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Abstract Pectinases catalyze the degradation of pectic substances and are used in several
processes, mainly in food and textile industries. In this study, a biomimetic matrix of alginate/
gelatin/calcium oxalate (AGOCa) was synthesized for the in situ immobilization via encapsula-
tion of crude pectinase from Aspergillus niger ATCC 9642, obtaining an immobilization
efficiency of about 61.7%. To determine the performance of AGOCa matrix, this was compared
to control matrices of alginate/calcium oxalate (AOxal) and alginate/water (ACa). By the
evaluation of pH and temperature effects on the enzyme activity, it was observed an increase
on pectinolytic activity for both three tested matrices with an increase on pH and temperature.
The kinetic parameters for pectinase immobilized in the three matrices were determined using
citric pectin as substrate. Values of Km of 0.003, 0.0013, and 0.0022 g mL−1 and Vmax of 3.85,
4.32, and 3.17 μmol min−1 g−1 for AGOCa, AOxal, and ACa matrices were obtained, respec-
tively. After 33 days of storage, the pectinase immobilized in the three different matrices kept its
initial activity, but that immobilized in AGOCa presented high stability to the storage with a
relative activity of about 160%. The enzyme immobilized in AGOCa, AOxal, and ACa could be
used in 10, 8, and 7 cycles, respectively, keeping 40 % of its initial activity.
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Introduction

Pectinases are a heterogeneous group of enzymes that catalyze the hydrolysis of complex
carbohydrates called pectic substances. Their basic chemical structure is constituted, essen-
tially, by molecules of D-galacturonic acid linked by α-D-(1,4) glycosidic bonds and, in low
amount, by rhamnose, arabinose, and galactose [1, 2]. These carbohydrates comprise the
primary wall cell and middle lamella of higher plants, the main responsible for high viscosity
and turbidity of fruit juices. In food industries, the pectinases are largely used during the
extraction, filtration, and clarification of fruit juices and wines steps [3].

However, besides their technological potentialities, pectinases are capable of denaturing by
several physical, chemical, and biological factors during application or storage [4, 5]. The
development of immobilization techniques permits that enzymes are protected from these
factors and improve their performance, as a consequence of increase on enzyme stability by
chemical and physical interactions between the support and the enzyme molecules. In addition,
the insoluble enzyme derivative can be recovered and reused with high half-life and lower
degradation, making economically viable the biotechnological process [6, 7].

Enzymes can be immobilized on a wide variety of natural or synthetic supports. The
screening of the support and/or technique of immobilization depends on the nature of the
enzyme, substrate, and its further application [8]. One of the most used techniques is the
immobilization by encapsulating, a physical method where the molecules of enzymes keep
free in solution but have their movement restrict by the reticular structure of the gel and the
diffusion of the substrate and products is through the pores of the membrane formed [9]. By
this technique, the catalysts tend to be more stable than those physically adsorbed on supports,
since the catalytic properties of soluble form are kept [10].

Pectinases have been immobilized by encapsulating in different organic and inorganic
polymeric supports, as agar-agar [11], polyvinyl alcohol foam [12], and sodium alginate
[13]. From these, calcium alginate noteworthy for its low cost and biocompatibility however
has as drawback its low mechanical and chemical resistance. On the other hand, the inorganic
components, as zeolites and clays, have excellent mechanical properties and resistance to
different solvents [14].

Manufactured by living organisms through the process of biomineralization, biominerals
are mineral and/or mineralizing materials formed from organic and inorganic components
under mild conditions of pH and temperature [15]. By means of these biological systems,
biomimetic mineralization technique uses biological template and synthetic analogs to catalyze
the formation of inorganic oxides under mild and benign conditions to obtaining polymer-
inorganic hybrid materials which have specific characteristics of both organic as inorganic
matrix [16]. These materials obtained by biomimetic mineralization reactions provide biocom-
patible environments for enzymes immobilization, besides a simple and easy methodology,
being considered the next generation of matrices for encapsulating and stabilization of
enzymes [17], in contrast to sol-gel, the most common method for obtaining hybrid materials,
characterized as a time-consuming and laborious method, involving the use of surfactants and
organic solvents, which can cause prejudicial effects on the immobilized enzyme [18].

