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commercial resins, thus becoming a viable low-cost strat-
egy to obtain high active L-AI insolubilized derivatives.
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Introduction

Enzymes are biocatalysts with excellent perspectives for 
their application in industry due to their high specific-
ity, activity and stereo- and region selectivity under very 
mild conditions [16, 47]. However, their implementation 
in industry has been hampered by their lack of long-term 
operational stability, complex down-stream processing, dif-
ficult recovery and re-use of the enzyme [13, 33, 51]. The 
well-known moderate to low stability of soluble enzymes 
can be overcome through enzyme immobilization [23, 
39]. Among all possible immobilization strategies, carrier-
bound methods are generally chosen due to the variety of 
supports with different chemical and mechanical prop-
erties that are available or can be properly produced [21, 
53]. For an industrial use of enzymes, in particular, an 
approach that enhances the enzyme binding to support is 
recommended [10]. Hence, multipoint covalent attachment 
scheme becomes a viable alternative on the grounds that it 
produces irreversible bondings between enzyme and sup-
port, thus allowing highly active, reusable and long-term 
stable insoluble biocatalysts to be produced without releas-
ing enzyme molecules to the reaction mixture [3, 18].

On the other hand, l-arabinose isomerase (L-AI; EC 
5.3.1.4) is an intracellular multimeric enzyme that in vivo 
catalyzes the isomerization of l-arabinose to l-ribulose. 
However, it can also isomerize d-tagatose, a rare sugar with 

Abstract d-tagatose is produced from d-galactose by 
the enzyme l-arabinose isomerase (L-AI) in a commer-
cially viable bioprocess. An active and stable biocatalyst 
was obtained by modifying chitosan gel structure through 
reaction with TNBS, d-fructose or DMF, among others. 
This led to a significant improvement in L-AI immobiliza-
tion via multipoint covalent attachment approach. Synthe-
tized derivatives were compared with commercial supports 
such as Eupergit® C250L and glyoxal-agarose. The best 
chitosan derivative for L-AI immobilization was achieved 
by reacting 4 % (w/v) d-fructose with 3 % (w/v) chitosan 
at 50 °C for 4 h. When compared to the free enzyme, the 
glutaraldehyde-activated chitosan biocatalyst showed an 
apparent activity of 88.4 U g−1

gel with a 211-fold stabiliza-
tion factor while the glyoxal-agarose biocatalyst gave an 
apparent activity of 161.8 U g−1

gel with an 85-fold stabiliza-
tion factor. Hence, chitosan derivatives were comparable to 
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several promising nutraceutical properties, from d-galac-
tose [28]. The scaling-up of the isomerization reaction has 
proved to be of great technological and nutritional interest 
with inherent industrial application [8, 42]. Hence, the pro-
duction of highly active and stable insoluble enzyme bio-
catalysts is mandatory for their use in industrial processes 
[33]. For the current research, L-AI from Enterococcus fae‑
cium DBFIQ E36 strain, isolated from raw cow milk, was 
purified up to electrophoretical homogeneity and employed 
to obtain insoluble biocatalysts. Briefly, this enzyme pre-
sents a homo-tetrameric structure with a MW of 187 kDa 
determined by gel filtration, a pI of 3.8, and was also char-
acterized as a Mn2+ ion-activated enzyme [37, 56].

Furthermore, the use of low-cost supports such as cal-
cium carbonate, chitin and chitosan represents an eco-
nomical advantage over commercial resins [11]. In that 
way, chitosan appears as an excellent biopolymer for sup-
port synthesis to be employed in enzyme immobilization 
because it is an economic and biodegradable product that 
can be prepared in several ways, such as hydrogels, mem-
branes, particles, fibers, scales, among others [22, 45]. 
Chemically, chitosan free amine groups acquire positive 
charge in the presence of acid solutions, thereby bring-
ing countless new properties to chitosan such as metal 
chelation and adsorption of enzymes and fats, among oth-
ers [35]. Besides, the high number of free primary amine 
groups, directly related to the deacetylation degree, has 
allowed to chemically modify chitosan in a homogeneous 
way, based on the high nucleophilicity of amine groups in 
aqueous media [31].

Therefore, as L-AI is a metalloenzyme containing Mn2+, 
it is important to prevent cation adsorption by the sup-
port matrix while producing immobilized derivatives with 
improved stability and activity due to the multimeric nature 
of the enzyme. In addition, it has been proved that the bind-
ing of metal cations usually increases with pH, indicat-
ing that only the deprotonated amine groups can bind the 
ions [45]. In that way, several chemical modifications were 
performed on chitosan to obtain derivatives with reduced 
metal chelation properties. The improvement of chitosan 
properties as a support for metalloenzyme immobilization 
was achieved by modifying the polymer structure without 
changing the fundamental skeleton of the polymer [30].

According to several chemical modifications previously 
reported, different hydrogel structures were obtained by 
reacting chitosan, either pure or mixed, with other chemi-
cals. First of all, chitosan primary amino groups undergo 
Schiff reaction with aldehydes or ketones to yield the cor-
responding aldimines and ketimines, which are converted 
to N-alkyl derivatives upon hydrogenation with sodium 
borohydride [50]. The use of this approach has allowed 
the transformation of the linear chitosan polymer into a 
branched-chain derivative through reductive alkylation 

using d-lactose [15, 26] and d-fructose [19, 61] as target 
carbohydrates.

On the other hand, blending chitosan with different poly-
electrolytes leads to an intermolecular interaction between 
two polyelectrolytes that alter the physicochemical proper-
ties of the target biopolymer. Therefore, hybrid hydrogels 
are produced through complexion with polyvinyl alcohol 
[4, 41] and through formation of ionically cross-linked 
complexes with sodium tri(poly)phosphate [5, 60] and alu-
minum polychloride [48]. Superficial primary amines react 
with TNBS or DMF, modifying the hydrophobicity of the 
bead surface. In this case, chitosan hydrophobicity was 
modified through N-acylation with N, N-dimethylforma-
mide [63] and with 2,4,6-trinitrobenzene sulfonic acid [40]. 
Furthermore, to change porosity and mechanical resistance 
of native and modified chitosan particles, a treatment with 
the dialdehyde glyoxal was performed [62].

Hence, modified gel particles were tested under different 
activation and immobilization conditions to produce mul-
tipoint covalent attachment derivatives. Finally, insoluble 
biocatalysts were assessed in their physicochemical proper-
ties and compared with soluble enzyme and L-AI immobi-
lized derivatives on commercial resins.

