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a mechanically stirred reactor in batch mode, 530 mmol L− 1 
of products were obtained in 24 h. The process was also 
tested in fed-batch mode so as to use of a larger amount of 
lactose, since it could not be used in the batch because of its 
low solubility in water. Under this condition, final products 
concentration reached 745 mmol L− 1 within 42 h. Similar 
results were obtained for reactions conducted in a pneumati-
cally stirred reactor in batch and fed-batch modes, proving 
the potential use of this process in several industrial settings.

Keywords  Glucose–fructose oxidoreductase · Glucono-
δ-lactonase · Lactobionic acid · Operation modes · 
Sorbitol · Reactors

Introduction

Lactobionic acid is an aldonic acid produced when lactose 
is oxidized [1, 2]. The compound has several important 
applications, as in anti-ageing skin care [3], preservation of 
human organs for transplants [4], vectorization of antitumor 
drugs [5], and improvement of solubility of macrolide anti-
biotics [6]. As a potent sweetener, sorbitol (C6H14O6) is used 
in the food industry, especially in the formulation of diabetes 
products [7], toothpaste [7, 8], and vitamin C tablets [7].

Equimolar amounts of lactobionic acid and sorbitol 
may be obtained in a reaction catalyzed by the enzymes 
glucose–fructose oxidoreductase (GFOR) and glucono-δ-
lactonase (GL), which are found in the periplasm of Zymo-
monas mobilis [9, 10]. This anaerobic, Gram-negative 
bacterium metabolizes sucrose, glucose, and fructose as 
carbon sources through the same biochemical route, the 
Entner–Doudoroff pathway [11]. The process typically 
includes a first step in which Z. mobilis cells, containing 
the periplasmatic enzymes (GFOR/GL), are grown in a 
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cultivation medium with glucose as carbon source [11]. In 
the sequence, the cells obtained are concentrated by cen-
trifugation [12–14] and permeabilized using toluene [15] or 
cationic detergents like cetyltrimethylammonium bromide 
(CTAB) [16]. The aim of this permeabilization step is to 
inactivate the fermentative metabolism of Z. mobilis (since 
the catalytic action of GFOR/GL does not depend on cell 
viability [15]) and, therefore, to produce lactobionic acid and 
sorbitol in the reaction medium. The subsequent stages of 
the process include cell immobilization in calcium alginate 
[13–15] and the customary final treatments to recover and 
purify these compounds [17].

Although good yields are obtained with cell permeabili-
zation in laboratory [14–16, 18–20], this process may face 
technical obstacles at industrial scale, increasing production 
costs [21, 22]. In the effort to address this issue, Silveira 
et al. [22] demonstrated that high initial concentrations of 
substrates (glucose and fructose) and a subsequent rise in 
concentrations of products inhibit the production of etha-
nol, which makes the permeabilization of the cellular mass 
unnecessary.

The permeabilized cellular mass is reticulated with glu-
taraldehyde before and after immobilization in alginate gels 
[12–14, 20]. Glutaraldehyde is used in the cross-linking of 
proteins [23], since it reacts with several chemical groups, 
like amino, thiol, phenol, and imidazole, for instance [24, 
25]. The high reactivity of glutaraldehyde in the reticulation 
of amino groups present in the outer layers of the microor-
ganisms (lipoprotein components) is the factor responsible 
for the high biocide efficiency against Gram-negative bac-
teria [24].

As long as enzyme activity is not inhibited, the high 
initial concentrations of substrates in bioconversion assays 
improve reaction rates, since the kinetic constant (KM) 
of GFOR is 1.2 mol L− 1 at 30 °C and pH 6.2 [10]. Nev-
ertheless, solubility of lactose in water at 30 °C is only 
0.6 mol L− 1 [10]. Even though lactose-saturated substrate 
solutions prepared in boiling water are used in bioconver-
sion, the highest product yields and maximal products for-
mation rates in reactions based on calcium alginate-immo-
bilized Z. mobilis were achieved employing 700 mmol L− 1 
lactose and 600 mmol L− 1 fructose [12, 14].

Several studies have described the reactions to produce 
organic acids like gluconic or lactobionic acids and sorbitol 
by Z. mobilis immobilized in calcium alginate in reactors 
with mechanical and magnetic agitation [12–15, 18, 26, 
27]. Most of these works were carried out using batch mode 
[12–15, 27], although the study published by Jung et al. [18] 
investigated a continuous operation. These reactions have 
not been described in fed-batch, except for the study car-
ried out by Satory et al. [10], who used purified GFOR/
GL. More specifically in the production of lactobionic acid 
and sorbitol, Malvessi et al. [28] evaluated different reactor 

settings (mechanically stirred, fixed-bed and fluidized-bed 
reactors). The authors underscored the high efficiency of 
mechanically stirred reactors due to the improved contact 
between enzyme and substrate and simple process control, as 
observed for pH. Typically, the reactions conducted in mag-
netically stirred reactors afforded to reach concentrations of 
up to 500 mmol L− 1 and yields of about 70% [12–14, 27].