In our prior work, a polymer-inorganic hybrid matrix for the immobilization of crude
pectinase from Aspergillus niger ATCC 9642, constituted by spheres of calcium alginate
recovered by a biomimetic layer of gelatin and calcium oxalate, has been successfully
synthesized for biomimetic mineralization technique [19]. Based on these aspects, the main
objective of this work was to evaluate the performance and the influence of biomimetic matrix
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on the enzymatic activity of pectinase from Aspergillus niger ATCC 9642 immobilized in situ
in the biomimetic matrix of alginate/gelatin/calcium oxalate (AGOCa) by the determination of
the effects of the formation of biomimetic matrix on the catalytic activity of the immobilized
derivate in the AGOCa. Comparative studies in terms of efficiency and yield of immobiliza-
tion, optima temperature and pH, kinetic parameters, and stability to the storage and reuse were
carried out using as control not biomimetic matrices of alginate/calcium oxalate (AOxal) and
alginate/distillated water (ACa).

Material and Methods

Materials

Aspergillus niger ATCC 9642 was kindly supplied by FIOCRUZ (Brazil). Sodium alginate
was purchased from Cinética Reagentes-Soluções (Brazil). Gelatin (bloom≤ 260 g) was
purchased from Gelita (Brazil). Pectin, α-D-galacturonic acid monohydrate, and DNS (3,5-
dinitrosalicylic acid) used in the study were purchased from Sigma-Aldrich (Germany). All
other chemicals were of analytical grade and used without further purification.

Bioproduction of Pectinase from A. niger ATCC 9642

The enzymatic extract was produced as described by Gomes et al. [20]. A. niger ATCC 9642
strain was maintained in potato dextrose agar (PDA) (10 g L−1 malt extract, 4 g L−1 yeast
extract, 4 g L−1 glucose, and 20 g L−1 agar), re-cultivated periodically, and stored at 4 °C. The
PDAwas used as medium for the inoculum production. Erlenmeyer flasks of 500 mL contain-
ing 100 mL of sterilized medium were inoculated and incubated at 30 °C by 7 days. The
harvesting of the spores from the slants was done using 5 mL of Tween 80-water (0.02 %, v/v).

The bioproduction of pectinase was carried out by submerged fermentation. The liquid
medium used as substrate was constituted of citric pectin (32 g L−1), L-asparagine (2 g L−1),
iron sulfate II (1.0 g L−1), and potassium phosphate (0.06 g L−1). Two hundred fifty milliliters
of liquid medium was transferred to Erlenmeyer of 500 mL, inoculated using 5 × 106

spores mL−1, and incubated at 30 °C and 180 rpm for 24 h. The crude pectinase was
immediately kept at 4 °C until use [20].

Synthesis of Hybrid Polymer-Inorganic Support for Pectinase Immobilization

The protocol for pectinase immobilization was described in our previous work [19]. Sodium
alginate (2 %,w/v) dissolved in sodium oxalate buffer (100 mM, pH 5.5) was prepared. After the
solubilization, the crude pectinase was added at proportion 3:10 (v/v), considering the relation
crude pectinase to sodium oxalate buffer. The gel obtained was dripped in a CaCl2 (75 mM)
solution and gelatin (1 %, w/v), using a 10-mL syringe with a 0.9-mm-diameter needle, under
constant agitation. The beads formed of alginate/gelatin/calcium oxalate (AGOCa) were kept
10min in the solution of CaCl2 and gelatin. After, the beads were washedwith 100mL of distilled
water and 100 mL sodium acetate buffer (100 mM, pH 5.5). After the washing process, the beads
were filtered with vacuum pump (Tecnal TE-085) for 20 min and stored in desiccator at 4 °C. For
the formation of the control matrix of the alginate/calcium oxalate (AOXal) and alginate/distilled
water (ACa), the same procedure was adopted, with the exception of alginate dissolved using
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sodium oxalate buffer (100 mM, pH 5.5) and distilled water, respectively, and the solution of
CaCl2 (75 mM) did not contain gelatin.

Characterization of the Support and Immobilized Enzyme

Morphology Analysis of the Beads

The morphology of the capsules surface of the AGOCa, AOxal, and ACa was observed with
Lupa Leb-3 (Lambda) of eyepiece WF10x and 1280×1024 resolutions. The morphological
structures of the images were digitally captured using the Motic Images Plus 2.0 software.

