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Abstract The crude extract containing inulinase from

Rhodotorula mucilaginosa was obtained by submerged

fermentation. Inulinase was immobilized on chicken egg-

shell by physical adsorption and covalent crosslinking,

using glutaraldehyde as a crosslinking reagent, and Celite

by adsorption. Fructooligosaccharides production was

performed using immobilized inulinase (5%, w/v) and

inulin substrate solution under experimental conditions

evaluated through Doehlert experimental design. The pro-

duction of inulinase was optimized for concentrations of

D-glucose and yeast extract at 12.5 and 0.5 g/L, respec-

tively, resulting in an optimal activity of 0.62 U. The

optimal pH and temperature for enzyme activity were 8.0

and 75 �C, respectively, leading to an optimal activity of

3.54 U. The highest immobilization efficiency (46.27%)

was obtained upon immobilization on Celite. Immobiliza-

tion by adsorption to eggshell allowed for specific activity

of 4.15 U/g, and adsorption to Celite resulted in specific

activity of 3.70 U/g. The highest titer in fructooligosac-

charides was obtained with an initial inulin concentration

of 250 g/L (25%, w/v), and a reaction time of 16 h. Hence,

immobilized inulinase proved to be a promising catalyst for

fructooligosaccharides production since the formulation is

performed through a simple, low-cost, and large-scale

applicable methodology.

Keywords Hydrolase � Immobilization � Inulin �
Optimization � Yeast

Introduction

Inulinases are part of the glycoside hydrolase family

(GH32) that catalyzes the hydrolysis of inulin, a polydis-

perse fructan composed of b-2,1-linked D-fructose mole-

cules with a terminal glycosyl residue, and of inulin-type

fructans. Inulinases can be used either to produce syrups

with high fructose concentration or in the production of

fructooligosaccharides (Awad et al., 2017; Rawat et al.,

2017; Singh and Singh, 2019).

Fructooligosaccharides (FOS) occur in nature by the

catalytic action of enzymes with transfructosylating activ-

ity, but in small amounts (Chi et al., 2011). They can be

synthesized by extraction of plant materials containing

FOS, enzymatic synthesis from sucrose and enzymatic

hydrolysis of inulin, but the extraction process from natural

sources is not efficient due to the low yield obtained

(Sandoval-González et al., 2018). Enzymatic synthesis

from sucrose uses enzymes with transfructosylation activ-

ity, such as b-fructosyltransferase and b-fructofuranosi-
dase. However, this method is not feasible when compared

to inulin hydrolysis by inulinases, because the presence of

glucose can cause inhibition of fructosiyl transfer,

decreasing the concentration of the final product, in addi-

tion to the high cost of enzymes for transfructosylation.
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Inulin hydrolysis produces linear oligomers structurally

resulting in a product composed of a mixture of oligosac-

charides, namely 1-kestose (GF2), nystose (GF3), and 1F-

fructofuranosyl-nystose (GF4) (Sandoval-González et al.,

2018).

Due to their beneficial physiological effects and per-

formance as a prebiotic, FOS are increasingly included in

infant formula and other functional food products. FOS can

be used to thicken dairy products and to improve the

wetness of bakery products, to decrease the freezing point

of frozen desserts, provide crispness to low-fat biscuits, act

as a binder in nutritional bars of granola, enrich the fiber

content in foods, and replace sucrose in formulations of

high-intensity sweeteners, such as aspartame, to mask their

often-referred undesirable residual flavor (Awad et al.,

2017).

The production of FOS can be increased by the appli-

cation of immobilized enzymes. Enzyme immobilization

has become a powerful tool, complementing other strate-

gies used routinely to improve protein properties. Some

methods used for immobilization are the (1) method of

adsorption/carrier binding, using insoluble supports in

water as polysaccharide derivatives, synthetic polymers

and glass, and (2) crosslinking/covalent bonding method

with bi or multifunctional reagents, such as glutaraldehyde.

