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Abstract: Short linear maltodextrin (SLMD) was synthesized from starch via the combined action of
branching and debranching enzymes. The number-average degree of polymerization and number-average
chain length of SLMD were 8.49 = 0.21 and 8.52 £ 0.60, respectively, indicating that it consists of linear
chains. In gel permeation chromatography analyses, SLMD showed a single peak at a molecular weight of
1,200. SLMD consisted mainly of linear saccharides with a degree of polymerization of 6-12, without high
molecular weight a-glucans or small malto-oligosaccharides. SLMD had a much higher blue value and a
longer Amax compared with those of commercial dextrose equivalent (DE) 13 maltodextrin. While the DE
13 maltodextrin solution remained clear, an SLMD solution became turbid upon cooling, with the turbid-
ity reversing upon heating. This interconversion was reproducible. SLMD absorbed moisture only to a
limited extent, even under high relative humidity, and remained solid without noticeable viscousness.
These results demonstrate the novelty and distinct properties of SLMD compared with those of other
maltodextrins available on the market, implying its potential for various applications in the food industry.
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INTRODUCTION

Starch is a major source of polysaccharides in plants. In
addition to starch, its hydrolysis products, such as maltodex-
trin, glucose syrup, and glucose, are widely used in the food
industry. Gelatinized starch is treated with carbohydrate-active
enzymes, such as a-amylase (EC 3.2.1.1), B-amylase (EC
3.2.1.2), or glucoamylase (EC 3.2.1.3), to produce starch
hydrolysis products. Different enzymes with varying specifici-
ties have been used, individually or in combination, to obtain
products with the desired structures. Starch hydrolysis products
are used as sweeteners or energy sources and to control the
physical properties of food. To achieve this, various starch
hydrolysis products are produced via different enzymatic
reactions. Maltotriose, produced by maltotriose-producing
amylase (EC 3.2.1.116), prevents the retrogradation of starch
in food [1]. Isomalto-oligosaccharides and nigero-oligosac-
charides, produced by a-glucosidase (EC 3.2.1.20), are widely
used in food processing and manufacture of beverages and
confectionery [2]. Thus, the application of enzymatic reactions
to create new starch hydrolysis products with unique structures
can result in food diversification.
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Branching (EC 2.4.1.18) and debranching enzymes (such
as isoamylase and EC 3.2.1.68) are widely used in the starch
saccharification industry. Branching enzymes catalyze the
transglucosylation of a-1,4-glucosyl chains to form branch-
es via an o-1,6-glucosidic linkage. It is used to produce
highly branched cyclic dextrins [3] or highly branched
glucans [4]. Debranching enzymes catalyze the hydrolysis
of a-1,6-glucosidic linkages and are used for producing
glucose or maltose along with other amylolytic enzymes
such as glucoamylase and B-amylase [5]. As indicated by
their names, branching and debranching enzymes exert
opposite effects on starch: synthesis and degradation of
branch linkages in o-glucans, respectively. Only a few
reports on the combined use of these two enzymes for the
production of starch-derived products have been published.

In this study, we developed a unique method for produc-
ing starch-derived products via the simultaneous action of
branching and debranching enzymes. The product was
characterized and identified as maltodextrin with a novel
structure, designated short linear maltodextrin (SLMD). We
report some interesting properties of SLMD compared with
other commercially available maltodextrins with similar
dextrose equivalent (DE) values.

MATERIALS AND METHODS

Chemicals. Cornstarch and maltodextrin with DE 13 were
the commercial products of Showa Sangyo Co., Ltd. (Tokyo,
Japan). Unless otherwise specified, all other chemicals were
purchased from FujiFilm Wako Pure Chemical Industries
Ltd. (Osaka, Japan).
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Preparation of SLMD. Cornstarch (30 g) was suspended in
20 mM acetate buffer (pH 5.0) containing 2 mM CaCl: at a
solid concentration of 15 % (wt/wt). a-Amylase (Kleistase
T10S; Amano Enzyme Inc., Aichi, Japan) was added (2 U/g
of starch) and heated to 100 °C for 65 min for liquefaction.
To terminate liquefaction, the pH was adjusted to 4.0 with 10
% (wt/wt) oxalic acid, and the solution was maintained at
100 °C for 30 min. The solution was diluted with water at 10
% concentration, cooled down to 40 °C, and its pH was
adjusted to 5.5 with 5 % (wt/wt) NaOH. Subsequently, to a
100 g aliquot of liquefied starch, 300 U/g dissolved substan-
ces (DS) of branching enzyme (Sensea Form; Novozymes
Japan Ltd., Chiba, Japan) and 50 U/g DS of isoamylase
(Megazyme Ltd., Wicklow, Ireland) were added and incubat-
ed at 40 °C for 72 h. The pH was adjusted to 4.0 with 10 %
(wt/wt) oxalic acid and heated at 100 °C for 30 min. After
removing the insoluble precipitate via centrifugation, the
solution was desalted using an ion-exchange resin (Amberlite
MB-4; ORGANO Corp., Tokyo, Japan) and filtered through
filter papers No. 2 and 5C. The filtrate was freeze-dried and
8 g of the SLMD powder was obtained.