In this context, this study assessed the production of lac-
tobionic acid and sorbitol by GFOR/GL by Z. mobilis cells 
immobilized in calcium alginate under different operational 
conditions. The aim was to increase the potential of this 
technology to be transferred to the industrial sector. The 
experiments were conceived to evaluate the use of glutaral-
dehyde as cell metabolism inhibitor instead of permeabiliza-
tion with CTAB, and the application of the immobilized Z. 
mobilis in different operation modes and types of bioreactors 
to improve the final results of the process.

Materials and methods

Strain and cultivation conditions

Zymomonas mobilis strain ATCC 29191 was used in this 
work. Cultures were maintained in liquid medium suspen-
sion, at 4 °C, according to the procedures described by 
Malvessi et al. [29], and monthly replicated in order to keep 
cell viability. Liquid medium [29] used for maintenance, 
inoculum preparation, cell growth, and enzyme produc-
tion had the following composition (in g L− 1): glucose, 20 
(maintenance), 100 (inoculum), 150 (biomass and enzyme 
production); (NH4)2SO4, 2.0; MgSO4·7H2O, 1.0; KH2PO4, 
3.5; FeSO4.7H2O, 0,01; Prodex Lac® yeast extract (Prodesa 
S.A., Brazil), 7.5.

For inoculum preparation, initial pH was adjusted to 5.5 
and the excessive pH drop during the cultivation was avoided 
by adding 5 g L− 1 of CaCO3 to the medium. Concentrated 
glucose solutions and CaCO3 were separately sterilized and 
added to the medium before inoculation. Sterilization of 
nutrients and glucose solutions was accomplished by auto-
claving at 1 atm for 20 min.

Inocula were prepared in 500 mL anaerobic bottles, with 
CO2 release filters, filled with 450 mL of medium and kept 
under orbital agitation of 200 rpm (Certomat U, Sartorius 
Stedim Biotech, Germany), at 30 °C, for approximately 10 h. 
Batch cultivations of Z. mobilis cells were carried out in a 
5.5 L bioreactor (model Tecbio, Tecnal, Brazil). The tem-
perature was kept at 30 °C, the impeller speed was 450 rpm, 
and the pH was maintained at 5.5 with 5.0 mol L− 1 NaOH. 
Cell mass was harvested from the medium by centrifugation 
at 5836g, for 10 min, using a centrifuge (Sigma 4K-15, Sar-
torius Stedim Biotech, Germany). Cells were re-suspended 
in distilled water to a concentration of 25 g L− 1 on dry basis.
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Cell permeabilization

When required, Z. mobilis cells were permeabilized with 
CTAB as described by Rehr et al. [16]. Equal volumes of 
concentrated biomass suspension and 0.2% (w/v) CTAB 
solution were mixed, and the mixture was gently stirred 
for 15 min at 4 °C. The permeabilized cells were then cen-
trifuged at 5836g and re-suspended to a concentration of 
50 g L− 1 on dry basis.

Glutaraldehyde cross‑linking of cells

In some tests, viable Z. mobilis cells were cross-linked 
with 0.5% (v/v) glutaraldehyde under magnetic stirring for 
10 min, as described by Jang et al. [18], centrifuged and 
re-suspended to the convenient concentrations to be used in 
free-cell bioconversion runs.

Immobilization method

The cells were immobilized in calcium alginate beads by 
entrapment as described in a previous work [20]. To immo-
bilize Z. mobilis cell in calcium alginate, equal volumes of 
concentrated cell suspension (70 g L− 1 on dry basis), with 
no previous treatment, and 4% (w/v) of sodium alginate 
solution (Algogel 5540, Cargill S.A.) were mixed. In this 
heterogeneous system, 64% of dry cell mass per total mix-
ture mass (% w/w), respectively, was obtained. The mixture 
was kept under agitation for 1 h to achieve complete homog-
enization and then dropwise poured through hypodermic 
needles onto a CaCl2 0.3 mol L− 1 solution under magnetic 
stirring in order to form cell-containing calcium alginate 
beads. The beads thus formed were cross-linked with 0.5% 
(w/v) glutaraldehyde for 15 min under magnetic stirring at 
room temperature. The calcium alginate beads were kept at 
4 °C in distilled water and were subsequently used in biocon-
version experiments. The average size of calcium alginate 
beads was approximately 2.35 × 10− 3 m.