The adsorption of enzymes results from hydrophobic

interactions and salt bonds where the support is bathed in

enzyme to obtain physical adsorption or the enzyme is

dried on electrode surfaces by adsorption by ion exchange.

The covalent binding of enzymes to the supports occurs

due to their side chain amino acids and degree of reactivity

based on different functional groups. This type of immo-

bilization results in a stronger link between enzyme and

support and greater stability in the orientation of the pro-

tein, which can improve its specificity (Datta et al., 2013;

Holyavka et al. 2018).

However, when the food industry is considered, where

often large amounts of cost-sensitive goods are to be pro-

duced, a low-cost immobilized enzyme formulation is

mandatory to ensure the economic sustainability of the

process (Basso and Serban, 2019). Eggshell is a natural

biopolymer that can be obtained at a low cost that can be

used as a carrier for enzyme immobilization (Salleh et al.,

2016; Jiang et al., 2017). Celite, in turn, is a carrier com-

posed mainly of SiO2, it is highly porous, and it has been

used for the immobilization of enzymes since it has a low

cost, low polarity, a large area of adhesion (Datta et al.,

2013).

This work aimed to produce and characterize inulinase

from R. mucilaginosa (CCMB 604) isolated from the

Caatinga and its concomitant immobilization on solid

carriers (eggshell and Celite) towards an enzyme

formulation that can be effectively used for the production

of fructooligosaccharide from inulin.

Materials and methods

Microorganisms

Samples of R. mucilaginosa (CCMB 604) were obtained

from the Culture Collection of Microorganisms of Bahia

(CCMB) of State University of Feira de Santana, Brazil.

The yeast was maintained in YM agar at pH 6.2 (Lima

et al., 2009). The culture medium was sterilized in a ver-

tical autoclave (at 121 �C; 15 min). The microorganism

was grown in YM agar at 28 �C for 48 h (IGO 150 Cell

Life – Jouan, Waltham, United States of America).

Fermentation

Yeast cells grown in YM agar were resuspended in sterile

saline solution to prepare the inoculum. The inoculum (108

colony-forming units/mL) was added to Erlenmeyer flasks

containing mineral medium (0.1 g yeast extract, 1.0 g

D-glucose, 0.3 g (NH4)2SO4, 0.45 g KH2PO4, 0.025 g

MgSO4, and 0.025 g CaCl2 in 100 mL H2O) at pH 5.0

(Patching and Rose, 1970). Fermentation was carried out in

an orbital shaker (Tecnal� TE-424, Piracicaba, São Paulo,

Brazil), at 100 rpm and 28 �C for 48 h. After fermentation,

the medium was centrifuged at 24,0009g for 10 min at

4 �C (Centrifuge 5804R–Eppendorf, São Paulo, São Paulo,

Brazil), and the enzyme-rich supernatant was recovered,

and stored at 4 �C in 0.05 M acetate buffer pH 5.5 until

further use.

Enzyme assays

Inulinase activity was determined by quantifying the

amount of reducing sugars released from inulin. Thus, 100

lL enzyme extract solution was added to 900 lL of 20 g/L

inulin (Inulin from chicory—Sigma Aldrich�, San Luis,

Missouri, United States of America) solution in 0.05 M

acetate buffer pH 5.5. The reaction mixture was incubated

at 50 �C for 15 min. Reducing sugars were determined

according to Miller (1959). Absorbance was determined at

540 nm with a UV/VIS spectrophotometer (Cary 50 UV–

Visible spectrophotometer, Varian Inc., São Paulo, São

Paulo, Brazil). One inulinase activity unit (U) was defined

as the amount of enzyme that catalyzed the production of

1 lmol fructose per minute. All experiments were per-

formed in triplicate.

Total protein (mg) was determined according to the

method described by Bradford (1976). The specific activity

(U/mg) was determined as the ratio of inulinase activity
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(U) to total protein (mg) concentration. All experiments

were performed in triplicate.

