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a b s t r a c t

This work describes the fructooligosaccharides (FOS) and �-fructofuranosidase (FFase) production from
sucrose (200 g/l) by Aspergillus japonicus ATCC 20236 immobilized on different lignocellulosic materials
including brewer’s spent grain, wheat straw, corn cobs, coffee husks, cork oak, and loofa sponge. Trans-
fructosylating (Ut) and hydrolyzing (Uh) activities of FFase were also determined. The FOS production and
FFase activity ranged from 128.35 to 138.73 g/l, and 26.83 to 44.81 U/ml, respectively, for cells immobilized
in the different carriers. Corn cobs was the best support material since gave the highest results of microor-
ganism immobilization (1.49 g/g carrier), FOS and FFase production, with FOS productivity (6.61 g/l h) and
Fructooligosaccharides
�-Fructofuranosidase
Aspergillus
Immobilization
Lignocellulosic materials

yield (0.66 g/g based on total substrate; 0.73 g/g based on consumed substrate) higher than those obtained
by free cells system. Moreover, the ratio Ut/Uh of FFase, parameter of importance for elevated FOS pro-
duction, was greater for cells immobilized in corn cobs than for free cells. Such results demonstrated
that corn cobs can be successfully used as carrier for immobilization of the fungus A. japonicus, for the

ase.
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. Introduction

Fructooligosaccharides (FOS) are fructose oligomers with great
otential to improve the quality of many foods because they have
unctional properties, low caloric value, are not cariogenic, and
an be used for diabetic people. In addition, they decrease levels
f phospholipids, triglycerides and cholesterol, help gut absorp-
ion of calcium and magnesium, and stimulate the bifidobacteria
rowth in the human colon [1–3]. Therefore, the interest on FOS
se in food and pharmaceutical compounds has strongly increased

n the last years. As a consequence, is of interest the development
f a suitable and economically viable process for industrial pro-
uction of FOS that permit to obtain high product yield. Actually,
OS is mainly produced on industrial scale from the disaccharide
ucrose by microbial enzymes having transfructosylating activ-
ty (�-fructofuranosidase—FFase—EC 3.2.1.26). The FOS production
ields by this process are normally low (55–60%) since the enzymes
nvolved in the reaction have, besides the transfructosylation activ-

ty, hydrolytic activity giving glucose and fructose as reaction
y-products [3,4]. In addition, glucose acts as inhibitor of the
nzymes, affecting the reaction efficiency [5].
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Several studies have been performed aiming to improve the FOS
production yield. Most of them were focused on finding new species
of microorganisms able to produce enzymes with high FFase activ-
ities. It is known nowadays, that most of these enzymes can be
found in fungi such as Aspergillus, Aureobasidum, and Penicillium
[6–8]. Among them, several Aspergillus japonicus strains have been
reported as potentially adequate for industrial production of FOS
[6]. Another possibility that has also been evaluated to increase
the FOS production yield was to determine the best conditions for
process variables such as sucrose concentration, nutrient supple-
mentation, fermentation time, temperature and pH of the reaction
mixture [9,10]. However, the process yield was not competitively
improved when compared to that currently obtained on industrial
scale.

A possible alternative that has been few explored for FOS
production is the use of immobilized cells. Recently, many stud-
ies have been carried out aiming to improve the performance
of biotechnological processes by using immobilized-cell systems.
Such systems are eco-friendly and have many advantages over sus-
pended cell-systems; one of the most important is that immobilized
cells completely maintain their biological functions with increased
stability that may often lead to increased cell productivity [11].

As a consequence of the high cell concentration in the fermen-
tation medium, the process efficiency and productivity are also
increased [12,13]. In addition, immobilized-cell systems enables
easier separation of the cells from the fermentation broth for
later use in repeated batch operations, and facilitates isolation and
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equirement of the products [14–16]. However, the correct selection
f immobilization carrier is essential to design an effective system
o each particular purpose. On the whole, the carrier must be able
o maintain its physical integrity, being insoluble and stable under
he chemical and thermal conditions of the bioprocess. In addition,
t must be resistant to microbial degradation, it cannot react with
he substrates and products present in the fermentation medium,
nd it must be available in large quantity. Furthermore, for indus-
rial purposes, an important criterion is the carrier cost, which,
ombined with the interest in the reuse of by-products, led to an
ncreased search for cheap and available potential cell carriers [17].
n this sense, the use of lignocellulosic materials as carrier could
e an interesting alternative because they are natural, renewable,
iodegradable, non-toxic, inexpensive and readily available.