DE and iodine absorption properties. DE was determined
using the Lane—Eynon method [6]. The iodine absorption
spectrum was obtained at 400—-800 nm for a solution contain-
ing 0.1 % saccharides (wt/wt), iodine (4 mg/100 mL), and
potassium iodide (40 mg/100 mL) at 30 °C using a spectro-
photometer (UV-1800; Shimadzu Corp., Kyoto, Japan). The
absorbance at 680 nm was recorded as the blue value.
Determination of number-average degree of polymeriza-
tion (DPn), number-average chain length (CLn), and
p-amylolysis limit (f-AL). SLMD (3 mg) was soaked in 55.5
pL of 90 % dimethyl sulfoxide at an ambient temperature
overnight. The wetted specimen was heated in a boiling
water bath for 5 min, 44.5 pL of deionized H.O was added,
and the mixture was heated continuously until complete
dissolution. The dissolved sample was diluted with 1.15 mL
of deionized H20 and used in subsequent experiments. Total
carbohydrates and reducing residues were determined using
the phenol-sulfuric acid method [7] and the Somogyi—
Nelson method [8, 9], respectively. DPn was calculated as
the ratio of total carbohydrates to reducing residues. CLn
was calculated as the ratio of total carbohydrates to reducing
residues after debranching with isoamylase (Nagase Viita
Co., Ltd., Okayama, Japan). Debranching was performed
under the following conditions: 0.1 U/mg of SLMD in 3 mM
acetate buffer (pH 3.5) at 50 °C for 2.5 h. B-Amylolysis of
SLMD using sweet potato enzyme (Type I-B, Sigma-Aldrich
Co., MO, USA) was performed as follows: SLMD (20 U/
mg) in 2 mM acetate buffer (pH 4.8) at 37 °C for 3 h. After
enzymatic hydrolysis, total carbohydrate and reducing sugar
contents were determined using maltose as a standard
following the method described above, and B-AL (%) was
calculated as reducing sugars/total carbohydrates X 100.
Molecular weight distribution analysis using gel-
permeation chromatography. The molecular weight distri-
bution of the maltodextrins was analyzed via gel-permeation
chromatography (GPC) using connected columns at 35 °C,
Shodex Ohpak SB-804H and SB802.5HQ (Resonac Corp.,
Tokyo, Japan). The samples were eluted with distilled water
at a flow rate of 0.8 mL/min, and the refractive index was
determined using a detector (RID-20A; Shimadzu Corp.,

Kyoto, Japan). Molecular weight was estimated using a
calibration curve prepared using standard pullulans with
known molecular weights (Resonac Corp., Tokyo, Japan):
P-800, 853,000; P-400, 380,000, P-200, 186,000; P-100,
100,000; P-50, 48,000; P-20, 23,700, P-10, 12,200, and P-5,
5,800.

The size distributions of the maltodextrins were analyzed
using cation-exchange chromatography on a high-perfor-
mance liquid chromatography (HPLC) system equipped
with an MCI GEL CK02AS column (Mitsubishi Chemical
Corp., Tokyo, Japan) and a refractive index detector. Samples
were eluted in distilled water at a flow rate of 1.0 mL/min at
80 °C, and the distributions were evaluated based on the DP
of the constituent saccharides. DP was determined by
comparing the retention time with the reference linear
maltosaccharides with known DP.

Evaluation of aggregation properties. To evaluate aggrega-
tion, 10 % (wt/wt) solutions of dextrins were heated at
boiling temperature for one minute for complete dissolution
of the dextrins, and the solutions were stored at 4 °C for 18
h. Turbidity was visually observed. The stored solution was
boiled again for 1 min, and changes in turbidity were
observed. Additionally, the SLMD solution was subjected to
three repetitions of a similar treatment protocol (storage at 4
°C for 24 h followed by re-heating at boiling temperature for
2 min), and the changes in turbidity were monitored by
visual observation and measuring absorbance at 720 nm.
Before observation, the test tube was vortexed and the
precipitate was dispersed.