Materials and methods

Materials

Native chitosan (85.2 % deacetylation degree) was pur-
chased from Polymar (Fortaleza, Ce, Brazil). Sodium trip-
olyphosphate (TPP; Na5P3O10) and sodium metaperiodate 
(NaIO4) were purchased from Merck KGaA (Darmstadt, 
Germany). Fully hydrolyzed polyvinyl alcohol (PVA; 99 % 
hydrolyzed, with a molecular weight of 145,000 g mol−1) 
was acquired from Merck OHG division (Hohenbrunn, 
Germany). 2,4,6-trinitrobenzenesulfonic acid or pycril-
sulfonic acid (TNBS), N,N-dimethylformamide (DMF), 
sodium borohydride (NaBH4), 25 % (v/v) glutaraldehyde 
solution (GA), 40 % (v/v) glyoxal solution, aluminum pol-
ychloride (PAC), d-fructose, d-lactose, d-galactose, ammo-
nium sulfate and d-tagatose were directly purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). Low and high 
viscosity sodium alginate were provided by Kelco under 
the commercial brand of Kelgin (Chicago, USA). Com-
mercial agarose microparticles (wet particle diameter: 
45-165 µm), under the commercial brand of Sepharose 
CL-6B, were purchased from GE Healthcare (Uppsala, 
Sweden). Eupergit® C250L was acquired from Degussa 
Specialty Polymers, Röhm GmbH and Co. KG (Darm-
stadt, Germany). Commercial supports of glyoxyl-activated 
agarose gel with either 4 or 6 % agarose concentration, 
and with various degrees of activation [very high (VH)/
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high (H)/low (L)], were purchased directly to Agarose 
Bead Technologies (Madrid, Spain). Commercial supports 
had the following characteristics: HDG-4BCL: 4 % cross-
linked agarose with a high density of glyoxyl groups (40–
60 µmol glyoxyl/ml gel); LDG-6BCL: 6 % cross-linked 
agarose with a low density of glyoxyl groups (15–25 µmol 
glyoxyl/ml gel); VHDG-6BCL: 6 % cross-linked agarose 
with a very high density of glyoxyl groups (80–100 µmol 
glyoxyl/ml gel). Salts, buffers and all other reagents were 
of analytical grade.

Methods

Enzyme production and purification

l-arabinose isomerase (EC 5.3.1.4) crude cell-free extract 
was obtained from Enterococcus faecium DBFIQ E36 
strain isolated from raw cow milk, following the procedure 
described by Manzo et al. [38]. Pure preparations of the 
enzyme were achieved through clarification by membrane 
filtration, ammonium sulfate precipitation (85 % satura-
tion), followed by l-arabitol-Sepharose CL-4B affinity 
chromatography, according to Torres et al. [56].

Preparation of chitosan beads

Control chitosan beads were prepared by dissolving 4 % 
(w/v) pure chitosan in 5 % (v/v) acetic acid solution for 
24 h at room temperature. Then, the opalescent brown-
yellow solution was vacuum filtered and blown using 
a compressed air nozzle into a 0.1 M NaOH solution 
(chitosan:NaOH ratio of 1:10) to form coacervate beads 
under slow stirring (50 rpm) for 24 h at room temperature 
to complete the coagulation process. Beads were filtered 
and rinsed thoroughly with distilled and Milli-Q water, and 
then stored in refrigerator for further use. Particles 2.5 mm 
average diameter were obtained.

Chemical modification of chitosan before bead 
manufacturing

For the synthesis of modified beads, 4 % (w/v) d-lactose 
or 4 % (w/v) d-fructose was added to a freshly prepared 
4 % (w/v) pure chitosan in 5 % (v/v) acetic acid solution 
and heated at 50 °C under stirring for 4 h. On the other 
hand, 1 % (w/v) APC, 10 % (w/v) TPP or 1 % (w/v) PVA 
were added to freshly prepared 4 % (w/v) pure chitosan in 
5 % (v/v) acetic acid solution while vigorously stirring for 
4 h at room temperature. PVA was prepared at 5 % (w/v) 
in absolute ethanol and 10 ml of the solution was added to 
chitosan suspension and immediately coagulated using a 
1/10 mass/volume ratio. Furthermore, in all experiments, 
the modified chitosan beads were produced, washed and 

stored using the same production procedure as that of con-
trol beads [60].

Chemical surface modification of chitosan beads

Non-modified chitosan beads were mixed in 100 mM 
bicarbonate buffer (pH 10.05) in a mass/volume ratio of 
1/10, and 1 % (v/v) TNBS or 1 % (v/v) DMF was added. 
The suspension was stirred at 50 rpm and heated at 55 °C 
for 6 h. Beads were filtered and rinsed thoroughly with an 
isopropanol-water mixture (1:1) for 30 s, followed by dis-
tilled water [10, 40].

Chitosan bead cross‑linking with glyoxal

Chitosan beads were settled in 100 mM bicarbonate buffer 
(pH 10.05) in a mass/volume ratio of 1/10 and glyoxal was 
added up to a 3 % (v/v) final concentration. The suspen-
sion was magnetic stirred for 12 h at room temperature and 
the particles were filtered, soaked with distilled water and 
stored until further modification [62].

Natural or modified chitosan bead activation using 
glutaraldehyde

Screening assays with pure chitosan beads were performed 
at three different activation conditions: 1 % (v/v), 2 % (v/v) 
and 5 % (v/v) glutaraldehyde (GA) in 50 mM phosphate 
buffer (pH 7.0) using a mass/volume ratio of 1/5. They 
were incubated at room temperature for 20, 4 and 1 h, 
respectively. Immediately, supports were washed with dis-
tilled water, followed by activity buffer, being finally vac-
uum dried and weighed.

Next, for activation with glutaraldehyde, natural or mod-
ified chitosan beads (10 g) were suspended in 50 ml of 2 % 
(v/v) glutaraldehyde solution mixed with 50 mM phosphate 
buffer (pH 7.0) using a mass/volume ratio of 1/5. The sus-
pension was stirred at 120 rpm for 4 h at room tempera-
ture. Then, beads were filtered and rinsed thoroughly with 
distilled water followed by Milli-Q water to remove the 
excess of the activating agent and immediately filtered and 
vacuum dried [20].

Chitosan derivatives were produced in triplicate using 
three different batches of chitosan particles. The experi-
mental data shown are the average of the results where 
experimental data error was never above 5 %.

Natural or modified chitosan bead activation using 
glycidol

Glyceryl supports were prepared according to Adriano et al. 
[1] with several modifications. First, chitosan beads (10 g) 
were put into an ice bath under constant stirring and mixed 
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with an aqueous solution containing 1.7 M NaOH (mass/
volume ratio of 1/0.33) and 0.75 M NaBH4 (mass/volume 
ratio of 0.0136/1). Then, 0.48 ml of glycidol (0.75 M final 
concentration) was added gently and kept under mechani-
cal agitation (80 rpm) for 18 h at room temperature, being 
finally washed until neutrality with distilled water. Glyoxyl 
derivatives were achieved by mixing beads in 2 ml of 0.1 M 
NaIO4 solution per gram (mass/volume ratio of 1/0.064) 
for 2 h at room temperature. Afterwards, glyoxyl supports 
were washed extensively with distilled and Milli-Q water, 
vacuum dried and stored at 4 °C until further use [58].

Natural or modified chitosan bead activation using 
epichlorohydrin

In the case of activation with epichlorohydrin (1-chloro-
2,3-epoxypropane, Carlo Erba Analyticals, Rodano, Italy), 
vacuum-dried water-washed chitosan beads (10 g) were 
mixed with 10 ml of 2 M NaOH in ice bath until tempera-
ture reached about 0 °C. Then, 3 ml of 0.12 M freshly pre-
pared NaBH4 solution was added, keeping pH in the range 
of 13-14. Immediately, 2 ml of epichlorohydrin per gram 
of chitosan beads was carefully added and the suspen-
sion was kept under magnetic stirring in ice bath for 2 h. 
Next, derivatives were withdrawn from ice bath and stored 
with agitation (150 rpm) until completion of 24 h at room 
temperature. Then, derivatives were extensively washed 
with distilled water until neutrality to remove the excess 
of epichlorohydrin and immediately vacuum dried. After-
wards, derivatives were suspended in 0.1 M NaIO4 pre-
pared in 100 mM phosphate buffer (pH 7.0) for 2 h at room 
temperature with mechanical agitation, readily washed 
with Milli-Q water and vacuum dried [1].