Evaluation of the inactivation of fermentative 
metabolism of Z. mobilis

The evaluation of inactivation of cell metabolism in Z. 
mobilis was initially carried out submitting the biomass 
treated with CTAB or glutaraldehyde to normal cultivation 
conditions (glucose 100, 0.5 g L− 1 cell biomass, 30 °C, 
pH 5.5) in anaerobic bottles kept under orbital agitation 
of 200 rpm (Certomat U/H, B. Braun Biotech, Germany) 
for a 20 h of incubation. Untreated biomass was used in 
control experiments. Samples were collected at the begin-
ning of the experiment and after 20 h to determine sugars 

and thus establish substrate consumption. Subsequently, 
the influence of these treatments on enzyme activity was 
evaluated based on the determination of enzyme activity 
of the GFOR/GL complex.

Bioconversion experiments

Bioconversion experiments were initially carried out 
in a glass reactor with 63 mm of diameter and 115 mm 
of height, with a working volume of 200 mL, the agita-
tion being provided by magnetic stirring. Furthermore, 
mechanical and pneumatic stirred reactors were used. The 
mechanically stirred reactor consisted of a glass vessel 
with 110 mm of diameter and 160 mm of height that was 
operated with 400 mL of reaction medium. In this reac-
tor, mixing was provided by an anchor type impeller with 
10 mm of wide, 61 mm of diameter and 79 mm of height, 
which was coupled to a motor running at 100 rpm. The 
pneumatically stirred reactor consisted of a glass tube 
with 54 mm of diameter and 300 mm of height in which 
the medium volume was also 400 mL. The agitation of 
this reactor was promoted by a pre-heated air flow of 
1.0 L min−1. All reactors were water jacketed in order to 
control the reaction temperature.

Batch bioconversion assays were conducted in the 200-
mL reactor to evaluate the effect of the single treatment with 
glutaraldehyde on the catalytic activity of the enzyme com-
plex for long periods (24 h) to detect the generation of the 
products of interest in the reaction medium. A first group 
of experiments was carried out using free cells in a suspen-
sion that was treated with glutaraldehyde. Untreated cells 
were used as control. Subsequently, the tests were carried 
out using the calcium alginate-immobilized biocatalyst pre-
pared as previously described. These reactions were carried 
out using two concentrations (400 and 700 mmol L− 1) of the 
substrate pairs glucose/fructose and lactose/fructose each.

In both 400-mL bioreactors, batch and fed-batch bio-
conversion experiments with immobilized cells were done 
to assess alternatives for an eventual industrial application 
of this process. In batch and fed-batch modes, the initial 
concentrations of lactose and fructose used were 700 and 
600 mmol L− 1, respectively. In fed-batch runs, substrates 
were fed into the reactors as products were formed. The con-
centration of substrates was kept at the initial level for up to 
9 h of process. As such, with every 18 mmol L− 1 of products 
formed (lactobionic acid and sorbitol), the required amounts 
of substrates were added so as to provide an 18 mmol L− 1 
increase in lactose and an 17 mmol L− 1 increase in fructose 
levels in the reaction medium.

All bioconversion tests were performed with 20 g L− 1 of 
Z. mobilis cells, at 39 °C, and at pH 6.4 by controlling with 
NaOH 7 mol L− 1.
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Analytical methods

Cell concentration was determined by measuring the opti-
cal density of Z. mobilis suspensions at 560 nm. These 
measurements gave a linear relationship with dry cell mass 
concentration.

The concentration of reducing sugars in the culture media 
was determined according to the DNS (3,5-dinitro-salicylic 
acid) method [30].

In the tests for evaluation of the inactivation of Z. mobi-
lis fermentative metabolism, the concentration of sub-
strates (glucose or lactose and fructose) and products (glu-
conic or lactobionic acids and sorbitol) was preferentially 
quantified by high-performance liquid chromatography 
(HPLC) as described by Pedruzzi et al. [31] with modifi-
cations. The system used was an HPLC Agilent Technol-
ogy model 9100 equipped with a refractive index detec-
tor (IR). The chromatographic column used was Aminex 
HPX-87H (300 mm × 7.8 mm × 9 µm), with 0.0005 mol L− 1 
sulfuric acid being used as mobile phase at a flow rate of 
0.4 mL min− 1. The system was operated at 60 °C and the 
volume of sample injection was 5 µL. In bioconversion 
experiments with inactivated Z. mobilis cells, the concen-
tration of substrates and products was estimated based on 
the consumption of NaOH used to control the pH (1 mol 
of aldonic acid formed per mol of NaOH consumed). As 
shown by Pedruzzi et al. [13], the responses of both meth-
ods (HPLC and NaOH automatic titration) in this process 
are practically identical. In these cases, once that organic 
acid and sorbitol are formed in equimolar basis, and also 
assuming no other product is formed in the bioconversion 
experiments, the molar concentration of sorbitol and of the 
acid can be considered the same.