Efficiency of Immobilization

The immobilization efficiency was determined by Eq. 1:

EI %ð Þ ¼ AL−AS

AL
� 100 ð1Þ

where EI is the immobilization efficiency (%), AL represents the total activity of the free crude
pectinase used for immobilization, and AS denotes the total activity in the supernatant (calcium
chloride solution).

Yield of Immobilization

The yield of immobilization was determined by Eq. 2:

γ %ð Þ ¼ AIE

AIT
� 100 ð2Þ

where γ is the yield of immobilization (%), AIE represents the total experimental activity of the
immobilized enzyme (calculated considering the total mass of immobilized enzyme), and AIT
denotes the total theoretical activity of the immobilized enzyme (AIT =AL−AS).

Determination of Enzymatic Activity

The pectinolytic activity of the free and immobilized crude pectinase was determined by
the 3,5-dinitrosalicylic acid method [21] using citric pectin as substrate (0.5 %, w/v in
sodium acetate buffer 50 mM) for 5 min for immobilized enzyme (pH 5.5 and 73 °C)
[16] and 6 min for free enzymes (pH 5.5 and 37 °C) [20]. The quantification was carried
out by the external standards method, employing a calibration curve with α-D-galacturonic
acid as reducing sugar. The absorbance was measured in spectrophotometer (Beckman
Coutler, model DU640) at 540 nm. One unit of pectinolytic activity was defined as the
amount of enzyme necessary to liberate 1 μmol of galacturonic acid per minute
(U=μmol min−1) under the studied conditions. The activities of the free and immobilized
pectinase were expressed in unit of activity per milliliter (U mL−1) and per gram (U g−1),
respectively.
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Partial Characterization of the Immobilized Pectinase

The partial characterization of immobilized pectinase was performed in terms of
optimal temperature and pH and storage stability. The kinetic parameters Km and
Vmax were also determined using citric pectin as a substrate.

Effect of pH and Temperature of the Immobilized Pectinase The effects of pH and
temperature on the pectinolytic activity of the immobilized pectinase were evaluated using a
Central Composite Rotational Design (DCCR 22). The range of pH and temperature studied
was 3 to 6 and 30 to 80 °C, respectively. The enzyme activity was determined based on the
amount of galacturonic acid produced.

Determination of the Kinetic Parameters Km and Vmax For the determination of the
Michaelis-Menten constant Km and the maximum reaction velocity Vmax of
immobilized pectinase, the effect of substrate concentration on the initial velocity of
the reaction by varying the citric pectin concentrations (0.5 to 15 mg mL−1) under
optimized assay conditions was evaluated. The reaction rate was assayed at each
substrate concentration. The Km and Vmax values were calculated from Lineweaver-
Burk plots by using the initial rate of the enzymatic reaction [22].

Stability of the Immobilized Pectinase to Storage The stability to storage was evaluated
by measuring the activity of the immobilized pectinase stored at 4 °C. The enzyme activity was
determined at predetermined intervals of time to follow stability of the immobilized catalyst
during the storage. The storage stability (SS) was defined as the ratio between the immobilized
pectinase activity during the storage (Us) and its initial activity (UI) (Eq. 3).

SS %ð Þ ¼ Us

U I
� 100 ð3Þ

Operational Stability The operational stability of the immobilized pectinase was deter-
mined after successive batch cycles of a defined amount of the immobilized extract on the
hydrolysis of citric pectin. The reaction time for each batch cycle was 5 min. The activity of
the first cycle was considered as 100 %. After each cycle, the beads containing the crude
pectinase were removed from the reaction medium and washed with distilled water and
sodium acetate buffer.

Statistical Analysis

The statistical analysis related to the estimated effects of each variable and process
optimization was performed using the global error and the relative standard deviation
between the experimental and predicted data. The other results were treated by
analysis of variance followed by Tukey’s test. All analysis was performed using the
software Statistica version 8.0 (Statsoft Inc, USA), considering a confidence level of
95 % (p < 0.05).
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Results and Discussion