Agarose bead activation with epichlorohydrin

First of all, 0.1 g of water-washed, vacuum-dried agarose 
CL-4B was mixed with an aqueous solution containing 2 M 
NaOH, 0.1 g NaBH4 and 1 ml of epichlorohydrin. After pH 
was verified to be around 13–14, suspension was incubated 
for 24 h at room temperature. Then, agarose was washed with 
distilled water until neutrality, suspended in 0.5 M NaOH 
solution and stored at 4 °C. The epoxy group title of activated 
agarose was 24 µmol of epoxy groups per g of wet gel.

Commercial pre‑activated glyoxyl‑agarose supports

Beads were deeply washed with water until pH 7.0 was 
reached and vacuum dried. Then, 1 g of drained gel was 
suspended in 8.50 ml of Milli-Q water and immediately 
0.0306 g of NaIO4 was added. The suspension was kept 
under constant stirring for 2 h at room temperature and 
then supports were prepared for enzyme immobilization.

Determination of aldehyde group content on activated 
supports

The concentration of aldehyde groups in chitosan gel parti-
cles was calculated according to the methodology proposed 
by Adriano et al. [1].

Determination of oxirane group content on activated 
supports

Analysis of oxirane groups was performed according to 
Sundberg and Porath [54] with several modifications pro-
posed by Torres et al. [56].

Optical and scanning electron (SEM) microscopy

An Olympus BH-2 (Tokyo, Japan) optical microscope 
equipped with a digital reflex camera system (Nikon 
D3100, Tokyo, Japan) was employed for the analysis of 
the macroscopic characteristics (size, shape, color) of the 
produced derivatives. On the other hand, for visualization 
of the surface morphology of the hybrid chitosan supports, 
scanning electron microscopy (SEM) was used. Samples 
were instantaneously frozen in liquid nitrogen and freeze 
dried using a Heto FD 2.5 equipment (Thermo Electron 
Corporation, Leicestershire, UK) under 5 × 10−3 mbar vac-
uum and −45 °C. When dried, samples were covered with 
a thin layer of gold (10 nm) using a combined metal/car-
bon sputter coater deposition system (Spi Supplies, 12157-
AX, Structure Probe, Inc., West Chester, USA) operated in 
Argon atmosphere at 18 mA for 100 s and were examined 
using a JEOL JSM-35C (Jeol, Tokyo, Japan) scanning elec-
tron microscope with an acceleration tension of 20 kV and 
equipped with a SemAfore photograph acquisition system.

Multipoint covalent attachment of l‑arabinose isomerase 
on chitosan supports activated with glutaraldehyde

Immediately after the activation process, enzyme immo-
bilization was performed. For a 1 % (v/v) GA activation, 
the enzyme (10 mg of pure L-AI per gram of support) was 
added to the activated support (mass/volume ratio of 1/10) 
in sodium phosphate buffer with the addition of 0.6 M 
NaCl and was incubated for 24 h at room temperature 
with agitation. Then, for 2 % (v/v) GA, activated chitosan 
beads (1 g) were suspended in 10 ml of enzyme solution 
in 100 mM phosphate buffer (pH 7.0) or 100 mM sodium 
acetate buffer (pH 5.6) or 100 mM carbonate/bicarbonate 
buffer (pH 10.05) as immobilization buffers (10 mg of pure 
L-AI enzyme) under stirring (120 rpm) for 12 h at room 
temperature. The latter conditions were used only with the 
best biocatalysts for the evaluation of thermal stability at 
different pH; otherwise, assays were carried out at pH 7.0. 
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For 5 % (v/v) GA, the enzyme in 50 mM phosphate buffer 
(pH 7.0) was incubated for 2 h at room temperature under 
gentle stirring. Insoluble biocatalysts were separated from 
supernatants by metal sieves (Retsch, Haan, Germany) and 
deeply washed with 500 mM phosphate buffer (pH 7.0) 
followed by 50 mM phosphate buffer (pH 7.0) and dis-
tilled water. Derivatives were then dried with filter paper, 
weighed and stored at 4 °C. Supernatants were filtered, 
clarified and tested for protein quantity and remaining L-AI 
activity. Derivatives incubated in pH 10.05 were reduced 
by addition of 0.1 % (w/v) NaBH4 under gentle stirring 
for 30 min at room temperature and extensively washed 
in sequence with distilled and Milli-Q water. Finally, as 
a presumptive analysis for enzyme inactivation under the 
immobilization conditions, a control experiment with the 
free enzyme was performed. In that way, incubation times 
were optimized according to the residual activity obtained 
in each activation condition.

Multipoint covalent attachment of l‑arabinose isomerase 
on chitosan supports activated with epichlorohydrin

Epichlorohydrin pre-activated supports were poured in 
50 ml of 100 mM phosphate buffer (pH 7.0) with the addi-
tion of 0.43 g of NaIO4 per gram of support and incubated 
for 2 h at room temperature. Then, particles were washed 
with distilled water, filtered and dried, mixed with a solu-
tion containing 10 mg of enzyme per gram of beads in 
50 mM phosphate buffer (pH 7.0) and incubated at room 
temperature for 24 h with permanent agitation (120 rpm). 
Next, the insoluble derivatives were filtered and extensively 
washed with distilled water and, immediately, epoxy groups 
were blocked by reaction with 0.2 M β-mercaptoethanol 
for 1 h with magnetic stirring at room temperature. After-
wards, biocatalysts were washed with high ionic strength 
salt solution (1.5 M NaCl) in 50 mM sodium phosphate 
buffer (pH 7.0) for 12 h with mild stirring for removal of 
non-covalently bond enzyme, followed by distilled water. 
Schiff’s bases of derivatives were reduced by addition of 
0.1 % (w/v) NaBH4 during 30 min at room temperature and 
were washed with distilled water, to remove the residual 
reducing agent, and Milli-Q water. Biocatalysts were fil-
tered, rinsed in 50 mM phosphate buffer (pH 7.0), washed 
thoroughly with Milli-Q water and stored at 4 °C in a ster-
ile bottle. Simultaneously, supernatants were recovered 
and assayed for protein concentration and residual L-AI 
activity.

Multipoint covalent attachment of l‑arabinose isomerase 
on chitosan supports activated with glycidol

A mass of 10 mg of L-AI prepared in 10 ml of 0.1 M car-
bonate/bicarbonate buffer (pH 10.05) was added to 1 g of 

chitosan-glyoxyl activated support in a mass/volume ratio 
of 1/10. The preparation was kept under mild stirring at 
25 °C for 36 h and, after that, supports were reduced by 
addition of 0.1 % (w/v) NaBH4 for 30 min at room temper-
ature, followed by washing with distilled water and Milli-Q 
water [1, 55].

Glyoxyl‑agarose l‑arabinose isomerase immobilization

For activated agarose beads, a mass of 30 mg of L-AI 
enzyme was initially dissolved in 10 ml of 100 mM car-
bonate/bicarbonate buffer (pH 10.05). Depending on the 
degree of activation (low, high or very high) of commercial 
supports, pre-activated agarose beads (1 g) were suspended 
in 3.5, 7 or 10 ml, respectively, of enzyme solution under 
magnetic stirring (120 rpm) for 24 h at room temperature 
or until absorbance at 280 nm remained constant. Then, 
derivatives were filtered, thoroughly rinsed with 100 mM 
phosphate buffer (pH 7.0) for the elimination of the 
unbound protein and finally washed with distilled water. 
Then, Schiff’s bases were reduced using a 120 mM NaBH4 
final concentration at 25 °C during 30 min under agitation 
and beads were rinsed with distilled water, followed by 
50 mM phosphate buffer (pH 7.0) and 0.01 % (w/v) sodium 
azide. Finally, derivatives were vacuum dried and stored at 
4 °C [36].