The activity of GFOR/GL was determined as described by 
Malvessi et al. [20], using glucose/fructose 700 mmol L− 1, 
cell concentration 4.0 g L− 1, temperature 39 °C and pH 6.4. 
One GFOR/GL (U) is defined as the amount of enzyme that 
produced 1 mmol h− 1 gluconic acid. Activity was expressed 
as units per gram of cells, dry basis (U g− 1).

Parameters of evaluation

The conversion yield in relation to the initial substrate (YP/S0, 
mmol of product per mmol of initial substrate) was deter-
mined by dividing the number of mmol of formed product 
by the number of mmol of substrate in the initial solution.

The volumetric productivity (p, mmol of product per liter 
of solution per h) was calculated by dividing the final con-
centration of products by the process time.

The specific productivity (q, mmol of product per gram 
of cell per h) was determined by dividing the volumetric 
productivity by the cell concentration used in the biocon-
version run.

Statistical analysis

The results were evaluated by analysis of variance (ANOVA) 
followed by Tukey’s post hoc test, at a probability level of 
less than 5% (p < 0.05) with the SPSS Statistics 20 program, 
and were presented as the means and standard deviation cal-
culated from duplicate for each condition tested.

Results and discussion

Evaluation of the inactivation of Z. mobilis fermentative 
metabolism

To investigate the inactivation of Z. mobilis metabolism, 
bacterial growth assays after cells were submitted to differ-
ent treatments: only with CTAB 0.2% or only glutaraldehyde 
0.5%. The results were compared with untreated cells. Sub-
strate consumption was determined 20 h after incubation and 
enzyme activity was established for each case. The results 
are presented in Table 1.

Twenty hours after the beginning of cultivation, untreated 
cells consumed essentially all substrate. However, substrate 
consumption by cells treated with CTAB was significantly 
lower at the same period, indicating metabolism inhibition. 
These results confirm the efficiency of this cell permeabili-
zation method to inhibit Z. mobilis, as previously described 
by Rehr et al. [16]. Similar results were observed for the 
treatment with glutaraldehyde, pointing to the potential use 
to inhibit the fermentative metabolism of this bacterium. The 
comparison between untreated cells and those treated with 
CTAB and glutaraldehyde shows significant differences in 
substrate consumption. On the other hand, no such differ-
ences were observed between the two treatments, leading to 
the conclusion that treatment of cells with glutaraldehyde 

Table 1   Effects of different treatments of Z. mobilis cells on sub-
strates consumption and glucose–fructose oxidoreductase/glucono-δ-
lactonase activity

Results followed by different letters in the same column indicate sig-
nificant difference among treatments at a level of 5% (p < 0.05)
A Initial glucose concentration, 100 g L− 1; initial cell concentration, 
0.5 g L−1; pH, 5.5; temperature, 30 °C; incubation time, 20 h
B Free Z. mobilis cell concentration, 4 g L−1; pH, 6.4; temperature, 
39 °C, reaction time, 30 min

Condition Substrates consumption 
(%)A

Enzimatic 
activity 
(U/g)B

Untreated 99.1 ± 0.1a 34 ± 1a

CTAB 0.2% (w/v) per-
meabilized cells

8.9 ± 2.9b 31 ± 2a

Glutaraldehyde 0.5% 
(v/v) treated cells

7.0 ± 2.8b 35 ± 0a
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induced the inhibition of bacterial growth to a level that 
was statistically similar to what was observed for treatment 
with CTAB. The catalytic activity of enzymes (Table 1) was 
statistically identical, independently of the treatment cells 
were submitted to, meaning that the activity of the enzymes 
GFOR/GL was not affected by treatment with glutaralde-
hyde to inhibit the fermentative metabolism of Z. mobilis. 
This results indicate that it is possible to use this simple 
treatment to replace permeabilization of cell wall with tolu-
ene or CTAB, as previously described by Chun and Rogers 
[15] and Rehr et al. [16].