Moisture absorption under high humidity. Powders of
maltodextrins were stored at 25 °C and a relative humidity of
94 % (under the saturated potassium nitrate aqueous solution
atmosphere). The time course of the weight change was
recorded, and after 99 h, the moisture-absorbed samples
were evaluated visually.

RESULTS AND DISCUSSION

Structural characterization of SLMD via terminal-residue
determination. DPn of the SLMD was 8.49 £ 0.21 (n =4),
indicating that the product’s major components were malto-
oligosaccharides. This was smaller than the reported CLn
values for maize amylopectins, which generally fall within
20-24 [10-12]. Based on their length, amylopectin unit
chains can be divided into two groups: short cluster-compos-
ing chains (A and B1) and long cluster-connecting chains
(B2 and longer) [13]. The CLn value of amylopectin is
related to the ratio and average length of the two groups of
unit chains. The short-chain group constitutes approximately
90 % by mole of the total unit chains and has a CLn of
approximately 13 for A and 24 for Bl chains [12]. The
long-chain group has a larger CLn of approximately 50—60
[12]. Therefore, the smaller DPn of SLMD compared to the
CLn of the groups of unit chains indicated that the branching
enzyme used to prepare SLMD acted on all B chains and
some A chains as donor chains for the transfer reaction. The
CLn (13.2) of the A chains of maize amylopectin [12] was
overestimated because of the overlapping elution peaks of
the A and B1 chains, and thus, the actual CLn of the A chains
should be shorter. For the branching properties of bacterial
branching enzymes, Guan et al. reported that the minimum
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CL required for branching of both amylose and amylopectin
substrate by Escherichia coli glycogen branching enzyme is
12 [14]. The Rhodothermus and E. coli enzymes used
amylose as the preferred substrate over amylopectin [15],
suggesting similar branching properties between the two
enzymes. Takata et al. reported that the Bacillus stearother-
mophilus enzyme acted mainly on long B chains (B2 and
longer) [16]. Therefore, only a small portion of the A chains
fulfilling the criteria for minimum CL may act as donor
chains in the branching reaction catalyzed by bacterial
enzymes.

CLn, determined after debranching of SLMD with
bacterial isoamylase, was 8.52 = 0.60 (n = 4), consistent
with the DPn value. The agreement between the DPn and
CLn values indicated that the SLMD possessed no branched
side chains hydrolyzable by isoamylase; thus, SLMD
comprised linear chains. The linear nature of SLMD was
further evidenced by complete digestion with B-amylase; the
B-AL value was 106.8 = 4.86 (n = 4).

A possible mechanism via which SLMD is formed from
liquefied starch is shown in Fig. 1. Branching enzymes act
on the A and B chains of amylopectin or amylose in liquefied
starch and transfer an external part of a donor chain to form
a new unit chain (shown as filled circles in Fig. 1 (b) and
(¢)). Thus, the chain lengths of the newly formed chains and
the left part on the used donor chains inevitably become
shorter than that of the original chain (Fig. 1 (b)). Debranch-
ing enzymes release these chains (Fig. 1 (c)). Although
branching and debranching actions are separately depicted
in the figure, both reactions are supposed to occur simultane-
ously. The enzymatic branching and debranching actions
continue until the chain length becomes lower than the
minimum requirement of the branching enzyme for a donor
chain. Finally, a mixture of short linear malto-oligosaccha-
rides, called SLMD, remains with no further reduction in
chain length.

Analysis of the molecular weight of SLMD using GPC. In
the GPC analysis, SLMD showed only one peak at a molecu-
lar weight of approximately 1,200 (Fig. 2 (a)). This result
indicated that the major components of SLMD were saccha-
rides with approximately DP 8, consistent with the DPn
value of SLMD mentioned above. We analyzed commer-
cially available DE 13 maltodextrin with a DE similar to that
of the SLMD (13.7). DE 13 maltodextrin showed two major
peaks at molecular weights of 21,000 and 660 and two minor
peaks at 350 and 170 (Fig. 2 (b)). Similar results have been
reported for commercial maltodextrins with a DE of approx-
imately 10 [17]. Despite similar DE values, DE 13 maltodex-
trin and SLMD exhibited completely different compositions,
and SLMD was unique as it was predominantly composed of
saccharides of intermediate molecular weights. SLMD
contained negligible amounts of polysaccharides of molecu-
lar weights exceeding 10* and a small amount of oligosac-
charides of low DP. The unique saccharide composition of
SLMD may be indicative of novel physicochemical proper-
ties.