Previous studies have investigated the A. japonicus immobiliza-
ion by entrapment in supports such as gluten or calcium alginate
eads [6,18]. Nevertheless, the immobilization of this strain by
ttachment in lignocellulosic materials for FOS and FFase produc-
ion has not been studied yet. Based on the facts pointed above, the
resent study describes the fermentation performance for FOS and
Fase production by A. japonicus, using the whole cells immobilized
n different lignocellulosic materials, as an alternative to improve
he efficiency of this bioconversion process.

. Experimental

.1. Carrier’s preparation

Six lignocellulosic materials were tested as carriers including
rewer’s spent grain, wheat straw, corn cobs, coffee husks, cork
ak and loofa sponge. All of them with particles sizes of approx-
mately 1 mm, were physical-chemically characterized regarding
he water absorption index (WAI—[19]), and critical humidity point
CHP—[20]). WAI was determined by suspending the sample (2.5 g)
n 30 ml of distilled water in a tared 60 ml centrifuge tube. The
lurry was stirred with a glass rod for 1 min at room temperature
25 ◦C) and centrifuged at 3000 × g, 25 ◦C for 10 min. The super-
atant was discarded, and the WAI was calculated from the weight
f the remaining gel and expressed as g gel/g dry weight. The CHP
as estimated by adding 1 g of sample in a thermo balance at 120 ◦C

or 60 min. To be used as immobilization carrier, the materials were
re-treated by boiling for 10 min, washed three times with distilled
ater, and then dried overnight at 60 ◦C. Prior to use, all of them
ere autoclaved at 121 ◦C for 20 min.

.2. Strain and cell culture

The strain A. japonicus ATCC 20236 was used in the experiments.
he strain was maintained on potato dextrose agar (PDA—Difco)
lates at 4 ◦C, and the spores were maintained mixed with glycerol
olution in ultra-freezer at −80 ◦C. For the production of spores the
train was grown on PDA medium, at 25–30 ◦C for 7–8 days.

.3. Fermentation conditions and sampling

The used fermentation medium and conditions were based on
revious works on FOS production [21,22]. Experiments were car-
ied out in 500 ml Erlenmeyer flasks containing 1 g of carrier and
00 ml of culture medium with the following composition (%, w/v):
ucrose 20, yeast extract 2.75, NaNO3 0.2, K2HPO4 0.5, MgSO4·7H2O
.05, and KCl 0.05. Steam sterilization of the medium was carried

ut at 121 ◦C for 20 min. Flasks were aseptically inoculated with
.0 ml of a spore suspension containing around 1.8 × 107 spores/ml,
hich was prepared by scrap down the spores from the PDA plates
ith a sterilized solution of 0.1% (w/v) Tween 80, and counted in
Neubauer chamber. The inoculated flasks were incubated in a
talysis B: Enzymatic 59 (2009) 76–81 77

rotary shaker at 28 ◦C and 160 rpm for 48 h. Cells were immobi-
lized in situ in the flasks by natural adsorption through their direct
contact with the carrier at the beginning of each fermentation run.
Assays under the same fermentation conditions described above
but without addition of carrier particles (free cells assays) were also
performed for comparison. The pH of all reaction mixtures was not
controlled during the experiments.

Samples for analysis were aseptically collected at regular inter-
vals and filtered, using 0.2 �m filters. In the filtered broth, FOS
(1-kestose, 1-nystose, and 1-�-fructofuranosyl nystose), residual
concentration of other sugars (sucrose, fructose, and glucose), pH
and extracellular enzyme activity were measured. The immobilized
cells concentration was determined at the fermentation end.

2.4. Analyses

2.4.1. Immobilized cell mass
The amount of biomass attached to the carriers was determined

after washing the support material with distilled water for three
times, and drying at 105 ◦C to constant weight. The biomass dry
weight was determined from the difference between the mycelium
plus carrier and the carrier itself.

2.4.2. FFase activity
Samples of the fermentation media were filtered (through

0.2 �m membranes) to remove the cell mass and the filtrate was
utilized as extracellular enzyme source.

