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Abstract The coarse perlite 40–80 mesh was selected as an immobilizing material and put
into a packed bed reactor (PBR) to continuously convert maltose to isomalto-oligosaccharides
(IMOs). The PBR was prepared by mixing the thermo-inactivated cells (TIC) from Aspergillus
niger J2 strain with the coarse perlite, then the mixture was put into an overpressure-resistant
column. Compared with diatomite 40–80 mesh and thin perlite 80–120 mesh in PBR, coarse
perlite was chosen as the best filtration aid, when the ratio of coarse perlite versus TIC was 1:1.
The thermal and pH stability of the free and immobilized TIC and the optimum conditions for
the transglycosylation reactions were determined. The results show that approximately 75 and
82% and 87 and 91% of α-glucosidase activity were reserved for free and immobilized TIC at
temperatures from 30 to 60 °C and pH from 3.00 to 7.00 for 12 h, respectively. With 30% malt
syrup under the conditions of 50 °C and pH 4.00, a mini-scale packed bed reactor (Mi-PBR)
and medium-scale packed bed reactor (Me-PBR) could continuously produce IMO over 25
and 34 days with the yield of effective IMO (eIMO) ≥ 35% and total IMO (tIMO) ≥ 50%,
respectively. The strategy of mixing the coarse perlite with TIC in PBR is a novel approach to
continuously produce IMO and has great application potential in industry.
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Introduction

Isomalto-oligosaccharides (IMOs) are functional oligosaccharides [1], which contain two to
ten glucose units with more than one α-(1, 6) linkages [2]. An abundant number of research
have shown that IMOs play a significant role in mammalian metabolic processes [3]. The
bifidus-stimulating activity of IMO helps to balance the amount of bacteria colonizing the
intestinal tract [4]. Moreover, IMOs have the potential to be used as anticariogenic sweeteners
because they produce low levels of insoluble dextran forming tartar [5]. Due to these beneficial
physiological properties, IMOs were widely utilized for prebiotics, food additives, and feed
ingredients [6–8].

Generally, IMOs are produced by α-glucosidase (EC 3.2.1.20) which converts hydro-
lysates of starch during traditional industrial processes [9, 10]. However, α-glucosidase
should be isolated after the transformation, and it cannot be used repetitively. The con-
sumption of α-glucosidase increases the cost of producing IMO. Thus, there is a need to
develop an immobilized reactor for enzyme immobilization, which can reuse the enzyme as
well as the apartment of the enzyme after conversion. Using immobilized enzyme reactors
(IMER) for production of IMO has been previously reported [11–13]. A membrane reactor
utilizing dextransucrase (EC 2.4.1.5) and glucanase (EC 3.2.1.11) was developed to
continuously convert maltose into IMO [14]. In other work, endodextranase (EC
3.2.1.11) was immobilized on an epoxy-activated monolithic convective interaction media
disk to produce IMO [15]. A novel enzyme membrane reactor with a sandwich structure
was developed by confining glucosidase (EC 3.2.1.20) between two sheets of ultrafiltration
membranes [16]. Synthesis of IMO by using the whole-cell biotransformation approach has
also been reported [17].

Perlite and diatomite [18, 19] are very effective filtration aids and have many advantages.
They are porous materials and can increase filler porosity and make the filler “fluffiness.”
Fluid can flow through them, so that the substrate and enzyme are in full contact with one
another. They also have an excellent adsorption effect and play an important role in
immobilizing Aspergillus niger cells. Owing to these characteristics, perlite and diatomite
were usually used in beverage industry, beer industry, and petroleum industry [20–22]. In those
industries, the function of perlite and diatomite is filtration. But in this work, coarse perlite was
selected as the immobilizing material and it was simply mixed with TIC to achieve the purpose
of immobilization.

The main goal of this paper is to investigate the ability of a packed bed reactor (PBR) to
continuously convert maltose to IMO. Then, the type and quantity of filtration aid, the
optimum operational parameters, the recycling stability, and production capacity of the PBR
were studied.

Materials and Methods

Materials

Malt syrup (80%, w/v), coarse perlite 40–80 mesh, thin perlite 80–120 mesh, and diatomite
40–80 mesh were provided by Bailong Chuangyuan Biotechnology Company (Shandong,
China). A small-medium-sized pressure chromatography column (Φ1.60 × L20.00 cm,
Φ2.63 × L29.00 cm) was obtained from Shanghai Chu Ding Analytical Instrument Company
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(Shanghai, China). All other reagents used were of analytical grade and purchased from
Sigma-Aldrich.