Cell inactivation with glutaraldehyde significantly 
reduced substrate consumption and did not induce significant 
changes in enzymatic activity. However, in the technique of 
determination of GFOR/GL activity only the first 30 min of 
reaction are considered, when the high initial concentration 
of substrates may inhibit the fermentative pathway, prevent-
ing substrate consumption. For this reason, the bioconver-
sion experiments were conducted for 24 h using free cells 
of Z. mobilis treated with glutaraldehyde and without any 
treatment to evaluate the effect of this treatment on the accu-
mulation of products under industrial production condition 
(long reaction times). As mentioned above, the substrates 
evaluated were glucose/fructose and lactose/fructose at 400 
and 700 mmol L− 1. Glucose was used because it is preferred 
by Z. mobilis fermentative metabolism. The tests conducted 
using reduced substrates concentrations aimed to prevent 
inhibition of fermentative metabolism of the bacterium by 
substrates, as described by Silveira et al. [22] and to confirm 
whether the accumulation of bioconversion products resulted 
from the treatment with glutaraldehyde. Although lactose is 
not a carbon source used by Z. mobilis [11], the bacterium 
metabolizes fructose through the Entner–Doudoroff pathway 
to produce ethanol, which means less product concentrations 

(lactobionic acid and sorbitol) in the reaction medium. The 
results of these assays are shown in Table 2.

When 400 mmol L− 1 glucose and fructose were used 
with untreated cells, the amount of gluconic acid produced 
was completely consumed by the fermentative metabolism 
of the bacterium 4.5 h after the beginning of the reaction 
(Fig. 1a). These results confirm the findings reported by 
Silveira et al. [22], who conducted reactions with an ini-
tial substrate concentration of 280 mmol L− 1 and untreated 
biomass and observed total consumption of gluconic acid 
after 1 h of reaction. In the present study, the final con-
centration of gluconic acid was null, indicating that all glu-
conate produced entered the Entner–Doudoroff pathway 
after being converted to 6-P-gluconate by gluconate kinase. 
During bioconversion, the production of gas (probably 
CO2) and foam was observed, which is a typical behavior 
of fermentation processes. On the other hand, under the 
same condition, but using glutaraldehyde-treated cells, the 
suppression of the fermentative metabolism of Z. mobilis 
was confirmed, promoting the accumulation of products in 
the reaction medium (356 mmol L− 1) (Fig. 1b). In Fig. 1b, 
it is interesting to observe that gluconic acid concentra-
tions measured by HPLC and estimated from NaOH con-
sumption were very similar. The stoichiometric relation-
ship observed between alkali consumption and gluconic 
acid formation is a further evidence of the effectiveness of 
glutaraldehyde as Z. mobilis inactivating agent. When the 
initial substrate concentration was 700 mmol L− 1, a small 
accumulation of gluconic acid was observed with untreated 
cells (0.29 mmol L− 1), confirming the results obtained by 
Silveira et al. [22]. The authors reported partial inhibition of 
Z. mobilis fermentative metabolism when substrate concen-
tration was 800 mmol L− 1, preventing the total consumption 
of this product. The treatment with glutaraldehyde when the 

Table 2   Final concentrations 
of products and conversion 
yields in relation to the initial 
substrates in bioconversion 
experiments with free Z. mobilis 
cells untreated and treated 
with glutaraldehyde (pH, 6.4; 
temperature, 39 °C; process 
time, 24 h)

Results followed by the different letters in the same line indicate significant difference among treatments at 
the same initial concentration of substrates at a level of 5% (p < 0.05)
Concentrations were determined by high-performance liquid chromatography
Blank untreated cells, Glu cells treated with 0.5% (v/v) glutaraldehyde

Equimolar concentrations (mmol L− 1) 400 700

Blank Glu Blank Glu

Glucose and fructose
 Gluconic acid (mmol L− 1) 0b 356 ± 3a 186 ± 0b 620 ± 9a

 Gluconic acid yield (mmol mmol− 1) 0b 0.94 ± 0.00a 0.29 ± 0.05b 0.97 ± 0.02a

 Sorbitol (mmol L− 1) 258 ± 2b 355 ± 5a 281 ± 4b 600 ± 1a

 Sorbitol yield (mmol mmol− 1) 0.60 ± 0.01b 0.94 ± 0.00a 0.44 ± 0.02b 0.95 ± 0.01a

Lactose and fructose
 Lactobionic acid (mmol L− 1) 127 ± 4b 315 ± 7a 142 ± 2b 496 ± 10a

 Lactobionic acid yield (mmol mmol− 1) 0.33 ± 0.02b 0.82 ± 0.02a 0.21 ± 0.00b 0.77 ± 0.03a

 Sorbitol (mmol L− 1) 128 ± 3b 303 ± 7a 165 ± 9b 471 ± 6a

 Sorbitol yield (mmol mmol− 1) 0.33 ± 0.02b 0.80 ± 0.02a 0.25 ± 0.00b 0.74 ± 0.01a
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highest substrate concentration was used also promoted the 
accumulation of considerable concentration of products in 
the reaction medium (620 mmol L− 1).