The �-fructofuranosidase (FFase) activity was determined by
measuring the amount of glucose produced from sucrose [23].
The reaction mixture contained 100 ml of the crude FFase extract,
300 mmol of sucrose and 50 mmol of sodium acetate buffer (pH 5.0)
in a total volume of 1 ml. After incubation for 20 min at 30 ◦C, the
reaction was stopped by heating for 5 min at 100 ◦C. After cooling,
the amount of glucose released into the supernatant was measured
by high-performance liquid chromatography (see below). One unit
(U) of the FFase activity was defined as the amount of enzyme
required to release 1 �mol of glucose per min, from sucrose under
the above conditions.

2.4.3. Transfructosylating and hydrolyzing activities
The reaction was carried out for 180 min using 0.5 U/ml of FFase

in the reaction mixture described above [23]. Transfructosylating
(Ut) and hydrolyzing (Uh) activities were determined by measuring
the concentrations of 1-kestose and fructose by HPLC, respectively.
One unit of transfructosylating activity was defined as the amount
of enzyme required to transfer 1 �mol of fructose per min. One
unit of hydrolyzing activity was defined as the amount of enzyme
required to release 1 �mol of free fructose per min.

2.4.4. Sugars and FOS concentrations
FOS (1-kestose, 1-nystose, and 1-�-fructofuranosyl nystose) and

other residual sugars (sucrose, glucose, and fructose), were directly
analyzed by high-performance liquid chromatography (HPLC), as
previously described [24]. A system composed by an equipment
LC-10 A (Jasco, Japan) with a Prevail Carbohydrate ES column
(5 �m, 250 mm × 4.6 mm, Alltech) at room temperature and refrac-
tive index detector, was used. The response of the refractive index
detector was recorded and integrated using the Star Chromatogra-
phy Workstation software (Varian). A mixture of acetonitrile and
0.04% ammonium hydroxide in water (70/30, v/v) was used as
mobile phase at a flow rate of 1.0 ml/min. Before injection, the sam-

ples were filtered through 0.2 �m filters and diluted with Milli-Q
water when needed. The sugars and FOS concentrations were deter-
mined from standard curves made with known concentrations of
each compound. Sucrose and oligomers were perfectly separated
and eluted on the order of their degree of polymerization (sucrose
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Fig. 1. FFase activity (A) and transfructosylating (Ut) activity (B) during the sucrose
8 S.I. Mussatto et al. / Journal of Molecu

eing the first compound eluted, and the pentasaccharide (1-�-
ructofuranosyl nystose) being the last one).

The total yield of FOS (YFOS in g/g) was calculated as the
roportion of the sum of 1-kestose (YGF2), 1-nystose (YGF3), and 1-�-
ructofuranosyl nystose (YGF4), to initial sucrose concentration. The
OS productivity (QP) was calculated as the total FOS production
g/l) by fermentation time (h), while the FOS yield was calculated
s the total FOS production (g/l) by total substrate (g/l) or only by
onsumed substrate (g/l).

.5. Statistical analysis

All the fermentation experiments were conducted at least in
uplicate and the average values are reported. The results were
nalyzed by analysis of variance (ANOVA) and the difference among
amples was verified by using the Tukey’s range test. A p value of
ess then 0.05 was regarded as significantly different. Statgraph-
cs Plus for Windows, version 2.1, was the software used for data
nalysis.

. Results and discussion

.1. Carrier’s physical–chemical properties

Initially, the stability of the carriers during the total fermenta-
ion time (48 h) was evaluated by performing assays with carrier
articles added to the fermentation medium without cells. All
he carriers were quite stable and did not show any tendency
o dissolve during experiments. In the later step, all the carriers
ere thus assayed for determination of the WAI and CHP values,
hysical–chemical properties of great importance when the poten-
ial of different materials for use as cell immobilization carrier or
s substrate for solid-state fermentation is evaluated. WAI indicates
he sample ability to absorb water, and depends on the availability
f hydrophilic groups to be bonded with water molecules and on the
el forming capacity of macromolecules [25]. Materials with high
AI values are better for microorganism cultivation because they

acilitate the species growth and development. Several material car-
iers used in the present work for immobilization of A. japonicus
resented high WAI, the highest value being observed for wheat
traw (Table 1).