Epoxy‑activated agarose l‑arabinose immobilization

The epoxy-activated beads (1 g) were mixed with 1 mg of 
pure enzyme dissolved in 5.25 ml of 100 mM, sodium car-
bonate/bicarbonate buffer (pH 9.0) and incubated for 20 h 
under mild stirring at room temperature. Absorbance and 
activity controls were made during enzyme immobiliza-
tion to ensure the covalent binding of the enzyme. Then, 
biocatalysts were washed twice for 15 min each with gen-
tle stirring with one volume 0.9 M NaCl in 50 mM sodium 
phosphate buffer (pH 7.0), followed by 50 mM sodium 
phosphate buffer (pH 7.0). Finally, the remaining groups 
were blocked with 0.2 M β-mercaptoethanol for 2 h at 
room temperature, washed with 50 mM sodium phosphate 
buffer (pH 7.0), vacuum dried and stored at 4 °C until 
enzyme activity was determined [38].

l‑arabinose isomerase immobilization in a methacrylate 
resin

Eupergit C250L®, which does not require previous acti-
vation, was used as methacrylate resin. For this purpose, 
0.5 g of dry resin was suspended in 5.25 ml of 1 M potas-
sium phosphate buffer (pH 7.5) with 1 mg of pure L-AI 
and incubated at room temperature under constant stir-
ring for 24 h. Afterwards, biocatalyst was separated from 
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supernatant and washed twice with one volume each of 
1 M potassium phosphate buffer (pH 7.5), 0.1 M potassium 
phosphate buffer (pH 7.5) and 50 mM sodium phosphate 
buffer (pH 7.0) during 15 min each in permanent agita-
tion at room temperature [7, 25]. Finally, the remaining 
groups were blocked with 0.2 M β-mercaptoethanol for 
12 h at 4 °C, washed, vacuum dried and stored at 4 °C until 
enzyme activity assay.

Thermal stability assays

Both soluble and immobilized L-AI were incubated for 
30 h at 60 °C in 50 mM sodium phosphate buffer (pH 7.0) 
with the addition of 0.3 mM MnCl2. At different time gaps, 
samples were withdrawn, put into an ice bath and residual 
activities were properly assessed according to the meth-
odologies proposed above. In addition, thermal stability 
experimental results were adjusted according to the single-
step non-first-order model proposed by Sadana and Henley 
[49].

Operational stability assays

Assays for d-galactose isomerization were done by pour-
ing 0.5 g of vacuum dried immobilized L-AI derivative 
for 10 consecutive batch cycles. Reaction was performed 
in a closed bioreactor at 60 °C under magnetic stirring in 
a 2.5 ml total volume. After every cycle, derivatives were 
extensively washed with Milli-Q water to remove sub-
strates and products, weighed and poured again in reactor 
for next cycle.

Protein determination

Protein was determined according to the methodology 
described by Bradford [9] using bovine serum albumin 
(BSA) as standard. When residual protein in supernatant 
was low, bicinchoninic acid (BCA, Pierce, Rockford, USA) 
methodology [59] was used instead.

l‑arabinose isomerase activity assay

Immobilized L-AI biocatalysts assays were performed 
using the same enzyme/substrate ratio as that for the sol-
uble enzyme. Reactants were added as follows: 1 g of 
insoluble biocatalyst, 17.15 ml of 50 mM phosphate buffer 
(pH 7.0), 0.35 ml of 100 mM MnCl2·4H2O prepared with 
50 mM phosphate buffer (pH 7.0) solution and 17.5 ml of 
1 M d-galactose prepared with 50 mM phosphate buffer 
(pH 7.0) solution, for a total volume of 35 ml. The reac-
tion mixtures were placed in a thermostatic (Vicking, BA, 
Argentine) bath at 50 °C and 120 rpm for 1 h. Then, beak-
ers were pulled out and instantly put on ice bath for 30 min 

to stop the isomerization reaction. Biocatalysts were sep-
arated by means of sieves and extensively washed with 
distilled water, vacuum dried and stored at 4 °C for time, 
thermal and operational stability assays. On the other hand, 
supernatants and the washes done to derivatives were col-
lected, clarified through filtration and assayed, in triplicate 
for each sample, for protein quantity and enzyme activity. 
One unit of l-arabinose isomerase activity was defined as 
the quantity of enzyme that produced 1 µmol of d-tagatose 
per minute under assay conditions.

L-AI activity was determined by the amount of d-taga-
tose produced according to the cysteine-carbazole-sulfuric 
acid method proposed by Dische and Borenfreund [14]. All 
experiments were performed at least three times and the 
corresponding calibration curves were constructed employ-
ing d-tagatose as standard any time new reagents were 
prepared. Activity assessment was conducted in a slightly 
different way with Eupergit C250L and epoxy-activated 
agarose resins, where a final volume of 1 ml was used.

Immobilization parameters

Immobilized protein yield (ηi) was indirectly calculated as 
the amount of protein that disappeared from supernatant 
in relation to the protein quantity given initially to sup-
ports and to the protein lost after the washes performed to 
biocatalysts. Recovered activity yield (ϕi) of the immobi-
lization process was calculated by dividing the apparent 
specific activity of the immobilized enzyme derivatives, 
Aapp, (U mg−1 g−1

gel) and the theoretically immobilized 
(U mg−1 g−1

gel) enzyme, because the offered enzyme load 
was known and the number of theoretically immobilized 
enzyme units per gram of gel can be calculated. These 
values were always in agreement with the reduced activ-
ity in the supernatant and in the washes performed to 
biocatalysts. The percentage of unbound enzyme was cal-
culated dividing the remaining activity in the supernatant 
and washes by the enzyme activity measured in the blank, 
taking into account the dilution due to the addition of gel 
beads. Equivalent activity was calculated as the relation 
between the apparent specific activity of the immobilized 
enzyme derivatives, Aapp, (U mg−1 g−1

gel), and the effec-
tive specific activity bound to immobilized derivatives 
(U mg−1 g−1

gel). Blank assays were run with the soluble 
enzyme under the same conditions as those of immobili-
zation assays and it was observed that L-AI always main-
tained 100 % activity. Finally, for the analysis of the qual-
ity and ligation efficiency of l-arabinose isomerase activity 
to supports, apparent enzyme activity Aapp, (U g−1

gel) was 
related to the protein quantity (in mg) incorporated to each 
biocatalyst. Stabilization factor was defined as the relation 
between the half-life of the immobilized derivate and the 
half-life of the soluble enzyme.
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Results

Evaluation of l‑arabinose isomerase immobilization 
process through a screening study on pure chitosan 
employing different activating agents

The obtained beads presented a spherical form with an 
average diameter of 2.5 mm. No significant differences 
were found in size or shape for all analyzed treatments. 
Moreover, the produced covalent bonds were confirmed 
by treating derivatives with a high ionic strength buffer for 
12 h and 24 h under permanent stirring, followed by analy-
sis of enzyme activity and protein quantity in all superna-
tants. In all cases, no enzyme was released to the solution, 
confirming the covalent nature of the interaction between 
enzyme and supports.

Native chitosan was tested with different activating 
agents for the assessment of the most adequate activating 
agent for L-AI immobilization.