Analysis of the DP distribution of SLMD using HPLC. The
composition of SLMD was examined in detail. The DP
distribution of SLMD is shown in Fig.3 and Table 1.
Medium and large oligosaccharides (DP 6-9) and small
megalosaccharides (DP 10—12) were the most abundant

Fig. 1. A possible mechanism of SLMD formation.

(a) Model diagrams of amylopectin and amylose in liquefied starch,
(b) after branching enzyme treatment of (a), (c) after debranching en-
zyme treatment of (b). Open circle, glucosyl residue in the unit chains;
filled circle, glucosyl residues in the chains newly formed by branch-
ing enzyme action; vertical line, a-1,6-linkage.

components of SLMD. The DP distribution of the constitu-
ent saccharides of SLMD differed from that of other
commercially available maltodextrins, for which a bimodal
molecular weight distribution was observed, and the weight
ratios of small oligosaccharides increased as the DE values
of the maltodextrins increased [18, 19]. The novel DP distri-
bution of SLMD was likely due to the combined action of a
branching enzyme and isoamylase.

Todine absorption properties. The blue value and wavelength
at maximum absorption (Amax) were determined from the
saccharide—iodine spectra (Fig.4). lodine absorption of
SLMD and DE 13 maltodextrin is presumably because the
lengths of the component chains were sufficient to form a
glucan—iodine complex. As shown in Table 1, linear chains of
DP >20 constitute approximately 30 % of the weight of the
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SLMD preparation. Similarly, DE 13 maltodextrin may
contain unit chains capable of complex formation. The blue
value of SLMD was 0.75, which was 4.7-fold higher than that
of DE 13 maltodextrin (0.16). The Amax of SLMD was
approximately 530 nm (Fig. 4), longer than that of DE 13
maltodextrin (500 nm). The DP distributions and degree of
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Fig. 2. Molecular weight distributions of maltodextrins.
(a) SLMD, (b) DE 13 maltodextrin, and (c) calibration curve. The
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Fig. 3. Size (DP) distribution of SLMD.

The numbers indicate the degree of polymerization of each peak.

branching of the respective dextrins could explain these
differences in the iodine absorption properties between the
two maltodextrins. SLMD is rich in linear chains of DP 6—12
(Fig. 3), whereas these oligosaccharides are minor components
of the DE 13 maltodextrin (Fig. 2). For linear malto-oligosac-
charides, iodine absorption increases logarithmically with DP
within the DP range of 6—13 and linearly for DP over 14 [20].
These short linear chains of SLMD exert negligible effect on
the Amax values [20]; thus, the higher linearity of SLMD
could be attributed to the longer Amax. The DPn of SLMD is
presumed to result from the specificities of the branching and
debranching enzymes used in the preparation, especially
those for the lengths of the donor and transferred chains of the
branching enzyme and for the cleavable lengths and positions
of the branched side chains of the debranching enzyme.
Therefore, the DP distribution, and consequently DPn, can be
controlled by choosing the two enzymes used for SLMD
production. The complex formation properties of the products
can be altered by controlling the DP distribution.

Aggregation of SLMD. The aggregation properties of
SLMD were evaluated and compared with those of DE 13
maltodextrin. Clear solutions of saccharides were prepared
by heating and stored at 4 °C for 18 h. The cooling phase
promoted turbidity only in SLMD, and a portion of the
turbid materials showed precipitation (Fig.5). DE 13
maltodextrin was not turbid under the same conditions.
Turbidity development and precipitate formation are attrib-
uted to the aggregation of the dispersed SLMD. Notably, the
turbidity and precipitates observed in the SLMD solution
completely disappeared after heating to a boiling tempera-
ture. Moreover, this interconversion of the turbid (by
cooling) and clear (by reheating) states was reproducible
(Table 2). In this study, up to three interconversion trials
were successfully achieved and more rounds of conversion
were feasible. These results indicated that the formation of
turbid materials by SLMD can be reversed by heating, which
is generally not the case for the retrogradation of starch or
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Wavelength (nm)
Fig. 4. lodine absorption spectrum of a 0.1 % (wt/wt) solution of

maltodextrins.
Solid line, SLMD; broken line, DE 13 maltodextrin.

Table 1. Saccharide composition of SLMD
DP 1 2 3 4 5 6 7 8 9 10
Area % 0.5 15 30 30 36 46 50 51 50 49
(Continued)
DP 11 12 13 14 15 16 17 18 19 20+

Area % 4.7 4.5 4.3 4.0

38 35 34 30 29 297
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Table 2. Changes in the turbidity of the SLMD solution subjected to repeated cooling and heating.