Nevertheless, the WAI is not the only property to be consid-
red when choosing a material for cells immobilization, the CHP is
lso very important. Materials must have low CHP to facilitate the
icroorganism cultivation because high values mean that a low

roportion of water is bounded to the material, and consequently,
he species development will be affected. In this case, when com-
aring the different lignocellulosic residues, the lowest CHP value
as found for corn cobs (Table 1). Since the same material did not
resent the highest WAI and the lowest CHP values, it cannot be con-

luded through these two properties what will be the best material
or immobilization of A. japonicus. Nevertheless, it will be possible
o estimate which of them that can be of major influence for cells
dhesion and growth.

able 1
ater absorption index (WAI) and critical humidity point (CHP) for the different

ignocellulosic materials used as cells immobilization carrier.

mmobilization carrier WAI (g/g dry matter) CHP (%)

ork oak 3.35 58
orn cobs 3.77 50
rewer’s spent grain 9.03 60
heat straw 9.95 57

oofa sponge 7.76 56
offee husks 8.30 55
fermentation by A. japonicus immobilized or not in different lignocellulosic materi-
als.

3.2. FFase activity

The FFase activity results for the different assays are presented
in Fig. 1A. Note that cells immobilized in corn cobs presented
good performance, giving the highest value (44.81 U/ml) among
the immobilized systems. This activity was 8.6% higher than that
obtained when the fungus was grown in coffee husks; and about
67% higher than that measured in cells immobilized in loofa sponge,
which gave the lowest FFase activity values. Maybe some nutritional
component of corn cobs (not identified in the present work) favored
the FFase production by the microorganism.

Another important aspect regards the fermentation pH. The pH
is a variable that contributes mostly to changes in the fructosyl-
transferase and hydrolytic rates [10]. The optimal initial pH values
for FFase production depend on different strains, composition of the
fermentation medium and growth conditions [26]. For A. japonicus
JN-19, the FFase production and growth were maxima at pH 5.5,
being restrained at acidic conditions or pH greater than 6.5 [26]. In
the present work, the pH of the media was set at 7.0 before inocula-
tion and was not controlled during the experiment, being gradually

decreased during the cultivations (Fig. 2). The final pH values of the
fermented media using cells immobilized in corn cobs and coffee
husks was near to 6.0, value close to the ones reported as optima
for the FFase activities by other fungus strains [10,27,28]. This fact
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with longer chain (GF3 and GF4) from 1-kestose (GF2). However the
accentuated reduction in the FOS yield, observed in several media
(Fig. 3B), suggests also that the presence of a high glucose con-
centration may have inactivated the transfructosylation activity of
FFase and increased the FOS hydrolysis, leading to an increase in the
ig. 2. Kinetic behavior of pH during the sucrose fermentation by A. japonicus immo-
ilized or not in different lignocellulosic materials.

ould explain the high FFase activity obtained at the fermentations’
nd.

High FFase activity is very important for the industrial pro-
uction of FOS [29]. Therefore, corn cobs appear to be a material
f great potential to be used as immobilization carrier aiming to
aximize the FOS production. However, it is known that FFases

ommonly posses both hydrolytic (Uh) and transfructosylating (Ut)
ctivities, the first one being responsible for the sucrose hydrolysis
o monomer sugars, whereas the second one acts on the sucrose
onversion to FOS. The Ut/Uh ratio indicates the relative strength of
he transfructosylating activity of the produced strain, and for an
fficient production of FOS, high Ut/Uh ratio is preferable [29]. In
he present work, maximum Ut was obtained from cells immobi-
ized in corn cobs (Fig. 1B). Cells immobilized in coffee husks also
ave elevated Ut values, while the cells immobilized in the other
arriers gave lowest results.

It is worth mentioning that although free cells presented FFase
ctivity higher than those observed for immobilized cells (Fig. 1A),
heir Ut value was lower than those observed for cells immobilized
n corn cobs and coffee husks. By comparing the Ut/Uh ratio for
he different assays, the highest value (4.15) was found after 36 h
ultivation for cells immobilized in corn cobs, which was 30% higher
han that observed for the free cells system.