Preparation of the Thermo-Inactivated Cells

Thermo-inactivated cells from A. niger J2 strain were preserved in China Center For Type
Culture Collection with a number CCTCC M2014421. α-Glucosidase mainly distributes
on the cell membrane and seldom in the extracellular. Cells of A. niger J2 strain were
cultivated in bran medium for 60 h and extracted in 30 mL sterile water. Then, the cell
suspension was inoculated in 1 L fermentation medium in order to obtain the primary seeds.
The bran medium was 2 g bran and 1 mL water putting into a 50-mL conical flask. The
fermentation medium was liquefied corn starch 60 g/L, corn syrup powder 30 g/L,
pH 4.60.Thereafter, all the primary seeds were inoculated in a 50-L fermenter containing
30 L fermentation medium to cultivate for 36 h under the conditions at 34 °C and 400 rpm.
The fermented mash was heated to 55 °C and kept warm for 1.5 h to inactivate the cells. The
α-glucosidase was harvested from the TIC using a centrifuge at 12000 rpm. In order to
verify whether the cells were thermo-inactivated, the TIC were spread on the plate. No cells
grew on the plate.

Type and Quantity of Filtration Aid

During the development of the PBR, one of the most important parameters was the choice of
filtration aid. Filtration aids, including coarse perlite, thin perlite, and diatomite, were inves-
tigated as the immobilizing material. TIC and different quantity of filtration aids were mixed
after adding water, respectively. All mixtures were put into a medium-sized pressure chroma-
tography column (Φ2.63 × L29.00 cm). The maximum pressure of the medium-sized pressure
chromatography column was 2.0–2.5 MPa. A maltose solution (30%, w/v) was passed through
the medium pressure chromatography column at a flow rate of 1 mL/min. The volume of
filtration aid was measured after 5 h.

Preparation of PBR

The bed of Mi-PBR was a small-medium pressure chromatography column. The filler in the
packed bed was the mixture of 3.5 g coarse perlite and 3.5 g TIC. Before loading, a layer of
300 mesh filter cloth was put on the lower section of the chromatography column. In order
to maintain the temperature (40, 45, 50, 55, and 60 °C), the packed bed and substrate were
placed in an incubator. The constant flow pump could not tolerate the high temperature
outside of the incubator because the operating temperature of the constant flow pump was
0–40 °C. The fluid of whole PBR was in a silicone tube (Φ1.20 × 3.00 mm) and flowed
through the packed bed using a constant flow pump. The operation of the PBR was up in
and down out.

In order to transfer the PBR to an industrial scale process, we magnified the PBR, using a
water pipe with characteristic pressure resistance to prepare a Me-PBR with a volume of 8.8 L
(Fig. 1b). The bed of Me-PBR was a pressure water pipe (Φ15.0 × L50.00 cm). In order to
maintain the temperature (50 °C) for conversion, a jacket was covered around the pressure
water pipe, and hot water from the thermostat water bath continuously flowed past the jacket to
keep it warm. Before loading filtration aid, a layer of filter screen was also put on the lower
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section of the water pipe. One hundred gram coarse perlite was placed on the filter screen, and
the substrate was placed in an incubator. The fluid from the whole PBR in the silicone tube
(Φ6.00 × 9.00 mm) flowed through the packed bed by means of a constant flow pump. The
operation of the PBR was up in and down out.

Thermal and pH Stability of α-Glucosidase of TIC

The thermal stability of α-glucosidase activities of free and immobilized TIC was con-
ducted at various temperatures from 30 to 65 °C in 5 °C of increment. Free and immobilized
TIC were added to a 0.1-mol/L acetate saline buffer (pH 4.50) at different temperatures for
12 h.

The stability of α-glucosidase under different pH values was also studied. Free and
immobilized TIC were added to a 0.1-mol/L acetate saline buffer solution, with pH values
ranging from 2.00 to 7.00 for 12 h.

Determination of Kinetic Constants

To determine Km and Vmax, the activity assay was applied for different maltose concentra-
tions. Free and immobilized TIC were added to five different concentrations of malt syrup
which was dissolved in acetate buffer (0.1 M, pH 4.00), and the system was incubated for
1 h in a water bath at 50 °C. Km and Vmax values were calculated from Lineweaver–Burk
plot.

Optimization Conditions for Transglycosylation Reaction Efficiency

Free TIC were added to the malt syrup (pH 4.50) for 4 h to allow transglycosylation reactions
to occur with continuous shaking at 100 rpm under different temperatures (from 40 to 60 °C in
5 °C of increment).