Optimization of inulinase production

The optimization of the medium composition for the pro-

duction of inulinase, quantified through inulinase activity,

was carried out using Doehlert experimental design for two

variables. Thus, the concentration of D-glucose and yeast

extract in the fermentation medium was varied at five

levels (5 to 15 g/L, central point 10 g/L) and three levels

(0.5 to 1.5 g/L, central point 1.0 g/L), respectively. All

assays were performed in triplicate. The experimental data

processing and analysis of variance (ANOVA) to evaluate

the lack of fit of the model to the experimental data were

performed using STATISTICA software, version 7.0.

Optimum pH and temperature for inulinase activity

The effect of pH and temperature was carried out using the

Doehlert experimental design. Thus, pH and temperature

were varied at five levels (5.0 to 9.0, central point 7.0) and

three levels (30 �C to 70 �C, central point 50 �C), respec-
tively. All assays were performed in triplicate. Experi-

mental data processing and analysis of variance (ANOVA)

to evaluate the lack of fit of the model to the experimental

data were performed using STATISTICA software, version

7.0.

Immobilization of inulinase using solid supports

Immobilization using eggshell as carrier

Small pieces of chicken eggshells were immersed in boil-

ing water for 30 min. After settling, eggshells were washed

five times with acetone and dried in an oven at 55.5 �C.
The dry material was crushed mesh size 100 (& 149 lm),

according to Chatterjee et al. (1990) and Nighojkar et al.

(1995).

Inulinase immobilization by absorption to eggshell was

performed by adding 2 mL of crude enzyme extract to

0.5 g of crushed eggshell. The suspension was incubated at

128C for 12 h with occasional agitation (Chatterjee et al.,

1990; Nighojkar et al., 1995).

For inulinase immobilization by covalent crosslinking to

eggshell, the enzyme was firstly adsorbed to crushed egg-

shell, as described previously, but with agitation for 2 h.

Glutaraldehyde (25%, v/v) was added slowly while stirring

with a glass rod until a final concentration of 1.2% (v/v)

was reached. The suspension was incubated under shaking

(80 rpm) in an orbital shaker (Tecnal� TE-424, Piracicaba,

São Paulo, Brazil) at 12 �C for 10 h.

For both adsorption and covalent enzyme immobiliza-

tion, enzyme loaded carriers were allowed to settle. The

supernatants were stored at 4 �C for further characteriza-

tion, while the immobilized enzyme derivatives were

washed with 0.05 M sodium acetate buffer pH 5.5 for

removal of waste before being used for inulin hydrolysis.

All experiments were performed in triplicate.

Immobilization using Celite as carrier

Inulinase was immobilized through adsorption to Celite

545. Thus, 2.0 mL inulinase (crude enzyme extract) was

added to 0.5 g of Celite, and the suspension was incubated

under shaking (80 rpm) in an orbital shaker (Tecnal� TE-

424, Piracicaba, São Paulo, Brazil) for 2 h at 28 �C. Two
milliliters of either 0.05 M sodium acetate buffer pH 5.5 or

acetone were then added, and the whole suspension was

further incubated for 30 min at 28 �C (Castro et al., 1999).

In either case, enzyme loaded carriers were allowed to

settle. The supernatants were stored at 4 �C for further

characterization, while the immobilized enzyme deriva-

tives were washed with 0.05 M sodium acetate buffer pH

5.5 for removal of waste before being used for inulin

hydrolysis. All experiments were performed in triplicate.

Immobilized enzyme activity

Immobilized inulinase activity was carried out, as described

in Section ‘‘Enzyme assays’’. Thus, 20 g/L inulin solution in

0.05 M acetate buffer pH 5.5 was added to the immobilized

enzyme formulation and incubated at 50 �C for 15 minwhile

shaking (80 rpm) in an orbital shaker (Tecnal� TE-424,

Piracicaba, São Paulo, Brazil). The specific activity of the

immobilized enzymewas determined based on the amount of

support (Eq. 1). Protein immobilization yield (%) and

immobilization efficiency (%) were determined according to

Eq. 2 and 3, respectively.