.3. FOS production

The strain A. japonicus adhered in all the evaluated carriers, and
roduced FOS in all media, but both concentrations of immobi-

ized cells and FOS varied for each case. The time course of sucrose
onsumption and FOS production is shown in Fig. 3. All media pre-
ented similar kinetic behaviors with an initial lag phase among 0
nd 12 h approximately, followed by an almost complete sucrose
onsumption between 12 and 24 h. In this interval of time, sucrose
as rapidly converted into glucose and 1-kestose (GF2), and after

ompleted 24 h fermentation the FOS production attained the most
levated level in almost all media. Maximum production of FOS was
ttained in 21 h fermentation with cells immobilized in corn cobs.
n this case, a final product containing GF2 (46.83%), GF3 (16.31%),
F4 (2.75%), residual sucrose (10.53%), glucose (20.93%) and fruc-
ose (2.65%) was obtained. Fig. 4 shows the chromatogram profile
btained for the assay of FOS production by A. japonicus immobi-
ized in corn cobs, after 21 h fermentation. Note that sucrose and
ligomers were perfectly separated and eluted on the order of their
egree of polymerization; sucrose was eluted at 8.60 min, trisaccha-
Fig. 3. Sucrose uptake (A) and FOS production (B) using A. japonicus immobilized or
not in different lignocellulosic materials.

ride at 12.08 min, tetrasaccharide at 16.18 min and pentasaccharide
at 22.45 min.

After 24 h fermentation, the total FOS concentration declined
gradually, as result of the sucrose exhaustion and formation of FOS
Fig. 4. HPLC chromatogram of FOS production by A. japonicus immobilized in corn
cobs, after 21 h fermentation. F: fructose, G: glucose, GF: sucrose, GF2: 1-kestose,
GF3: 1-nystose, GF4: 1-�-fructofuranosyl nystose.
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Table 2
Fermentative parameters of FOS production by Aspergillus japonicus immobilized in different lignocellulosic materials, and using free whole cells.

FOS (g/l) Fermentation
time (h)

YP/S total substrate (g/g) YP/S consumed
substrate (g/g)

QP (g/l h) Cells immobilized after
48 h (g/g carrier)

Cork oak 128.47 ± 3.33 36 0.62 ± 0.02 0.68 ± 0.02 3.57 ± 0.09 0.65 ± 0.13
Corn cobs 138.73 ± 2.03 21 0.66 ± 0.01 0.73 ± 0.01 6.61 ± 0.09 1.49 ± 0.15
Brewer’s spent grain 129.28 ± 2.98 24 0.60 ± 0.01 0.65 ± 0.01 5.39 ± 0.12 1.06 ± 0.18
Wheat straw 128.35 ± 3.01 36 0.61 ± 0.01 0.66 ± 0.02 3.57 ± 0.08 1.24 ± 0.11
Loofa sponge 133.57 ± 3.33 36 0.63 ± 0.02 0.69 ± 0.02 3.71 ± 0.09 0.86 ± 0.02
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mated difference between each pair of means. The asterisk placed
next to the pairs indicates that these pairs show statistically signif-
icant differences at the 95.0% confidence level. It can be thus easily
observed in this table that the FOS production yield was statisti-
cally similar among various carrier groups. Nevertheless, the value

Table 4
Multiple comparison procedure to discriminate among the FOS yield means
obtained during the sucrose fermentation by A. japonicus immobilized in different
lignocellulosic materials and using free whole cellsa.

Immobilization carrier Mean Homogeneous group

Free whole cells (FHC) 0.635 a
Brewer’s spent grain (BSG) 0.650 ab
Wheat straw (WS) 0.655 abc
Coffee husks (CH) 0.670 bcd
Cork oak (CO) 0.675 cd
Loofa sponge (LS) 0.685 d
Corn cobs (CC) 0.735 e

Contrast Difference +/− Limits

BSG–LS −0.035* 0.023
BSG–CH −0.020 0.023
BSG–CO −0.025* 0.023
BSG–FHC 0.015 0.023
BSG–CC −0.085* 0.023
BSG–WS −0.005 0.023
offee husks 134.29 ± 2.04 24 0.65 ± 0.01
ree cells assay 128.68 ± 2.01 24 0.61 ± 0.01

ree fructose and glucose concentrations. In fact, glucose and fruc-
ose concentrations increased in all the media during the running
ime, attaining elevated levels (between 50–80 g/l and 12–27 g/l, for
lucose and fructose, respectively) after 48 h fermentation. Similar
ecrease on FOS yield was observed by Sánchez et al. [30] during
he sucrose fermentation by Aspergillus sp. N74 in a mechanically
gitated airlift reactor.