Similar results were observed in the assays using lactose 
and fructose. Table 2 shows that the conversion yield in 
relation to the initial substrate for untreated cells was lower 
than that observed when glutaraldehyde was employed, in 
both substrate concentrations (400 and 700 mol L− 1). These 
results indicate that part of the fructose in solution was used 
by the fermentative metabolism of the bacterium. On the 
other hand, the conversion yield using glutaraldehyde-
treated cells was higher than 0.75 mmol L− 1, which confirms 
the observations made by Malvessi et al. [14] and Carra [12] 
using free and permeabilized Z. mobilis cells.

Since the cell immobilization step includes cross-linking 
of the support beads with glutaraldehyde, similar bioconver-
sion assays were carried out with biomass with no previous 
treatment immobilized in calcium alginate. The aim was to 
evaluate whether the subsequent treatment of beads with 
glutaraldehyde inhibits Z. mobilis fermentative metabolism 

and provides the accumulation of products at appreciable 
concentrations in the medium. The results are shown in 
Table 3.

The results obtained in these assays confirmed the accu-
mulation of products of interest (gluconic or lactobionic 
acid and sorbitol) in the reaction medium regardless of the 
substrates concentration used (Table 3). When glucose and 
fructose were used as substrates, yields of around 95% in 
gluconic acid and sorbitol were obtained, which are simi-
lar to the values published by Chun and Rogers [15] in the 
bioconversion of toluene-permeabilized Z. mobilis cells 
immobilized in calcium alginate. When lactose and fruc-
tose were employed, lactobionic acid and sorbitol yields 
were approximately 75%, a value that is higher than that 
reported by Malvessi et al. [14] for a biomass permeabilized 
with CTAB and immobilized in calcium alginate. Figure 2 
shows the curves of substrates consumption and products 
formation using 700 mmol L− 1 substrates (glucose/fruc-
tose and lactose/fructose). For the experiment with the pair 
glucose/fructose, the curve for the time course of gluconic 

Fig. 1   Time courses of bioconversion runs with free cells of Z. mobi-
lis untreated (a) and treated with glutaraldehyde (b) with initial equi-
molar glucose and fructose concentrations of 400 mmol L− 1. Filled 
circle: glucose, filled triangle: fructose, open circle: gluconic acid 

determined by HPLC, open square: gluconic acid estimated from 
NaOH consumption, open triangle: sorbitol (pH, 6.4; temperature, 
39 °C; 20 g L− 1 of free-cells)

Table 3   Final concentrations of products and conversion yields in relation to the initial substrates in bioconversion experiments with Z. mobilis 
cells immobilized in glutaraldehyde-cross-linked calcium alginate beads (pH, 6.4; temperature, 39 °C; process time, 24 h)

Concentrations were determined by high-performance liquid chromatography

Substrates Glucose and fructose Lactose and fructose

Equimolar concentrations (mmol L− 1) 400 700 400 700
Gluconic or lactobionic acid (mmol L− 1) 355 ± 4 590 ± 1 319 ± 7 559 ± 2
Acid yield (mmol mmol− 1) 0.94 ± 0.01 0.92 ± 0.00 0.83 ± 0.02 0.85 ± 0.01
Sorbitol (mmol L− 1) 360 ± 0 589 ± 3 317 ± 8 563 ± 4
Sorbitol yield (mmol mmol− 1) 0.95 ± 0.00 0.92 ± 0.01 0.83 ± 0.02 0.86 ± 0.02
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acid concentration as estimated from the consumption is 
also shown. Again, as already discussed for glutaraldehyde-
treated free cells, a very good stoichiometric relationship 
between gluconic acid and NaOH was observed, indicating 
the complete inactivation of the immobilized cells fermenta-
tive metabolism.

The preparation of immobilized biocatalyst with one sin-
gle treatment with glutaraldehyde was technically possible, 
and did not affect the conversion yield and productivity of 
the process. Also, it afforded to eliminate a costly step of the 
production process. Even more interesting was the use of 
biomass that did not undergo any treatment prior to immo-
bilization in calcium alginate, proving that the reticulation 
of the support containing whole cells with glutaraldehyde is 
enough to inhibit the fermentative metabolism of Z. mobilis. 
In this case, two stages of the process previously developed 
could be excluded, reducing production costs even more.