Specific activity ¼ Inulinase activity ðUÞ
Amount of sup port used ðgÞ ð1Þ

Protein Immobilization yield %ð Þ

¼ Total protein added mgð Þ� Protein in the supernatant mgð Þ
Total protein added mgð Þ

� 100

ð2Þ

Immobilization Efficiency %ð Þ

¼ Enzyme activity added�Activity of supernatant

Enzyme activity added
� 100 ð3Þ
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Production of fructooligosaccharides

Fructooligosaccharide (FOS) production was carried out in

test tubes, each containing 2.5 mL of 200 g/L inulin

solution in 0.05 M acetate buffer pH 5.5 unless stated

otherwise, and 50 g/L amounts of immobilized enzyme

were incubated at 508C under orbital shaking at 80 rpm

(Tecnal� TE-424, Piracicaba, São Paulo, Brazil) according

to Silva et al. (2013). Reaction runs were performed under

different conditions according to the Doehlert Matrix for

two variables. Thus, the inulin concentration and duration

of the reaction were varied at five levels (50 g/L to 250 g/

L, central point 150 g/L) and three levels (8 h to 24 h,

central point 16 h), respectively. All runs were performed

in triplicate. Once the reaction stopped, the supernatants

were collected and filtered through 0.22 lm membranes.

The reaction products were quantified by high-performance

liquid chromatography (HPLC).

HPLC was performed with a Varian HPLC chro-

matography (Agilent, Santa Clara, California, United

States of America), containing a Varian Polaris pump,

using a refractive index detector, a reverse-phase column

LiChrospher� 100 NH2 spherically shaped particle

(10 lm, pore 10 nm, and surface area 350 m2/g), 20 lL
volume of injection, a mobile phase of acetonitrile/am-

monia hydroxide 0.04% (70:30) with 1.25 mL/min flow

rate, and temperature of both the detector and the column

of 35 �C (Nguyen et al., 1999; Silva et al., 2013; Kuhn

et al., 2013). The reaction products were identified and

quantified using a calibration curve of authentic standards

of fructose, 1-kestose, and nystose (Sigma-Aldrich�, San

Luis, Missouri, United States of America). The results were

compared by analysis of variance (ANOVA), and averages

were compared by the F-test using STATISTICA, version

7.0.

Results and discussion

Optimization of inulinase production

Doehlert planning was used to optimize inulinase produc-

tion by R. mucilaginosa (CCMB 604). The response sur-

face plot and the contour plot are given in Fig. 1A, B,

respectively. The response surface plot illustrates the effect

of D-glucose and yeast extract concentrations in the pro-

duction of inulinase, suggesting that enzyme production is

favored as D-glucose to yeast extract concentration ratio

increases. The contour plot established that, within the

range of substrate concentrations selected, the production

of inulinase is optimized for concentrations of D-glucose

and yeast extract at 12.5 and 0.5 g/L, respectively, showing

optimal activity of 0.62 U. The Pareto plot (Fig. 1C) shows

that D-glucose and yeast extract concentrations are linearly

(and the former quadratically) significant for the

Fig. 1 A Response surface plot for the optimization of inulinase

production by R. mucilaginosa (CCMB 604) as a function of glucose

and yeast extraction concentrations in the fermentation medium;

B Contour plot for the optimization of inulinase production by R.
mucilaginosa (CCMB 604) as a function of glucose and yeast

extraction concentrations in the fermentation medium; C Pareto plot

for the optimization of inulinase production by R. mucilaginosa
(CCMB 604) as a function of glucose and yeast extraction concen-

trations in the fermentation medium. (L) and (Q) relate to linear and

quadratic functions, respectively
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production of inulinase by R. mucilaginosa (CCMB 604),

as well as the linear interaction of those two variables, all

of these at 5% significance level. A regression model

representing the relationship between D-glucose and yeast

extract concentrations and inulinase production indicated

that the model was accurate and that there were no sig-

nificant differences between predicted and experimental

values.