Recovered activity with glycidol was lower (11 %) than 
that of the other agents. Furthermore, almost half of the 
offered enzyme remained in solution and was not bound 
to support, as seen in the protein and assays performed to 
supernatant. This could be partially explained by the high 

concentration of glyoxyl groups on the derivative, where 
reaction between two proximal glyoxyl groups could have 
been evidenced, leading to inactivation of several groups 
[46, 52]. The enzyme bound to support could have experi-
mented inactivation due to the combined effect of pH and 
reaction time in enzyme immobilization. The latter effect 
could have produced several diffusional constraints and 
protein structure distortion, whereas at pH 10, l-arabinose 
isomerase presented no activity and, mostly, could have 
undergone an irreversible inactivation. Hence, after analy-
sis of Table 1, glutaraldehyde and epichlorohydrin were 
selected as activating agents for their use in modified chi-
tosan beads.

l‑arabinose isomerase glutaraldehyde‑activated 
chitosan biocatalysts

Initially, to test the best activation conditions for the 
enzyme, glutaraldehyde (GA) was used as activating agent 
in different concentrations for L-AI immobilization in non-
modified chitosan beads. For these derivatives, immobiliza-
tion yield (ηi) and recovery activity (ϕi) results are shown 
in Table 2.

Results showed that almost all offered enzyme (10 mg) 
was immobilized in 1 g of insoluble biocatalyst when 
using the three selected activation degrees. Activation with 
2 % (v/v) GA showed the best stabilization factor for the 
enzyme in chitosan. The derivative with the highest acti-
vation degree could have partially inactivated the enzyme, 
leading to distortion of the protein structure when immo-
bilized, because of the high reactivity of GA at high con-
centration. Furthermore, a high number of GA groups on 
activated chitosan could have led to an increased superfi-
cial hydrophobicity, which is not favorable for L-AI, an 
enzyme with hydrophilic characteristics. The 1 % (v/v) GA 
concentration could not have been sufficient to establish 
the number of covalent bonds necessary between support 
and enzyme, equivalent activity being then lower than that 
of the 2 % (v/v) GA-activated chitosan derivative. There-
fore, 2 % (v/v) GA was selected as the adequate concen-
tration of this activating agent for immobilization of L-AI 
on modified chitosan supports [2]. For this purpose, L-AI 
was immobilized on 22 modified chitosan derivatives and 
assayed for activity and protein bound to each support. 
Results of best derivatives using GA as activating agent are 
exhibited in Table 3.

After examining GA-activated chitosan beads under 
optical microscope, only native and d-fructose treated chi-
tosan beads presented superficial rugosity and mesoporos-
ity (see supporting information). In addition, both TNBS 
and DMF-treated chitosan beads showed a more compact 
surface although, when broken, similar internal porosity 
was observed in comparison with that of native chitosan 

Table 1  L-AI immobilization on native chitosan beads employing 
different activating agents

Offered enzyme: 10 mg g−1
gel (1800 U g−1

gel). Immobilization param-
eters: aimmobilization yield (ηi); 

brecovered activity (ϕi); 
cequivalent 

activity (%); dapparent activity (Aapp)

Immobilization param-
eters

Activating agents

Glutaraldehyde Epichlorohydrin Glycidol

ηi (%)a 98 ± 1 83.7 ± 0.1 48.1 ± 0.7

ϕi (%)b 26 ± 6 15 ± 5 11 ± 5

Equivalent activity 
(%)c

25.7 ± 0 4 15.3 ± 0.8 11.2 ± 0.6

Aapp (U mg g−1
gel)

d 31.9 ± 4.3 15.7 ± 0.9 6.6 ± 0.4

Table 2  L-AI immobilization on native chitosan beads using glutar-
aldehyde as activating agent at different activation degrees

a Supports activated with glutaraldehyde. Offered enzyme: 10 mg g−1
gel 

(1800 U g−1
gel). Immobilization parameters: immobilization yield (ηi); 

recovered activity (ϕi); apparent activity (Aapp)

Biocatalysta Immobilization 
yield

Equivalent 
activity (%)

Aapp 
(U g−1

gel)
a

ηi (%) ϕi (%)

Low activation (1 %) 99.9 4.4 5.6 6.3

Medium activation (2 %) 97.5 7.2 9.1 10.1

High activation (5 %) 95.0 4.9 5.1 6.7
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particles. On the other hand, APC-treated and 3 % (w/v) 
alginate—2 % (w/v) chitosan particles showed an irregu-
lar and microporous surface whereas PVA-chitosan, 10 % 
(w/v) TPP—4 % (w/v) chitosan and glycerol-treated chi-
tosan beads presented a denser area and a lesser microporo-
sity in comparison with d-fructose derivative.

As seen in Table 3, immobilization yield (ηi) values 
were above 90 % for most analyzed biocatalysts. Chitosan-
PVA derivative showed a higher apparent activity than 
control beads. This could be attributable to the additional 
contribution and higher interaction of hydroxyl groups by 
PVA, which allows glutaraldehyde to react mainly with 
amine groups though also, in a lesser extent, with hydroxyl 
groups. This would increase or, at least, maintain the bind-
ing capacity of the enzyme to modified supports [41].

Conversely, treatment of chitosan with TNBS and DMF did 
produce an increase in hydrophobicity through chemical sur-
face modification of chitosan beads, as seen in the Rose Ben-
gal dye assay (data not shown). However, a reduction of ηi in 
DMF-modified chitosan derivatives would respond to a steric 
effect that interfered with the access of the enzyme to the acti-
vated matrix for covalent attachment. Besides, an increased 
hydrophobicity of the bead surface of both derivatives com-
pared to that of control would contrast with the hydrophilic 
nature of the studied enzyme, resulting in low apparent activi-
ties. Furthermore, treatment of chitosan with TNBS or DMF 
reduced chitosan free amine groups, which consequently 
increased bead hydrophobicity. Hence, if this effect were the 
only probable cause for the low immobilization yield, it would 
be present on both derivatives, a situation that was not experi-
mentally verified [40]. In addition, the stabilization effect of 
the enzyme in DMF-chitosan biocatalyst was attributable to 
the presence of certain hydrophobic interactions that counter-
balanced the effect of chitosan -NH3

+ groups.
On the contrary, better results of ϕi and equivalent activ-

ity were achieved with the chitosan-TPP hydrogel. In this 

sense, although TPP reduced chitosan free amine groups, 
it provided two beneficial actions: firstly, the ionic gela-
tion with TPP conferred to chitosan structure a better tridi-
mensional reorganization, which allowed the generation of 
macroporous surfaces with subsequent higher stability than 
that of control [57]; secondly, interaction of TPP with chi-
tosan brought the support that both a higher hydrophobic-
ity and an increased water retention, which allowed a bet-
ter stability of the enzyme in comparison with that of the 
untreated control [6].

The synthesis of alginate-chitosan complexes should 
stimulate the hydrogel structure due to the increase in the 
number of possible interactions between activating agent 
and support in comparison with pure chitosan beads. This 
behavior, though, was not observed. However, as expected, 
an increase in recovered activity was appreciated in PVA-
chitosan beads.

Furthermore, alginate hydrogels are not recommended 
for reactions at temperatures above 60 °C, whereas chitosan 
is much more resistant even at temperatures up to 75 °C. 
Although the mixture of alginate-chitosan would improve 
this behavior, this was not evidenced experimentally [34]. 
Hence, the technological interest of this derivative and its 
application to isomerases is scarce.

