily separated from the substrate, and reused. 
Furthermore, the immobilized alpha-L-arabinofuranosidase 
showed discrete operational stability retaining the 64% of 
the activity after the substrate hydrolysis under our operating 
conditions. The results described herein can be of interest for 
the application of the immobilized thermostable alpha-L-
arabinofuranosidase in the production at high temperature of 
L-arabinose from arabinose containing-substrates alone or 
in combination with thermophilic polysaccharide-degrading 
enzymes, such as endo-arabinase (EC 3.2.1.99) or other 
hemicellulolytic enzymes.
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