A regression model representative of the relationship

between glucose and yeast extract concentrations and

inulinase production, expressed as inulinase activity (U),

was developed (Eq. 4), where A is the response value

(inulinase activity in U), CG, and CY are the g/L con-

centrations of D-glucose and yeast extract, respectively.

A ¼ � 0:14158þ 0:12134 � CGð Þ � 0:00362

� CGð Þ2þ 0:08329 � YEð Þ þ 0:04945

� YEð Þ2� 0:03572 � CGð Þ ðYEÞ ð4Þ

The regression model provided a good fit to the exper-

imental data, as an R2 of 0.97 was obtained. Moreover, the

ANOVA of the regression model performed, according to

the Fisher distribution (F-test), showed that the F calculated

(19.12) exceeded the F tabulated (9.01) at a 5% signifi-

cance level.

Optimum pH and temperature for enzyme activity

The response surface plot was generated that illustrates the

influence of pH and temperature on inulinase activity for

inulin hydrolysis (Fig. 2A). The contour plot (Fig. 2B)

showed that inulinase activity peaked at pH 8.0 and tem-

perature of 75 �C, showing optimal activity of 3.54 U. A

regression model representing the relationship between pH

and temperature and inulinase activity (U) can thus be

considered accurate, and there were no significant differ-

ences between predicted and experimental values.

The Pareto plot (Fig. 2C) shows that both pH and

temperature are linearly and quadratically significant for

inulinase activity, as it is the linear interaction of those two

variables, all at a 5% significance level.

Nascimento et al. (2014) optimized the inulinase char-

acterization produced by Pseudozyma sp. (CCMB 300)

using Doehlert experimental design, with a response sur-

face methodology, obtaining an optimum pH of 8.28 and

optimum temperature of 54 �C. In the optimization of

Fungal endophyte (CCMB 328), Nascimento et al. (2012)

obtained optimal enzyme activity conditions at a pH of

7.11 and a temperature of 48 �C. The ability of fungi and

yeasts to tolerate temperatures in extreme and nutrient-poor

environments as in the Brazilian semiarid region indicates

that there are species with adaptive mechanisms that can

handle considerable stress, and the enzymes produced by

these fungi are of great interest for industrial application

since they are expected to have greater stability and

resistance to variations in temperature and pH, besides the

Fig. 2 A Response surface plot for the determination of the optimum

pH and temperature for inulinase activity; B Contour plot for the

determination of the optimum pH and temperature for inulinase

activity; C) Pareto plot for the determination of the optimum pH and

temperature for inulinase activity. (L) and (Q) relate to linear and

quadratic functions, respectively
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possibility of obtaining them through simpler culture media

(Oliveira et al., 2013).

A regression model representative of the relationship

between pH and temperature and inulinase activity (U) was

developed (Eq. 5), where A is the response value (inulinase

activity in U), and P and T are pH and temperature (�C) of
the reaction medium, respectively.

A ¼ 3:36650þ 0:25465 � Pð Þ � 0:02686

� Pð Þ2�0:03441� Tð Þ þ 0:00024� Tð Þ2þ0:00187
� Pð Þ Tð Þ

ð5Þ

The regression model provided a good fit to the exper-

imental data, as an R2 of 0.97 was obtained. Additionally,

the analysis of variance (ANOVA) of the regression model

showed that the F calculated (25.45) exceeded the F tab-

ulated (9.01) at a 5% significance level.

Immobilization of inulinase using solid supports

Inulinase immobilization experiments were performed

using crude extracts displaying an average inulinase was

activity of 2.69 ± 0.09 U (Table 1). The activity of these

extracts from R. mucilaginosa fell roughly within the range

reported for the production of inulinase by other fungi,

either yeasts or molds.