For GA-activated chitosan beads, the N-alkylated 
derivative with d-fructose was the best in terms of recov-
ered (63.56 %) and equivalent (68.59 %) activity after 
immobilization. N-alkylation of chitosan surface allowed 
a lesser distortion and better structural reorganization of 
immobilized enzyme structure while avoiding overacti-
vation effects because d-fructose mainly acted as a space 
arm. This effect resulted in a higher activity per gram of 
the biocatalyst in relation with the other synthesized chi-
tosan derivatives. Besides, the inclusion of d-fructose into 
chitosan matrix reduced the quantity of free amine group 
concentration which, as a direct effect, also reduced the 

Table 3  Immobilization of 
l-arabinose isomerase on 2 % 
(v/v) glutaraldehyde-activated 
chitosan derivatives

a Supports activated with glutaraldehyde. Offered enzyme: 10 mg g−1
gel (1800 U g−1

gel). Immobilization 
parameters: immobilization yield (ηi); recovered activity (ϕi); apparent activity (Aapp)

Biocatalysta Immobilization  
performance

Equivalent 
activity (%)

Apparent gel 
activity (U g−1

gel)

ηi (%) ϕi (%)

Native chitosan (control) 94.96 4.87 7.13 6.69

Chitosan + d-fructose 92.68 63.56 68.59 96.20

Chitosan + APC 95.57 28.81 30.14 39.56

Chitosan + TPP 93.70 22.98 24.53 31.55

Chitosan + PVA 99.83 12.09 12.11 16.59

Chitosan + d-lactose 94.76 0.00 0.00 0.00

Chitosan + TNBS 96.61 4.34 4.50 6.57

Chitosan + DMF 12.70 7.71 60.72 11.57

Chitosan + alginate + CaCl2 90.12 4.2 4.84 5.43
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metal chelating ability of chitosan [45]. Surprisingly, 
immobilized L-AI on d-lactose-chitosan derivative did not 
show any activity. First of all, it was previously proved that 
d-lactose bound tightly to chitosan structure through non-
covalent interactions [19] and, as a consequence, amine 
groups were not altered. In that way, when support was 
activated with GA, free amine groups reacted with GA and, 
during L-AI immobilization course, d-lactose was still pre-
sent in chitosan beads, thus causing enzyme inactivation 
through Maillard reaction. This behavior was clearly seen 
as the beads were progressively turning browner with time 
whereas, in freshly prepared beads, they still presented 
enzyme activity [17].

Finally, treatment of chitosan with glycerol, urea, 
sodium phosphate, ethanol and formaldehyde did not 
show any improvement in relation to untreated chitosan. 
In fact, several modifications did produce the binding of 
the enzyme to support (ηi different from zero) although 
total enzyme inactivation. Furthermore, the use of glyoxal 
as cross-linking agent to increase the mechanical resist-
ance of chitosan beads and consequently, enzyme stability 
and activity on the supports, did not produce the desirable 
effect. Hence, for an effective visualization of the desirable 
characteristics, glyoxal concentration should be higher and 
the treatments longer and more drastic than the employed 
ones.

l‑arabinose isomerase epichlorohydrin‑activated 
chitosan biocatalysts

The use of epichlorohydrin as activating agent revealed an 
ηi between 56.7 and 99.7 % for all produced biocatalysts, 
which was always higher than that of control beads except 
for TNBS (56.7 %) and APC (75.5 %) supports. However, 
these values were overall low in comparison with glutaral-
dehyde-activated derivatives. Besides, recovered activities 
were extremely low when related with total activity.

The analysis of recovered activities proved them to be 
lower than that of the offered activity. However, equivalent 
activities of most biocatalysts are equal or slightly superior 
to those of control beads. In that way, the use of epichlo-
rohydrin for L-AI immobilization to the modified chitosan 
hydrogel gave the enzyme a certain stability. Since this 
behavior was observed on all biocatalysts, this would indi-
cate an overactivation effect which produced enzyme struc-
tural destabilization and inactivation. Consequently, shorter 
reaction times between enzyme and epichlorohydrin-
activated chitosan beads would have been needed for an 
adequate L-AI immobilization. In addition, lower epichlo-
rohydrin concentration would have been required for sup-
port activation to obtain derivatives with a lower density of 
epoxy groups [46, 55].

Thermal stability of soluble L‑AI and best chitosan 
biocatalyst

Thermal stability is a relevant property for the use of 
enzymes at industrial scale. In addition, the immobiliza-
tion process generally improves the enzyme thermal stabil-
ity and its efficient reutilization, which also depends on the 
selected immobilization strategy. Therefore, thermal stabil-
ity of the best l-arabinose isomerase insoluble derivative, 
d-fructose-chitosan activated with 2 % (v/v) glutaraldehyde 
biocatalyst, was assessed at 60 °C and is shown in Fig. 1a.

Results revealed that immobilization at pH 10.05, fol-
lowed by pH 7.0 and pH 5.6, clearly originated the most 
stable derivative. Furthermore, at all assayed conditions, 
immobilized enzyme stability was higher than that of the 
soluble enzyme. There were more covalent bonds between 
enzyme and activated support at alkaline pH than at neutral 
or slightly acidic pH because ε-amine groups of l-lysine 
are more nucleophilic when not in the form of –NH3

+. 
Nonetheless, the best glyoxyl-agarose derivative (VHDG-
6BCL) was also evaluated for thermal stability at an immo-
bilization pH of 10.05, as seen in Fig. 1b.

Deactivation curves were fitted according to Sadana–
Henley model. Inactivation constants, half-life times and 
stabilization factors for the three conditions tested are 
shown in Table 4.

As seen in Table 4, stability is highly favored as a conse-
quence of the multiple covalent bonds achieved at pH 10.05 
(211 times) in comparison with the derivatives achieved at 
pH 7.0 and 5.6. Since at neutral and acidic pH the nucleo-
philicity of l-lysine ε-amine groups is clearly reduced, so, 
there were less enzyme-activated support bonds than at 
alkaline pH. In addition, although glutaraldehyde is a very 
potent activating agent and would even act at acid pH, the 
bonding process is clearly favored at pH above pKa of the 
ε-amine groups of l-lysine. In the case of glyoxyl-activated 
agarose biocatalyst, a significant thermal stability was 
achieved, with a stabilization factor of 85, when compared 
to that of soluble enzyme. In both situations, stabilization 
was clearly improved through immobilization, taking into 
account the good thermal stability of soluble enzyme at the 
assayed temperature.

Operational stability of d‑fructose chitosan derivative

l-arabinose isomerase immobilized on chitosan 
N-alkylated d-fructose derivative at pH 10.05 was used 
for the evaluation of the operational stability. Results are 
shown in Fig. 2.

The insoluble derivative was reused batchwise for 10 
cycles for the isomerization of d-galactose to d-tagatose. 
After that, the residual activity, as relative activity, was 
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more than 80 %. Hence, the enzyme was clearly stabi-
lized after the application of the selected immobilization 
strategy.

l‑arabinose isomerase immobilized on comercial resins

The enzyme was also immobilized on commercial sup-
ports because these matrixes have both an adequate mor-
phological appearance and a controllable activation degree 
that guarantee a correct geometric congruence between 
enzyme and support, thus allowing different coupling pos-
sibilities between protein and support. Clearly, with the use 
of these resins, most properties and reaction conditions are 
well known in comparison with those of de novo produced 
materials.

Figure 3 shows the SEM microphotographs of the inner 
and outer structure of the best chitosan biocatalyst and the 
tested derivatives obtained with commercial resins.