Morphology of Capsules

The visual aspect and texture of the matrix synthesized with sodium oxalate buffer were
different from the matrix ACa. The spheres AGOCa and AOxal presented a white color and a
harder texture when compared to the ACa spheres, which were semitransparent and with a
softer texture. Regarding the size, the AGOCa matrix showed greater diameter (3.1 mm) than
the control matrices of AOxal (2.9 mm) and ACa (2.6 mm). The morphological analysis of the
matrices of encapsulating showed that the spheres of AGOCa (Fig. 1a) and AOxal (Fig. 1b) are
more rounded and defined than the ACa (Fig. 1c) capsules. Furthermore, the surfaces of
AGOCa and AOxal matrices present smaller roughness and greater uniformity than the ACa
matrix. The morphological differences in immobilization matrices are related to the use of
sodium oxalate buffer, which in presence of calcium leads to the formation of calcium oxalate
which is incorporated in the sphere morphology during the syntheses of matrices of immobi-
lization of both AGOCa and AOxal. This compound provides stability and structural rigidity,
while minimizes the possible deformation of the matrix AGOCa and AOxal as those seen in
ACa matrix which does not have the composition of calcium oxalate.

Yield of Immobilization

The efficiency and the yield of immobilization for each capsule evaluated in this study are
presented in Table 1. Among the matrices studied, the AGOCa presented the highest efficiency
of immobilization (61.7 %). AOXal and ACa matrices showed efficiencies of 53.0 and 55.6 %,
respectively. The highest efficiency obtained by AGOCa is linked to the formation in situ of
the biomimetic layer in the matrix, minimizing the lixiviation of the enzymatic extract during
the formation of the spheres, increasing the amount of enzyme retained in the support.

The yield of immobilization for the three matrices studied was higher than 100 %. The
lowest yield, 127 %, was observed for the AGOCa matrix. The absence of gelatin in the
AOXal matrix (203 %) and of gelatin and calcium oxalate in ACa matrix (240 %), even though
there is decrease on the efficiency of immobilization (Table 1), led to an increase (>53 %) in
the yield.

The tendency observed for the yield of immobilization (ACa>AOxal>AGOCa) indicates
that the incorporation of calcium oxalate and gelatin acts negatively on the yield. This
behavior is associated with diffusional problems caused by the presence of calcium oxalate

Fig. 1 Morphological analysis of matrices of AGOCa (a), AOxal (b), and ACa (c), obtained with Lupa Leb-3
(Lambda) of Ocular WF10x and resolution 1280 × 1024
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and gelatin, which can be making the matrix more compact, leading to a decrease in the
porosity of the matrix [19].

Considering that the efficiency of immobilization corresponds to the amount of enzyme
theoretically incorporated to the support and the yield of the immobilization the effective
activity of the supported enzyme, the results presented in Table 1 (with efficiencies <61 % and
yields of immobilization >100 %) indicate that the process of immobilization, independent of
the matrix used, provides an effective increase of activity of the enzyme.

Partial Characterization of the Immobilized Pectinase

Effect of pH and Temperature on the Pectinolytic Activity of Derivatives Immobilized

The effect of pH and temperature on the pectinolytic activity of immobilized extract was
evaluated by a Central Composite Rotational Design (CCRD 22). Table 2 presents the matrix
of the experimental design with the evaluated pH and temperature ranges and the responses in

Table 1 Effect of matrix on the efficiency and yield of immobilized pectinase

Matrix AL AS EI (%) AIT AIE γ (%)

AGOCa 34.5 ± 0.7a 13.2 ± 0.3b 61.7 ± 0.1a 21.3 ± 0.5a 27.0 ± 0.02a 126.9 ± 3.0a

AOxal 32.2 ± 2.0a 15.1 ± 0.5ab 53.0 ± 1.5b 17.1 ± 1.6b 34.5 ± 0.01b 203.0 ± 13.1ab

ACa 35.4 ± 0.4a 15.7 ± 0.8a 55.6 ± 1.8b 19.7 ± 0.4ab 47.2 ± 0.03c 240.3 ± 4.7b

Mean (n = 3) ± standard deviation followed by equal letters do not differ statistically in a level of 5 % (Tukey’s
test)

AL total activity of the free crude pectinase, AS total activity in the supernatant (calcium chloride solution), EI
immobilization efficiency (%), AIT total theoretical activity of the immobilized enzyme, AIE total experimental
activity of the immobilized enzyme, γ yield of immobilization (%)

Table 2 Matrix of the experimental design (real and coded values) with the response as pectinolytic activity
(U g−1) for immobilized pectinasein AGOCa, AOxal, and ACa