Thus, Jain et al. (2012) reported 1.51 U activity for inuli-

nase from Kluyveromyces marxianus. This is further high-

lighted in a more recent paper by Rawat et al. (2015)

comparing the volume activity of inulinases produced by

several fungi, namely those from Penicillium citrinum (1.19

U/mL), Kluyveromyces marxianus (1.49 U/mL), Arthrinium

pucciniodes (2.27 U/mL), Penicillium sp. (3.89 U/mL),

Aspergillus ficuum (5.27 U/mL), Aspergillus sp. GNCC 2531

(5.63 U/mL), A. awamori (8.21 U/mL), and A. niger (12.2

U/mL). Overall, and although the activity of the two later

strains exceeds by 3- to 4.5-fold that of the extract from R.

mucilaginosa, the data produced is encouraging and suggests

that this yeast can be considered a sound source for inulinases.

Inulinase activity of both the immobilized formulations

of inulinase and the corresponding supernatants are

depicted in Table 1. There was a lower activity for the

immobilized derivative than for free enzyme (1.66 U and

2.69 U, respectively). Immobilization by adsorption to

eggshell allowed for the highest specific activity (4.15 U/g)

among the different immobilization methods tested

(Table 1). On the other hand, the amount of protein and

activity retained in the carrier was the lowest of all meth-

ods. With the further addition of glutaraldehyde, the

specific activity of the formulation decreased by 1.7-fold,

yet almost all the protein was bound to the carrier, and

activity recovery increased by 3.1-fold.

Despite the innumerable advantages presented by the

immobilization of biocatalysts, the interaction between

enzyme and support can result in less enzymatic activity,

due to the diffusion limitations of the support as well as the

connection/interaction of the support with the substrate. A

decrease in activity can also be caused by a failed failure in

the immobilization process, by an inactivation of the

enzyme due to the experimental conditions of the immo-

bilization, or by an enzymatic inactivation due to enzyme-

support interactions (Boudrant et al., 2019).

Moreover, inulinase production can be improved by using

suitable strategies, such as medium engineering, among

others. Ribeiro et al. (2018) studied the immobilization of

inulinase produced by Pseudozyma sp., also from the Bahian

semiarid region, obtaining 1.18 U for immobilized deriva-

tive using eggshell by adsorption and 0.96 U for derivative

using eggshell by covalent crosslinking, thus indicating that

R. mucilaginosa has a higher enzymatic activity.

Glutaraldehyde, a bifunctional compound, promoted

crosslinking between enzyme molecules through the for-

mation of covalent bonds between enzyme residues, and

eventually covalent bonds between enzyme residues and

the active groups in the carrier surface. Overall, this pre-

vented enzyme leakage from the carrier and restricted

enzyme mobility, contributing to its stabilization. Adsorp-

tion, although a mild method of enzyme immobilization, is

often hampered by poor interaction between the carrier and

the enzyme since only weak binding forces are involved

(e.g., hydrophobic and van der Waals interaction). On the

other hand, covalent binding may randomly inactivate

enzyme molecules by compromising some residues of the

active site or leading to its distortion, among other draw-

backs (Dalla-Vecchia et al., 2004).

Table 1 Enzymatic activity inulinase and standard deviations

Immobilized inulinase Immobilized activity

(U)

Specific activity

(U/g)

Immobilization

efficiency (%)

Protein immobilization

yield (%)

Eggshell adsorbed inulinase 1.66 ± 0.02 4.15 5.95 16.7

Eggshell crosslinked inulinase 0.97 ± 0.04 2.49 18.22 100

Celite adsorbed inulinase (full aqueous

medium)

0.74 ± 0.04 1.47 46.47 66.7

Celite adsorbed inulinase (acetone) 1.81 ± 0.06 3.70 28.25 58.3
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Still, immobilization onto eggshell by crosslinking is

similar to other approaches. Trytek et al. (2015) studied the

immobilization of inulinase using polymers containing

epoxy groups and reported a maximum immobilization

efficiency of 19.73%. When using the commercial polymer

Eupergit� C, the same authors reported an immobilization

efficiency of 18.94%. Thus, the use of eggshell as carrier

for inulinase immobilization has some potential, since a

similar immobilization efficiency (18.21%) was obtained

when compared with commercial carriers, namely Euper-

git� C, while the cost of eggshell is lower and the

immobilization procedure is simpler.