Malt syrup (30% w/v, pH 4.50) was passed through the Mi-PBR for transglycosylation
reactions to occur at a flow rate of 1 mL/min at different temperatures (45, 50, and 55 °C). Malt

Fig. 1 a Schematic diagram of Mi-PBR (1, small-medium pressure chromatography column
(Φ1.60 × L20.00 cm); 2, malt syrup; 3, constant flow pump; 4, incubator; 5, filtration aid.). b Schematic diagram
of Me-PBR (1, pressure water pipe (Φ15.0 × L50.00 cm); 2, filtration aid; 3 and 4, constant flow pump; 5,
thermostat water bath; 6, malt syrup; 7, incubator)
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syrup was changed every 24 h. The volume of malt syrup was adjusted based on the results of
the last batch to guarantee effective IMO (eIMO) ≥ 35% and total IMO (tIMO) ≥ 50% (IMO-
50). The eIMO and tIMO were determined using Eq. (1) and Eq. (2):

eIMO ¼ m3 þm5 þm6ð Þ=DCW� 100% ð1Þ

tIMO ¼ 1− m1 þm2 þm4ð Þ=DCW� 100% ð2Þ

where m1, glucose; m2, maltose; m3, isomaltose; m4, maltotriose; m5, panose; m6,
isomaltotriose; DCW, dry cell weight.

Malt syrup (30% w/v, pH 3.00, 3.50, 4.00, 4.50, 5.00, 6.00, 6.50, 7.00) was passed through
the Mi-PBR at a flow rate of 1 mL/min, respectively. The treatment was continued for 48 h.
After 48 h, malt syrup continued to pass through the Mi-PBR to allow transglycosylation for
24 h.

Time Course of Transglycosylation Reaction in PBR

Time course of transglycosylation reaction in Mi-PBR was tested to produce IMO-50 under
the optimal conditions. Malt syrup (30% w/v, pH 4.00) was changed every 24 h. The volume
of malt syrup was adjusted based on the results of the last batch to guarantee eIMO ≥ 35% and
tIMO ≥ 50%.

Time course of transglycosylation reaction in Me-PBR was tested for producing IMO-50
under the optimal conditions, using a flow rate of 90 mL/min (instead of 1 mL/min). The mass
of malt syrup (30% w/v, pH 4.00) in each batch was 13 kg, and the time of transglycosylation
reaction was recorded when the eIMO ≥ 35% and tIMO ≥ 50%.

Analytical Methods

Activity Assays of α-Glucosidase

To characterize the thermal, pH stability, and kinetic parameters of α-glucosidase, TIC
(0.1 g) were added to 10 mL malt syrup (30%, w/v) which was dissolved in acetate buffer
(0.1 M, pH 4.00) and the system was incubated for 1 h in a water bath at 50 °C. The
reaction was stopped by boiling at 100 °C for 10 min [23, 24]. The control group (without
α-glucosidase activity) was performed under the same conditions. Non-fermentable re-
ducing sugars equating the amount of IMO were quantified using the yeast-dinitrosalicylic
acid (DNS) method [25]. An enzyme activity unit (U) was defined as the amount of
enzyme producing 1 μmol non-fermentable reducing sugar per hour under the assay
conditions.

Quantitative Estimation of IMO

The yield of IMO was determined by high-performance liquid chromatography (HPLC) on an
analytical column (Tsk–gel Amide 80, 5 μm, 250 × 4.6 mm) with a refractive index detector.
The mobile phase was composed of acetonitrile and water (v/v, 68:32) at a flow rate of 1 mL/
min. The column temperature was maintained at 40 °C. The reaction mixture was adequately
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diluted with water and then passed through a syringe filter with a pore size of 0.45 μm. Five
microliters of sample was injected for analysis.

Statistical Analyses

All the experiments were done in triplicate. The data were analyzed by SPSS version 22.0 for
Windows (SPSS Inc., Chicago, IL, USA). Differences were considered significant at p < 0.05
as determined by one-way analysis of variance (ANOVA) using PASW Statistics 18.0 (SPSS
Inc., USA).