Run pH Temperature (°C) Pectinolytic activity (U g−1)

AGOCa AOxal ACa

1 −1 (3.4) −1 (37) 0.72 0.89 1.36

2 1 (5.5) −1 (37) 1.17 1.54 4.34

3 −1 (3.4) 1 (73) 1.18 1.37 2.88

4 1 (5.5) 1 (73) 2.50 3.73 5.55

5 −1.41 (3) 0 (55) 1.05 1.45 2.36

6 1.41 (6) 0 (55) 1.96 2.58 5.53

7 0 (4.5) −1.41 (30) 1.02 1.33 1.69

8 0 (4.5) 1.41 (80) 1.86 2.76 2.53

9 0 (4.5) 0 (55) 1.34 2.23 2.84

10 0 (4.5) 0 (55) 1.51 2.37 2.78

11 0 (4.5) 0 (55) 1.36 2.37 2.79
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terms of pectinolytic activity (U g−1). For all evaluated conditions, the same tendency among
the matrices (ACa>AOxal>AGOCa) for the enzyme activity was observed.

Higher enzyme activities of 2.50, 3.73, and 5.55 U g−1 were obtained at experiment 4
(pH 5.5, 73 °C) for the matrices AGOCa, AOxal, and ACa, respectively. The results were
statistically treated and empirical models were generated (Eqs. 4, 5, and 6) corresponding to
the behavior of pectinolytic activity of the immobilized extract in terms of pH and temperature.
The models were validated by variance analysis (correlation coefficient higher than 0.90 and
value of Fcalculated > Ftabulated) making possible to build the response surfaces and contour
curves (Fig. 2).

EA ¼ 1:42þ 0:38X 1 þ 0:37X 2 þ 0:21X 1 � X 2 ð4Þ

EA ¼ 2:10þ 0:57X 1 þ 0:58X 2 þ 0:42X 1 � X 2 ð5Þ

EA ¼ 2:60þ 1:26X 1 þ 0:70X 1
2 þ 0:49X 2 ð6Þ

where

EA pectinolytic activity (U g−1)
X1 pH
X2 temperature (°C)

An increase on pectinolytic activity was observed with the increase in pH and temperature
in the range evaluated. The matrices AGOCa (Fig. 2a, b) and AOxal (Fig. 2c, d) presented a
similar behavior, leading to better values of enzyme activity in pH values from 5.0 to 6.0 and
temperature from 60 to 80 °C. The matrix ACa showed optima values of enzyme activity at pH
values from 5.0 to 6.0 in a wide range of temperature (40 to 80 °C) as show in (Fig. 2e, f). This
tendency is linked to the reduction of viscosity of the substrate with increasing the temperature,
enhancing the diffusion of the substrate to the active site of the immobilized extract through the
porous structure of the support [23].

The maximum enzyme activity (72.93 U mL−1) of free pectinase extract from A. niger
ATCC 9642 used in this study was observed at pH 5.5 and 37 °C [20]. Compared to the free
enzyme, after immobilization of crude pectinase, it retained the same value of optimum pH
(5.5), indicating that the immobilization did not influence the optimum pH for maximum
pectinolytic activity. However, for the free pectinase, it was observed the maximum activity at
37 °C [20], but after immobilization process, the optimum temperature of derivative
immobilized was increased to 73 °C. This change can be related to the enhancement of
molecular diffusion rate promoted by the increase of the temperature and to the alterations
of physical properties of the enzyme after immobilization [24]. In general, due to the
interactions between the enzyme and the support, the immobilization processes can improve
the molecular rigidity and conformational stability of the immobilized enzymes [25]. So, high
energy is necessary to the reorganization of the molecular structure to reach an adequate
conformation to make possible the binding with the substrate, making the enzyme more
resistant to the heat denaturation [26].
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Kinetic Parameters

The kinetic parameters of the immobilized enzyme extract (Vmax and Km) were determined
using different concentrations of substrate citric pectin (0.5 to 15 mg mL−1) at 73 °C and pH

Fig. 2 Response surface (a, c, and e) and contour curve (b, d, and f) for the pectinolytic activity (U g−1) as a
function of pH and temperature (°C) of the immobilized derivative in AGOCa, AOxal, and ACa, respectively
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5.5 (best condition observed in the maximization of enzyme activity assay; Table 2—exper-
iment 4). Table 3 presents the kinetic parameters for each matrix studied here.