Adsorption of inulinase to Celite, namely when per-

formed in the presence of acetone, resulted in relatively

high specific activity (3.70 U/g) and overall higher protein

and activity retention than to eggshell. Although for the

latter two, full aqueous medium proved better than the use

of acetone (Table 1). On the one hand, these results can be

due to a more favorable non-specific interaction between

the enzyme and carrier under the operational conditions

used when Celite is matched to eggshell.

The relatively high specific activity when the enzyme

was immobilized in the presence of acetone could probably

be due to the load of ionizable groups of the enzyme in

acetone, increasing the coupling with the support. This

coupling increases the molecule’s rigidity, preventing

changes in the active site that may affect its binding to the

substrate. Another important factor was the partition, since

the support can affect the partition of the substrate and the

products in the reaction mixture. The non-polar nature of

Celite could result in an unfavorable partition of hydro-

philic molecules. On the other hand, the addition of a

hydrophobic solvent may lead to a decrease in aggregation,

favoring the catalytic activity of inulinase (Pace et al.,

2010).

Overall, the loss of enzyme activity upon immobiliza-

tion observed, irrespectively of the immobilization method

used in this work, can also be ascribed to secondary

structural changes, leading to the loss of a-helical struc-
tures and the gain of b-sheet structures, as reported previ-

ously when immobilization onto solid carriers was

addressed (Holyavka et al., 2018).

Production of fructooligosaccharides (FOS)

The determination of FOS production was performed by

the hydrolysis of inulin using both free (soluble crude

extract) and immobilized inulinase. The products were

identified by high-performance liquid chromatography

(HPLC), using authentic standards of fructose (Fig. 3A),

1-kestose (Fig. 3B), and nystose (Fig. 3C).

Fig. 3 Chromatograms of

standards of A fructose, B 1-

kestose, and C) nystose
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Irrespectively of the enzyme formulation used, hydrol-

ysis of inulin led to the production of fructose (F) and

nystose (GF3), it given in Fig. 4. Production of 1-kestose

was not observed.

The highest concentration of nystose (9.49 g/L) was

obtained with an inulin concentration of 250 g/L (25%,

w/v) and a reaction time of 16 h, corresponding to 3.87%

of nystose yield. The response surface plot (Fig. 5A, B)

shows the influence of the concentration of two

Fig. 4 Chromatogram of products formed in fructooligosaccharides obtainment by hydrolysis of inulin using A free inulinase, immobilized

derivative using B eggshell by adsorption, C eggshell by covalent crosslinking, D Celite in aqueous medium, and E Celite in organic medium
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independent variables, time and inulin, in nystose produc-

tion. The Pareto plot (Fig. 5C) establishes that the initial

concentration of inulin impacts the production of nystose

while both the reaction time and the relationship between

reaction time and the initial inulin concentration had no

significant influence on nystose production at a 5% sig-

nificance level.

The ANOVA found that for the optimization of FOS

production, nystose had a calculated F value of 150.70 and

an R2 of 0.99. A regression model representative of the

relationship between inulin concentration and duration of

the reaction and concentration of nystose was developed

(Eq. 6), where A is the response value (concentration of

nystose), IC is inulin concentration, and DR is the duration

of the reaction.

A ¼ 1:08958þ 0:27959 � ICð Þ � 0:00070

� ICð Þ2þ0:19751 � DRð Þ � 0:00736

� DRð Þ2þ0:00693� ICð Þ DRð Þ ð6Þ

The results obtained in the present work regarding FOS

production from inulin hydrolysis are within the range

reported in previous works. Chikkerur et al. (2020) pro-

duced FOS through enzymatic hydrolysis of inulin using

partially purified endoinulinase secreted by A. fumigatus,

with a maximum concentration of 4.33 g/L. Kuhn et al.