Results and Discussion

Determination of Type and Quantity of Filtration Aid

Perlite and diatomite are non-metallic raw material [21], and they have many useful advan-
tages such as high porosity, large specific surface area, and high adsorption capacity [26]. The
ratio of the volume versus mass of the filler reflects the bulkiness of the filtration aid [20, 27].
As shown in Fig. 2, the ratio of the volume versus mass of 20 g TIC was 2 mL/g without any
filtration aid. When 10 g TIC was mixed with 10 g diatomite, 10 g thin perlite, and 10 g coarse
perlite, the ratios of volume versus mass were 2.43, 3.2, and 4 mL/g, respectively. The volume
of the mixture was increased due to the adding filtration aid combined with TIC, which was
bigger than adding only TIC or only filtration aid. Coarse perlite had the greatest effect on
“fluffiness” of the filler structure when the ratio of coarse perlite versus TIC was 1:1. Different
mass ratios (1.5:1, 2:1) of coarse perlite and TIC were also measured. However, the filler

Fig. 2 Determination of the type and quantity of filtration aid. (V/M ratio, the ratio of the volume and mass of
the fille; hypha, pure hypha (water content was 65%); D-1, pure diatomite (20 g); D-2, the ratio of diatomite to
TIC was 1:1 (10 g diatomite and 10 g TIC); D-3, the ratio of diatomite to TIC was 2:1 (20 g diatomite and 10 g
TIC); P1-1, pure thin perlite (20 g); P1-2, the ratio of thin perlite to TIC was 1:1 (10 g thin perlite and 10 g TIC);
P1–3, the ratio of thin perlite to TIC was 2:1 (20 g thin perlite and 10 g TIC); P2-1, pure coarse perlite (20 g); P2-
2, the ratio of coarse perlite to TIC was 0.5:1 (5 g coarse perlite and 10 g TIC); P2-3, the ratio of coarse perlite to
TIC was 1:1 (10 g coarse perlite and 10 g TIC); P2-4, the ratio of coarse perlite to TIC was 1.5:1 (15 g coarse
perlite and 10 g TIC); P2-5, the ratio of coarse perlite to TIC was 2:1 (20 g coarse perlite and 10 g TIC))
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volume was not significantly increased (about 2.44%). Based on these results, coarse perlite
was chosen as best filtration aid compared with diatomite and thin perlite in PBR, using the
equal quantity of TIC.

Thermal and pH Stability of the α-Glucosidase of TIC

The thermal stability of α-glucosidase activities of free and immobilized TIC was investigated
(Fig. 3a). The cells immobilized on coarse perlite were shown to be more stable than free cells
at temperature from 30 to 65 °C for 12 h. From 30 to 60 °C, approximately 75 and 82% of its
activity were retained for free and immobilized TIC, implying that the α-glucosidase was
moderately thermostable.

The pH stability of α-glucosidase activities of free and immobilized TIC was also studied
(Fig. 3b). Results showed that the cells immobilized on coarse perlite were shown to be more
stable than free cells over the same pH range, and approximately 87 and 91% of α-glucosidase
activity were reserved for free and immobilized TIC at pH from 3.00 to 7.00 for 12 h.
Compared to other enzyme for producing IMO, such as transglucosidase [3], the α-
glucosidase showed the tolerance to a broad pH range. Thus, in this study, α-glucosidase
from TIC would be a suitable enzyme for producing IMO in industry, because it holds good
properties of pH stability and thermostability.

Kinetic Constants

Kinetic parameters of free and immobilized cells were also determined using Lineweaver–
Burk plot. The Km values for free and immobilized cells were 0.11 and 0.16 g mL−1,

Fig. 3 a Effect of temperature on stability of α-glucosidase of free and immobilized TIC. b Effect of pH on
stability of α-glucosidase of free and immobilized TIC
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respectively. The Vmax values for free and immobilized cells were 1.73 and
1.47 mM min−1 g−1, respectively (Fig. 4).

Optimization Conditions for Transglycosylation Reaction Efficiency

Optimal Temperature for Transglycosylation Reaction Efficiency

As shown in Fig. 5a, a higher temperature can promote the transglycosylation efficiency with
the temperature from 40 to 60 °C for 4 h, at the same time, the yield of eIMO and tIMO was
increased from 25.13 to 28.89% and 55.02 to 66.29%, respectively. In fact, the time of
transglycosylation reaction is much longer than our experiment condition in industry. There-
fore, the temperature of 60 °C is not a best choice for transglycosylation reaction due to its
negative effect on transglycosylation activity of glucosidase (Fig. 3a). Besides, a lower yield of
eIMO and tIMO was produced under the temperature of 40 °C (Fig. 5a), although the
transglycosylation activity of glucosidase was high. Consequently, a longer time of
transglycosylation reaction was conducted under the temperature of 45, 50, and 55 °C in
order to meet the requirements of industry (Fig. 5b–d). A transglycosylation product, up to the
standard of IMO-50, was considered as qualified in each batch, and if the product was not up
to the standard, it was considered that the enzyme had lost 50% activity, reaching the half-life
period. Thirty-five batches were carried out at 45 °C, and for the first 11 batches, initial malt
syrup volume was 200 mL. After 11 batches, the volume of maltose syrup was adjusted to
achieve the highest transglycosylation efficiency. The decrease volume of malt syrup was
optimized from 10 to 60 mL in 10 mL of increment. When 50 or 60 mL of malt syrup was
decided to decrease, then, eIMO ≥ 35% and tIMO ≥ 50%. But the more volume of malt syrup
could be converted when 50 mL of malt syrup was decreased compared to 60 mL. Figure 5b
shows from the 32nd batch, eIMO < 35%, and the half-life period was reached and was
32 days at 45 °C for Mi-PBR. Thirty-three batches were carried out at 50 °C. Figure 5c shows
from the 25th batch, eIMO < 35%, and the half-life period of Mi-PBR was 25 days at 50 °C.
Thirteen batches were carried out at 55 °C, and for the first two batches, initial malt syrup