Evaluation of different systems to produce lactobionic 
acid and sorbitol

Despite the considerable amount of data in the literature 
about different aspects of the process evaluated in the pre-
sent study, few publications have addressed the potential 
of this technology for use in industrial sector. Therefore, 
the present study evaluated alternative systems to produce 
lactobionic acids and sorbitol by Z. mobilis immobilized in 
calcium alginate with a view to applications in large-scale 
processing. The reactions were conducted in a mechanically 
stirred reactor and in a pneumatically stirred reactor in both 
batch and fed-batch modes. The results are shown in Table 4 
and the kinetic profiles obtained are illustrated in Fig. 3.

In fed-batch mode, substrates were added to the reaction 
medium as products were formed, the amount of NaOH con-
sumed to control pH being used as the estimation parameter.

As shown in Table  4, the batch reactions conducted 
under mechanical stirring afforded to obtain approximately 
530 mmol L− 1 of products, with conversion yield of 81% 
and volumetric productivity of 22 mol L− 1 h− 1. In most 
studies published in the literature, these reactions were car-
ried out in a batch with magnetic stirring, which enabled a 
conversion yield of roughly 70%, maximum final concentra-
tion of 500 mmol L− 1, and productivity of 10 mmol L− 1 h− 1 
[12–14, 27]. Although the final concentrations of products 
and conversion yield in the tubular reactor were lower than 
those observed for reactors with mechanical stirring in the 
present study, they were similar to those described in the 
literature for reactors with magnetic stirring [14, 27]. This 
enabled conducting reactions in mechanically stirred as well 
as in pneumatically stirred reactors.

Except for the work published by Malvessi et al. [28], 
no other data were available about the use of pneumatically 
stirred reactor to conduct the reactions investigated in the 
present study. Previous studies have found that air injection 
is an adequate approach to achieve good mixing and efficient 
mass transfer with much milder shear force on the immobi-
lized support [32–34]. However, independently of the reac-
tor type used, no differences in integrity of the support were 
noticed in the present study. This may have been due to the 
air flow (1 L min− 1) required to attain a good mixing and an 
efficient mass transfer. Another explanation is that the use 
of an anchor impeller would reduce the shear stress on the 
calcium-alginate beads, minimizing the differences in the 
integrity of the support. Despite that, a pneumatically stirred 

Fig. 2   Time courses of bioconversion runs with Z. mobilis cells 
immobilized in glutaraldehyde-cross-linked calcium alginate beads 
with different initial concentrations of substrates. Glucose and fruc-
tose (a); lactose and fructose (b). Filled circle: aldoses (glucose or 

lactose), filled triangle: fructose, open circle: aldonic acid determined 
by HPLC (gluconic or lactobionic), open square: gluconic acid esti-
mated from NaOH consumption, open triangle: sorbitol (pH, 6.4; 
temperature, 39 °C; 20 g L− 1 of immobilized-cells)
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reactor is attractive in large-scale bioprocesses because of its 
simplicity, easy operation and low power consumption [34].

One of the alternatives to increase the reaction rate and, 
therefore, the final concentration of products is the use of 
high initial substrate concentrations, since KM of GFOR for 
lactose in combination with fructose is substantial [10, 14]. 
However, the use of high lactose levels may be problem-
atic due to the low solubility of this carbohydrate, approxi-
mately 0.6 mol L− 1 [10]. This limitation may be controlled 
in fed-batch mode, when substrates are added to the medium 
as products are formed. But this method demands higher 
product solubility compared with that of substrates, under 
the reaction conditions (pH 6.4, 39 °C). The solubility of 
fructose in water at 20 °C is near 4.4 mol L− 1 [35, 36], 
while the value for sorbitol normally commercialized as 70% 

solutions (approximately 3.9 mmol L− 1) [37], showing that 
this half-reaction would not pose difficulties. Delagustin [38] 
observed that it is possible to use a solution of sodium lacto-
bionate 1.3 mol L− 1, and noted that the compound is highly 
soluble. In the present study, the solubility of lactose and 
of sodium lactobionate was estimated in water at 39 °C and 
pH 6.4. Sodium lactobionate was found to be more soluble 
than lactose (> 1.3 and 0.94 mol L− 1, respectively), meet-
ing the requirements for the reaction to be conducted in a 
fed-batch mode.