(2013) produced FOS using A. niger inulinase immobilized

on montmorillonite, with 3.44% of nystose yield in organic

medium. Silva et al. (2013) used inulinase immobilized in

sodium alginate (with and without treatment with pres-

surized CO2) for inulin hydrolysis to 1.6 and 4.85% nystose

yield, respectively. Kuhn et al. (2016) relied on a com-

mercial inulinase from A niger immobilized on poly-

urethane foam and treated with pressurized liquefied

petroleum gas (LPG) for the production of FOS and

reported yields of 5.42% for 1-kestose and 22.27% for

nystose. These values are higher than the yield obtained in

the present study, but they were obtained using sucrose

rather than inulin as a substrate. Lower yields in FOS

production when inulin rather than sucrose is used as

substrate are probably related to the specificity of the

enzyme and resistance to mass transfer (Kuhn et al., 2013).

Although several studies aimed to characterize micro-

bial inulinases, few studies have reported the production of

FOS by microbial inulinases produced by yeasts from the

Bahian semiarid region, such as R. mucilaginosa. Most of

the works described in the literature use microorganisms

from Kluyveromyces, Aspergillus, Staphylococcus, Xan-

thomonas, and Pseudomonas as inulinase sources. Thus,

inulinase production by other microorganism are interest-

ing (Karboune et al., 2018; Picazo et al., 2018; Chikkerur

et al., 2020). The production of FOS in organic solvent has

several advantages compared to conventional aqueous

systems, including changing the reaction balance towards

synthesis instead of hydrolysis, reducing substrate and

product inhibition, and variations in specificity of some

enzymes (Karboune et al., 2018).

Fig. 5 A Response surface plot: optimization of the production of

nystose through inulin hydrolysis using inulinase immobilized with

Celite in aqueous medium by shifting inulin concentration and time of

reaction; B area plot: optimization of the production of nystose;

C Pareto plot: optimization of the production of nystose through

inulin hydrolysis by shifting inulin concentration and time of reaction
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The use of the yeast R. mucilaginosa (CCMB 604) in the

production of inulinase proved to be a viable alternative for

obtaining this enzyme since it presented activity similar to

that obtained for filamentous fungi described in the litera-

ture, with the advantage of low cost and simple handling of

the production process. Hence, such immobilized inulinase

formulation can be foreseen as suitable candidates for

application in industrial and biotechnological processes.

The results of the application of inulinase from R.

mucilaginosa in the production of FOS are encouraging.

Since the supports used in immobilization have low cost

and toxicity, the use of crude extract is appealing as it

overcomes the relatively high cost and time required to

purify the enzyme.

Conclusion

Doehlert experimental design allowed the identification of

the optimal experimental conditions for both inulinase

production and enzyme activity. Thus, inulinase production

peaked for 12.5 and 0.5 g/L concentrations of D-glucose

and yeast extract; respectively, whereas the optimal pH and

temperature for enzyme activity were 8.0 and 75 �C,
respectively.

The highest titer in fructooligosaccharides was obtained

with an initial inulin concentration of 250 g/L (25%, w/v),

and a reaction time of 16 h. The highest concentration of

nystose (9.49 g/L) was obtained with an inulin concentra-

tion of 250 g/L (25%, w/v) and a reaction time of 16 h,

corresponding to 3.87% of nystose yield. Enzyme immo-

bilization using chicken eggshell and Celite supports

proved efficient since enzyme activity was maintained and

enabled FOS production from inulin hydrolysis. Hence,

immobilized inulinase on either celite or eggshell proved to

be promising catalysts for fructooligosaccharides produc-

tion since the formulations were obtained through a simple,

low-cost, and easily scalable methodology.
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