Fig. 4 Lineweaver–Burk plot of free and immobilized TIC
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volume was 200 mL. As Fig. 5d shows, from the eighth batch, eIMO < 35%, and the half-life
period of Mi-PBR was 8 days at 55 °C.

The half-life period of Mi-PBR was short at 55 °C. There was little difference in the half-
life period between 45 and 50 °C. However, the transglycosylation efficiency of α-glucosidase
was higher at 50 °C than at 45 °C, and furthermore, the higher temperature was conducive to
inhibiting growth of other microorganisms.

Optimal pH for Transglycosylation Reaction Efficiency

The effect of pH on transglycosylation reaction efficiency was conducted ranging from
pH 3.00 to pH 7.00 at 50 °C. It showed that optimal pH for transglycosylation reaction
efficiency was pH 4.0 (Fig. 6). With the pH from 3.00 to 4.00, the yield of eIMO and tIMO
was increased from 26.37 to 38.81% and 53.74 to 65.45%, respectively. With the pH from
4.00 to 7.00, the yield of eIMO and tIMO was decreased from 38.81 to 27.81% and 65.45 to
55.45%, respectively.

Time Course of Transglycosylation Reaction in PBR

Results of time course of transglycosylation reaction in PBR under optimal conditions
(pH 4.00, 50 °C) are shown in Fig. 7. Twenty-nine batches (Fig. 7a) were carried out with
Mi-PBR, and the initial malt syrup volume was 150 mL. For the first 21 batches, the volume of
maltose syrup was kept constant, but eIMO and tIMO of syrup after transglycosylation all met
the set requirements. From the 27th batch, eIMO < 35%, and therefore, the half-life period of

Fig. 5 a Effect of temperature on transglycosylation reaction efficiency of α-glucosidase of TIC. b The
transglycosylation reaction stability of Mi-PBR at 45 °C. c The transglycosylation reaction stability of Mi-
PBR at 50 °C. d The transglycosylation reaction stability of Mi-PBR at 55 °C
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Mi-PBR was 26 days under optimal conditions. Twenty-nine batches (Fig. 7b) were carried out
in Me-PBR continuous production, and the first 28 batches of eIMO and tIMO reached the
quality requirements. To convert 13 kg malt syrup into IMO (eIMO ≥ 35%, tIMO ≥ 50%), the
time of the transglycosylation reaction was 20 h in the first batch, but the time of subsequent
batches was increased. Therefore, the half-life of Me-PBR was approximately 34 days after
calculation.

Conclusion

The Mi-PBR utilized a small-medium pressure chromatography column as the bed and a
mixture of TIC and filtration aid as the filler. Coarse perlite 40–80 mesh was chosen as
filtration aid over diatomite and thin perlite. When coarse perlite and TIC were mixed at a ratio

Fig. 6 Effect of pH of malt syrup on transglycosylation reaction efficiency of Mi-PBR

Fig. 7 a Time course of transglycosylation tracking of Mi-PBR. b Time course of transglycosylation tracking of
Me-PBR
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of 1:1, the mass of coarse perlite used was less, but there was still a good “fluffiness” effect. In
the optimum process, the best transglycosylation reaction efficiency of Mi-PBR was reached at
50 °C and pH 4.00. Mi-PBR could continuously produce IMO in approximately 25 days and
the yield of eIMO and tIMO reached 35 and 50%, respectively. In order to achieve industrial
scale production of IMOs using J2 strain, a Me-PBR was constructed, where the volume of the
reactor was approximately 8.8 L. Me-PBR could continuously produce IMO in approximately
34 days. In summary, this study provided an attractive way for production of IMOs by PBR.
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