As shown in Table 4, the bioconversion conducted in 
fed-batch mode allowed to obtain significantly high final 
concentrations of products. These results were better than 
those obtained in batch in the present study and also in the 
literature, when maximum concentration was approximately 

Table 4   Results of 
bioconversion runs with 
calcium alginate-immobilized 
Z. mobilis carried out in 
different operation modes and 
types of bioreactors (pH, 6.4; 
temperature, 39 °C)

Results followed by different letters in the same line indicate significant difference among reactor types and 
operation modes at a level of 5% (p < 0.05)
Batch—initial lactose concentration 700 mmol L− 1 and fructose concentration 600 mmol L− 1

Fed-batch—equivalente lactose concentration 1000 mmol L− 1 and fructose concentration 900 mmol L− 1

Pmax final concentration of products (lactobionic acid or sorbitol), t process time, YP/S0 conversion yield in 
relation to the initial substrate, p volumetric productivity, q specific productivity, Sf residual lactose

Reactor type Mechanically stirred reactor Pneumatically stirred reactor

Operation modes Batch Fed-batch Batch Fed-batch

Pmax (mmol L− 1) 532 ± 1b 745 ± 2a 501 ± 12c 753 ± 14a

t (h) 24 42 24 43
YP/S0 (mmol mmol− 1) 0.81 ± 0.01bc 0.84 ± 0.01ab 0.77 ± 0.02c 0.89 ± 0.03a

p (mmol L− 1 h− 1) 22.1 ± 0,1.a 17.4 ± 0.9b 21.3 ± 0.0a 16.3 ± 0.3c

q (mmol g− 1 h− 1) 1.19 ± 0.01a 0.97 ± 0.04b 1.15 ± 0.00a 0.90 ± 0.02c

Sf (mmol L− 1) 117 ± 2b 139 ± 4a 150 ± 13a 139 ± 14a

Fig. 3   Time courses of bioconversion runs with immobilized cells of Z. mobilis carried out in a batch (a) and fed-batch (b) modes. Filled circle: 
mechanically stirred reactor filled triangle: pneumatically stirred reactor
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500 mmol L− 1 [14, 27]. The conversion yield in fed batch 
operation was 85%, slightly higher than in batch mode. 
Using calcium alginate-immobilized Z. mobilis, Pedruzzi 
et al. [13], Malvessi et al. [14] and Carra [27] obtained con-
version rates of around 70%. Pedruzzi et al. [13] obtained 
lactobionic acid concentrations near 600 mmol L− 1 using a 
batch mode, but the reaction required 108 h using free-cells 
of Z. mobilis.

In the fed-batch mode, the high substrate-to-enzyme 
ratio was maintained for longer, favoring reaction rate and 
resulting in high final product concentrations in both reac-
tors (mechanically stirred reactor and pneumatically-agitated 
tubular). The results obtained showed the important influ-
ence of lactose concentration in product formation rates, 
as described by Satory et al. [10], Pedruzzi et al. [13] and 
Malvessi et al. [14]. In these assays, the concentrations of 
lactobionic acid and sorbitol around 750 mmol L− 1 obtained 
represent a 50% increase in comparison with the best results 
described in the literature for Z. mobilis [14, 27]. In fact, 
since substrates were fed into the fed-batch mode, reaction 
times were longer than the 24 h needed in the batch mode, 
reducing volumetric (17.4 mmol L− 1 h− 1) and specific 
(0.97 mmol L− 1 h− 1) productivity values, compared with the 
results reported in the literature, 19 and 1.15 mmol L− 1 h− 1 
[12, 14, 27]. Nevertheless, the results obtained after 24 of 
reaction in the fed-batch were also higher than those recorded 
for the batch mode, which reached 630 mmol L− 1 of prod-
ucts and productivity values of 24 and 1.50 mmol L− 1 h− 1. 
At this reaction time, residual lactose and fructose con-
centrations were 280 and 188 mmol L− 1, respectively. The 
longer reaction time afforded to reduce the residual lactose 
concentration to 139 mmol L− 1, with insignificant levels of 
fructose, which is an advantage considering the recovery and 
purification of the products. It should be emphasized that 
such reaction always ends with residual lactose levels due to 
the low affinity between GFOR and this aldose [10, 13, 14].

Conclusion

The results of the present study confirm the possibility to 
inhibit the fermentative metabolism of Z. mobilis with glu-
taraldehyde. It was possible to simplify this technique to 
prepare the calcium alginate-immobilized biocatalyst with-
out loss of conversion yields and productivities of lactose 
and fructose conversion to lactobionic acid and sorbitol. In 
addition, a substantially high final products concentration 
was obtained in fed-batch mode both in mechanically and 
pneumatically stirred reactors. Taken together, these results 
represent a contribution to the technical and economic 
implementation of this process in industrial sector. Although 
these results have been demonstrated in this work for the 
production of gluconic and lactobionic acids, they certainly 

could be applied to the synthesis of other aldonic acids, such 
as xylonic, galactonic and maltobionic acids, that can be 
obtained with this enzymatic system.
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