Higher values of Km were obtained for the matrix AGOCa, compared to AOxal and ACa
matrices. This result is corroborated by the low yield of immobilization obtained for this
matrix, related to the formation of an inorganic layer around the spheres of AGOCa, mini-
mizing the affinity of the enzyme by the substrate, as well as the reaction initial rate. Increases
in the values of Km can be caused by the low accessibility of the substrate to the catalytic site of
the enzyme, as a result of diffusional limitation, as well as the conformational changes of the
enzyme, resulting on the decrease of the formation of enzyme-substrate complex [27].

These limitations are due mainly to the size of beads, form, porosity, and charge of
immobilized enzyme, as well as the structural changes of the enzyme, where the molecules
may have taken an inactive conformation [28, 29]. Higher values of Vmax were obtained for the
pectinolytic extract immobilized in AOxal.

Stability to the Storage

The stability to the storage of the pectinolytic extract immobilized in AGOCa, AOxal, and
ACa was studied at 4 °C (Fig. 3). All the matrices were dry stored, since the immersion in
buffer solution conducted to swelling due to the water adsorption [19].

From Fig. 3, we can observe that different profiles of relative activity were obtained during
the storage at 4 °C as a function of the matrix of immobilization. The extract immobilized in
AGOCa presented higher stability to the storage as well as relative activity (≅160 %) compared
to the control matrices, that presented relative activities of ≅100%. It is worth to mention that
independent from the matrix used as support, the pectinolytic immobilized extract stored at
4 °C kept its initial activity after 33 days of storage. Similar values have been reported for
relative activity (≅100 %) obtained for the free enzymatic extract after 30 days of storage at
4 °C [20].

The increased residual activity of the immobilized pectinase in AGOCa after storage may
be explained by protecting the outside environment and adverse effects of temperature that the
support offers to enzyme, which enables increases in pectinolytic activity as a result of
improving the microenvironment created around the enzyme molecules and simulation of
the effects of agglomeration and confinement that take place in living cells [14, 30].
Immobilized pectinase in nanoparticles of Fe3O4 kept relative activities of about 65 % after
30 days of storage at 4 °C [31].

Reuse of the Immobilized Derivatives

The operational stability of the immobilized pectinase in AGOCa, AOxal, and ACa was
evaluated by the reuse of a defined amount of the immobilized derivative and substrate. After

Table 3 Kinetic parameters for the
pectinase immobilized in AGOCa,
AOxal, and ACa

Matrix Km

(g mL−1)
Vmax
(μmol min−1 g−1)

AGOCa 0.003 3.85

AOxal 0.0013 4.32

ACa 0.0022 3.17
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each reaction cycle, a new amount of substrate was added for a new reaction, until obtaining a
residual activity less than 50 % (Fig. 4).

It was observed after the first cycle of use a decrease on the catalytic activity of the
immobilized pectinase, for all matrices studied here. The derivative immobilized obtained
using AGOCa as support of immobilization presented the best results, 42.38 % of residual
activity after 10 cycles of use. Relative activities of 46.33 and 44.89 % were obtained after 8
and 7 cycles, for AOxal and ACa matrices, respectively. The loss of enzyme activity can be
attributed to the lixiviation of the enzyme from the support as a result of successive washings
after each cycle, in addition to possible conformational alterations and mechanical damages
after repeated cycles [32, 33].

Conclusions

The strategy of immobilization of crude pectinase in situ of the AGOCa matrix permitted to
obtain good results in terms of pectinolytic activity, showing a promising matrix for the
immobilization of enzymes aiming at industrial applications. A hybrid polymer-inorganic of
alginate/gelatin/calcium oxalate (AGOCa) presented the higher efficiency of immobilization due
to the formation of an inorganic layer of calcium oxalate, favoring the binding of the enzyme to
the support. This efficiency was not converted in yield of immobilization due to the diffusional
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problems between the substrate and the active site of the enzyme. The formation of the inorganic
layer bring beneficial effects in terms of storage and operational stabilities during the hydrolysis
of citric pectin, keeping more than 40 % of the initial activity after 10 cycles of use.
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