Figure 3a shows the mesoporous structure of the obtained 
chitosan derivative when fractured, whereas Fig. 3b presents 
the surface area of the biocatalyst when L-AI was immo-
bilized. Although treatment with d-fructose generated a 
clean surface, it did not change the inner chitosan structure, 
which remained quite uniform in pore size and shape after 
the chemical modification. This reinforced the idea that the 
treatments performed on chitosan modified only the bead 
surface, where the enzyme mainly interacts with support. 
Furthermore, glyoxyl-agarose derivative shows a slightly 
rough surface (Fig. 3c) in comparison with a smoother sur-
face on Eupergit C250L matrix, as shown in Fig. 3d. This 
could be the reason why the agarose derivative presented a 
better equivalent activity in relation with the acrylic resin.

As can be seen in Table 5, pre-activated glyoxyl supports 
allowed the immobilization of almost all offered protein, 
although the recovered enzyme activity was not in agree-
ment with protein yield. In addition, agarose cross-linking 
degree and porosity did not show a significant influence on 
the quality of the enzyme activity. Nevertheless, activation 
degree did affect ηi and ϕi. Accordingly, only HDG-4BCL 
and VHDG-6BCL derivatives presented an acceptable 
equivalent activity, which was higher than that of native 
chitosan control. On the other hand, all offered protein was 
immobilized on Eupergit C250L and epoxy-activated aga-
rose. These resins stabilized enzyme activity, as seen in the 
equivalent activity results (82 % for Eupergit and 96 % for 
epoxy-activated agarose), although only 1 mg of protein 
was offered to these supports. These results would indi-
cate not only that structural reorganization of L-AI on these 
supports was appropriate but also that stabilization of the 
enzyme was accomplished [7, 25].
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Fig. 1  Thermal stability of soluble L-AI and immobilized on d-fruc-
tose-chitosan support activated with 2 % (v/v) glutaraldehyde at 
60 °C and pH 7.0 for 30 h. a Filled square soluble L-AI; chitosan 
derivatives: filled triangle pH 5.6; filled circle pH 7.0 and filled 
inverted triangle pH 10.05. Enzyme charge: 10 mg per gram of acti-
vated support (1800 U g−1). Initial activity was defined as 1. The bars 

are the standard deviations of triplicates. b Pentagon soluble L-AI; 
glyoxyl-agarose derivative: right angled triangle pH 10.05; Enzyme 
charge: 30 mg per gram of activated support (5400 U g−1). Initial 
activity was defined as 1. The bars are the standard deviations of trip-
licates

Table 4  Thermostability of soluble l-arabinose isomerase and best 
derivatives as function of immobilization pH at 60 °C and pH 7.0

a Derivatives were produced at proper activation conditions and 
enzyme immobilization was performed at the indicated pH. Offered 
enzyme: 10 mg g−1

gel (1800 U g−1
gel). Inactivation parameters: inactiva-

tion constant (Kd); half-live time (t½)

Derivativesa Kd (h
−1) t½ (h) Stabilization factor

Soluble enzyme 1.63 0.43 1

GA-chitosan (pH 5.6) 1.57 0.45 1.04

GA-chitosan (pH 7.0) 0.69 1.00 2.35

GA-chitosan (pH 10.05) 0.008 89.7 211

Glyoxyl-agarose (pH 10.05) 0.019 36.44 84.75
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Discussion

l-arabinose isomerase (EC 5.3.1.4) is an enzyme of indus-
trial interest since, in vivo, it catalyzes the isomerization 
of l-arabinose to l-ribulose and, in vitro, can produce the 
reaction of d-galactose to d-tagatose, a relevant nutraceu-
tic. Hence, its applicability could be optimized if L-AI 
were efficiently immobilized on a low-cost support to 
achieve a biocatalyst with high operational stability and 
catalytic efficiency. In this sense, chitosan (poly-N-acetyl 
glucosamine) became a material with excellent chemical 
characteristics for immobilization. However, due to its 
high chelating ability through its primary amine groups 
[45], the use of pure chitosan is not recommended for 
metalloenzymes where Mn2+ and Co2+ ions are essen-
tial for enzyme activity [42]. Then, conveniently modi-
fied chitosan can be used for effective support synthesis 
in metalloenzyme immobilization by multipoint covalent 
attachment.

In this research, 22 chitosan supports were synthetized 
following several experimental protocols. Results revealed 
that the recovered activity in chitosan derivatives (ϕi) was, 
in all cases, lower than the offered activity during the 
immobilization process. However, activation and immo-
bilization were the same in all cases; if the main cause of 
enzyme activity loss were the direct action of activating 
agents over the enzyme, all derivatives should present simi-
lar ϕi values, which was not the case. Therefore, differences 
between treatments could be explained by both a structural 
distortion produced by hydrogel overactivation when the 
enzyme is immobilized and metal cofactor chelation by 
means of chitosan structure.

To determine which biocatalyst was better than others in 
terms of protein quality and enzyme incorporated to deriva-
tives, the equivalent activity per gram of biocatalyst and mg 
of immobilized enzyme was used (Fig. 4).

In that way, the chemical modification of chitosan free 
amine groups with d-fructose for 4 h at 50 °C and further 
bead formation followed by cross-linking with 2 % (v/v) 
glutaraldehyde was the best procedure in terms of both 
incorporated L-AI activity and enzyme stabilization when 
compared to DMF-chitosan and native chitosan control. 
Results showed an equivalent activity of 60.72 and 68.59 % 
for DMF and d-fructose chitosan derivatives, respectively, 
in comparison with a 5 % equivalent activity for control 
particles. However, apparent gel activity was 11.6 and 96.2 
U g−1 for DMF and d-fructose chitosan derivatives, respec-
tively. The latter value is clearly higher than that of several 
commercial supports in terms of incorporated protein and 
activity yield. Yet, the use of a hydrophilic support such as 
agarose, for enzyme immobilization, resulted in an insolu-
ble biocatalyst with a good equivalent activity (96.34 %). 
The acrylic resin with epoxy groups also showed a good 
equivalent activity (81.5 %). In this sense, both derivatives 
introduced minimal chemical modifications to enzyme 
whereas establishing strong secondary amine-carbon cova-
lent bonds and a more hydrophobic microenvironment [7].

For glyoxyl-agarose derivatives, almost all offered pro-
tein was immobilized at the different activation degrees 
assayed. Hence, the higher the activation degree, the 
higher the enzyme activity that has been retained in the 
support. However, the hydrophobic alteration of the bead 
surface produced by reaction of agarose hydroxyl groups 
was not the most suitable microenvironment for L-AI, a 
clearly hydrophilic enzyme. For that reason, the relation 
between offered and immobilized enzymes was not linear 
as the activation degree was increased. In addition, these 
derivatives could immobilize higher quantities of enzyme 
than Eupergit C250L and epoxy-activated agarose CL-6B 
because only 1 mg of total protein was incorporated to the 
latter ones. Hence, the equivalent activity per mg of protein 
of these supports was lower than that of the best chitosan 
biocatalyst.