Among the evaluated carriers, cork oak provided the lowest
mmobilized cells concentration although the FOS production was
imilar to those achieved by free cells system (Table 2). This means
hat even with the lowest immobilized cells concentration, A. japon-
cus was able to produce FOS with capacity similar to that of free
ells. All the other evaluated carriers gave highest immobilized cells
oncentration than cork oak, and the FOS production was at least
imilar to that achieved in the free cells assay. Corn cobs and cof-
ee husks can be detached among the other carriers since they
mmobilized the major amounts of cells and yielded the highest
OS concentrations. Nevertheless, cells immobilized in corn cobs
ttained the maximum FOS production in a shorter time 21 h),
iving as a consequence the highest value of FOS productivity
6.61 g/l h). Such result was 23.3% higher than that achieved in the
ree cells assay. In fact, it has been demonstrated for different fer-

entation systems the productivity increase by using immobilized
ells [12,13]. For FOS production, particularly, Chien et al. [6] also
bserved that the larger the amount of cell-immobilized prepara-
ion, the faster the reaction rate and, consequently, a shorter time
as necessary to reach the maximum FOS concentration in the

eaction mixture. In the present work, the FOS production was also
aster in the medium containing a larger quantity of immobilized
ells (Table 2).

All evaluated media gave FOS yield (YP/S) at least similar to that
f free cells system (Table 2), independently of the carrier used for
ells immobilization. Such yields were also similar or higher than
he maximum theoretical normally found for FOS production by

icroorganisms (55–60%, w/w) [3,4]. Once more, the highest val-
es were attained from cells immobilized in corn cobs and coffee
usks. When considering only the consumed substrate, the YP/S
alue attained for cells immobilized in corn cobs was 14% higher

han that obtained by free cells. Such difference was statistically
ignificant, as shown in the analysis of variance (ANOVA) given in
able 3.

The ANOVA decomposes the variance of the data into two
omponents: a between-group component and a within-group

able 3
nalysis of variance (ANOVA) for the FOS yield during the sucrose fermentation by
. japonicus immobilized in different lignocellulosic materials and using free whole
ellsa.

ource Sum of squares DF Mean square F-ratio p-value

etween groups 0.0126 6 0.0021 22.59 0.0003
ithin groups 0.0007 7 0.0001

otal (Corr.) 0.0132 13

a FOS yield regarding the consumed substrate.
0.69 ± 0.01 5.60 ± 0.08 1.46 ± 0.12
0.64 ± 0.01 5.36 ± 0.08 –

component. The F-ratio, which in this case equals 22.59, is a ratio
of the between-group estimate to the within-group estimate. Since
the p-value of the F-test is less than 0.05, there is a statistically
significant difference between the means of YP/S for the 7 fermen-
tations, at the 95.0% confidence level. To determine which means
are significantly different from which others, a multiple comparison
procedure was performed (Table 4), and the Fisher’s least significant
difference (LSD) procedure was the method used to discriminate
among the means. At the top of Table 4, note that 5 homoge-
nous groups were identified using columns denoted with letters.
Within each column, the levels containing similar letters form a
group of means within which there are no statistically significant
differences. The bottom half of the output in Table 4 shows the esti-
LS–CH 0.015 0.023
LS–CO 0.010 0.023
LS–FHC 0.050* 0.023
LS–CC −0.050* 0.023
LS–WS 0.030* 0.023
CH–CO −0.005 0.023
CH–FHC 0.035* 0.023
CH–CC −0.065* 0.023
CH–WS 0.015 0.023
CO–FHC 0.040* 0.023
CO–CC −0.060* 0.023
CO–WS 0.020 0.023
FHC–CC −0.100* 0.023
FHC–WS −0.020 0.023
CC–WS 0.080* 0.023

a FOS yield regarding the consumed substrate.
* Denotes a statistically significant difference.
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chieved with cells immobilized in corn cobs was totally different
f the values obtained in the other fermentations.
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. Conclusions

According to the obtained results, it can be concluded that the
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s useful for establishing a process with a long operational life.
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