On the other hand, a commercial glyoxyl pre-activated 
support (VHDG-6BCL) with a threefold higher (28.9 mg) 
enzyme load than the best chitosan biocatalyst (9.3 mg) 
achieved an enzyme activity only 60 % higher than d-fruc-
tose-chitosan biocatalyst. In this sense, the high activation 
degree of the commercial resin could have led to partial 
enzyme denaturation due to a distortion of the tridimensional 
structure as a consequence of the number of covalent bond-
ings between enzyme and support. Furthermore, the appar-
ent enzyme activity per mg of protein of d-fructose chitosan 
derivative was 96.2 U mg g−1

gel, whereas that of VHDG gly-
oxyl-agarose support was 161.80 U mg g−1

gel. Consequently, 
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Fig. 2  Operational stability of L-AI immobilized on d-fructose-chi-
tosan support activated with 2 % (v/v) glutaraldehyde at 60 °C and 
pH 7.0. Initial enzyme activity was defined as 100 %. The bars are 
the standard deviations of triplicates
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the latter activity was higher than that of chitosan support 
because a higher protein quantity was immobilized. How-
ever, only 35.46 % of total activity remained active, which 
implied a huge loss of activity (18 mg of pure enzyme). In 
that way, only 32.1 % of the offered enzyme was incorpo-
rated, in contrast with the chitosan derivative, which immo-
bilized 63.56 % of total activity, representing 6.6 mg of the 
initially applied 10 mg of pure enzyme. Hence, in this aspect, 
chitosan biocatalyst is better than VHDG derivative because 
a smaller quantity of the enzyme was lost. Furthermore, 
since glyoxyl-agarose resin has a higher cost the production 
of derivatives with low-cost support, such as chitosan, rep-
resents an economical advantage. Therefore, similar or bet-
ter results were obtained with chitosan hydrogels than with 
commercial matrixes of controlled size and porosity, such as 
agarose or Eupergit C250L.

The greatest—although scarce—contributions in rela-
tion to l-arabinose isomerase immobilization were given 

by Zhang et al. [63] who, for Bacillus licheniformis L-AI, 
achieved an immobilization yield of 83.7 and 35.6 % and 
an activity recovery of 93.3 and 75.6 % for Eupergit C and 
CNBr-activated agarose supports, respectively, for cova-
lent immobilization of L-AI (4 mg per gram of support). 
Even though Eupergit C immobilization process was subse-
quently optimized, results were not significantly improved. 
These results are in agreement with ours although immo-
bilization yield values were slightly higher for the pre-
sent research. Recovered activities, however, were about 
the same range when increasing the offered enzyme 
concentration.

They have also reported the only previous research 
where chitosan was used for the L-AI immobilization from 
B. licheniformis [64]. Herein, the enzyme was trapped 
non-covalently by adsorption interactions in 3 % (w/v) 
chitosan/0.136 mM TPP beads. An immobilization effi-
ciency of 35.4 % and a recovered activity of 35.4 % were 

Fig. 3  Scanning electron microscopy (SEM) of best biocatalysts 
for the interior (a) and the surface (b) of L-AI immobilized on GA-
activated d-fructose chitosan support; L-AI immobilized on glyoxyl-

agarose matrix (c) and L-AI immobilized on Eupergit C250L (d) at 
different magnification ranges
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obtained, which were low in comparison with those of the 
produced chitosan-TPP derivative (94 % of immobiliza-
tion yield and 23 % of recovered activity, respectively). 
However, the latter derivative had an apparent gel activity 
of 32 %, as a consequence of the enzyme-support covalent 
approach and subsequent better stability parameters. Fur-
thermore, Geobacillus stearothermophilus L-AI expressed 
in Bacillus subtilis was immobilized onto 2 mg of chitope-
arls (commercial pre-activated chitosan beads) due to the 
higher thermal resistance of the support and a 43 % conver-
sion yield after 62 h at 60 °C was attained [12]. However, 

since many characteristics of these particles and the immo-
bilization conditions employed are unknown, results are 
difficult to be discussed in relation to the enzyme behavior 
on chitosan.

Several researches have reported the use of different 
organic matrixes—such as sodium alginate [26, 27, 32, 44, 
65], mesoporous aminopropyl glass [64], polyethylenimine 
[24], agarose [29] and CNBr-agarose for L-AI immobili-
zation and production of d-tagatose [43]. However, these 
researches have not gone much deeper into the understand-
ing of the enzyme immobilization process or have explored 
the possibilities of chitosan for the achievement of stable 
enzyme biocatalysts.

Thermal stability assays revealed significant stabiliza-
tion factors using the best chitosan derivative and glyoxal-
agarose biocatalyst. In that way, covalent immobiliza-
tion through multipoint attachment became an adequate 
approach for l-arabinose isomerase immobilization, which 
resulted in an increased enzyme stability and activity.

On the other hand, the analysis of operational stability 
showed that L-AI d-fructose chitosan derivative kept the 
activity above 80 % after 10 recirculation cycles at 60 °C 
whereas Rhimi et al. [44] reported activity results above 
70 % after 8 cycles with Bacillus stearothermophilus 
US100 L-AI entrapped in 6 % (w/v) of sodium alginate on 
BaCl2 beads. Furthermore, Oh et al. [27] used particles pro-
duced with 4 % (w/v) sodium alginate and treated with 0.2 
(v/v) glutaraldehyde, which gave good results for 8 days 
(or cycles), although the activity of the biocatalyst rapidly 
decreased.

In this research, a contribution for the study of 
l-arabinose isomerase from E. faecium DBFIQ E36 

Table 5  Immobilization of l-arabinose isomerase on commercial derivatives

Immobilization parameters: immobilization yield (ηi); recovered activity (ϕi); apparent activity (Aapp)

LDG low density glyoxal (15–25 µmol epoxy groups/g filtered and dried gel), HDG high density glyoxal (40–60 µmol epoxy groups/g filtered 
and dried gel), VHDG very high density glyoxal (80–100 µmol epoxy groups/g filtered and dried gel)
a Offered enzyme: 10 mg g−1

gel (1800 U g−1
gel)

b Offered enzyme: 20 mg g−1
gel (3600 U g−1)

c Offered enzyme: 30 mg g−1
gel (5400 U g−1)

d To Eupergit C250L (250 µmol epoxy groups/g dry gel) and epoxy-activated agarose CL-6B (24 µmol epoxy groups/g filtered and dried gel) 
were only 1 mg of pure L-AI was offered

Commercial biocatalysts Immobilization performance Equivalent activity (%) Aapp (U g−1
gel)

ηi (%) ϕi (%)

Native chitosan (control) 83.67 7.16 8.56 9.98

LDG-4BCLa 91.22 0.00 0.00 0.00

HDG-4BCLb 99.19 9.40 9.47 28.40

LDG-6BCLa 97.02 0.00 0.00 0.00

VHDG-6BCLc 96.41 35.46 36.78 161.80

Eupergit C250Ld 100.00 65.21 81.51 8.20

Epoxy-activated agarose CL-6Bd 100.00 77.07 96.34 9.70
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Fig. 4  Best L-AI insoluble biocatalysts achieved after employing 
covalent attachment immobilization strategies with different matrixes
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immobilization process was intended. Several modified 
chitosan derivatives achieved significant results such as 
good apparent gel activity, thermal resistance, operational 
stability, low swelling factor and increased mechanical 
resistance. In addition, stabilization factors for several chi-
tosan biocatalysts were near to those of the best commer-
cial derivatives.

The use of chitosan for matrix synthesis and further 
modification turned out to be a viable low-cost strategy for 
achieving highly active and stable L-AI insolubilized deriv-
atives in comparison with high-cost commercial supports. 
In that way, the synthesis and use of supports adapted for 
L-AI immobilization became a topic of interest due to the 
current technological potential of d-galactose to d-tagatose 
bioconversion.

Finally, although the production of d-tagatose through 
a biological approach using l-arabinose isomerase proved 
profitable, for feasible industrial application the design of 
highly stable catalytic derivatives becomes mandatory. 
Therefore, the present research provided an increased 
knowledge for multimeric metalloenzyme immobiliza-
tion such as l-arabinose isomerase. The goal was reached 
through the modification of chitosan biopolymer to obtain 
alternative beads adapted for a lower metal chelating abil-
ity, followed by immobilization to supports via multi-
point covalent attachment strategy for achieving increased 
enzyme stability due to the multimeric nature of the 
enzyme.
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