Ao
Trial SLMD DE 13 Maltodextrin
Cooling Heating Cooling Heating
Dextrin solution* — 0.02 — 0.00
First 3.01 0.02 0.00 0.00
Second 3.12 0.02 0.00 0.00
Third 3.17 0.04 0.00 0.00

*Dextrins were dissolved via heating to obtain a 10 % (wt/wt) solution.

18 h

After heating

s e e
- <SR S ]

Fig. 5. Changes in the solubility of maltodextrins following storage
at a low temperature.
(a) SLMD and (b) DE 13 maltodextrin.

amylose [21] owing to the formation of amylose networks
with crystalline junction zones by six-fold amylose double
helices [22]. Some commercial maltodextrins have been
reported to produce thermally reversible gels, although their
DE values are very low (DE 2-3) [23] or they contain large
branched molecules as the major components (50 %) [24].
Thus, understanding the mechanism underlying the revers-
ible aggregation of SLMD is of interest, considering their
linear nature and relatively low molecular weight.

Recently, the self-assembly of linear malto-oligosaccha-
rides and their resulting products have attracted research
attention. Linear saccharides are prepared via the enzymatic
debranching of gelatinized starches, and self-assembled
spherulites display different susceptibilities to amylolytic
enzymes [25, 26], along with the ability to encapsulate
hydrophobic compounds, such as polyphenols, with various
health-promoting effects [27]. The mechanism underlying
self-assembly is essentially the same as that underlying
retrogradation/aggregation. Considering the narrow DP
distribution and moderate DPn of the saccharide components,
SLMD is expected to exhibit distinct behaviors in self-
assembly phenomena and complex formation; thus, the
resulting assembly or complex could display properties

different from those reported previously. In principle, the
methods for preparing linear chains to be self-assembled in
these previous studies inevitably resulted in a CL distribu-
tion of the products being similar in some ways to those of
the starches used for preparing linear chains. Amylopectins
are converted into a mixture of unit chains with bi- or
trimodal CL distribution by enzymatic debranching. The
steps involved in removing insoluble materials and/or
self-assembly are thought to influence the CL distribution of
glucans in the assembled spherulites, reportedly rich in Bi
chains (DP 13-24) [28].

Kim et al. [29] reported that the self-assembly conditions

significantly affected the yields and physicochemical charac-
teristics of the products. In this study, SLMD was produced
without self-assembly. Therefore, together with the unique
method of linear-chain preparation, incorporation of strate-
gies for the self-assembly of debranched starch into SLMD
production is expected to further expand the variations in the
structural and physicochemical properties of the SLMDs.
The property of solidifying of SLMD under high humidity.
When the powder of SLMD was stored at 25 °C, 94 %
relative humidity, its weight increased due to water absorp-
tion up to 18 h. However, no more increase in weight was
observed between 18-99 h (Fig. 6). This result differs from
that of DE 13 maltodextrin, which showed a continuous
weight increase during the time-course experiment. After 99
h, the appearance of the samples was visually evaluated.
While the DE 13 maltodextrin powder changed to a syrup-
like viscous fluid, the SLMD powder remained in a solid
state without any sensible stickiness, binding to each other,
forming a solid body (Fig. 7). This suggests that some
structural changes occurred in SLMD upon moisture absorp-
tion, although the details of these changes are not fully
understood.
Conclusions. We developed a production method for novel
maltodextrins with short linear chains (SLMD) using a
combination of branching and debranching enzymes. SLMD
is distinct from other commercially available maltodextrins
with similar DE values in several respects. SLMD mostly
comprised saccharides with a DP of 6—12 and no high
molecular weight glucans or small malto-oligosaccharides.
SLMD showed a high tendency to aggregate and form
inclusion complexes with iodine.

Remarkably, the interconversion of dissolution and
aggregation occurred multiple times. SLMD absorbed
moisture only to a limited extent, even under high relative
humidity RH conditions, and did not become viscous but
remained solid. These findings hint at the several potential
applications of SLMD in the food industry. For example, in
the confectionery industry, the solids of SLMD could be
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Fig. 6. Changes in the weight of maltodextrins over time under hu-
mid conditions.

The dextrins were placed under conditions of 94 % relative humid-
ity at 25 °C. Closed circle, SLMD; open circle, DE 13 maltodextrin.

100

Fig. 7. Appearance of maltodextrins stored under high humidity
conditions.
(a) SLMD and (b) DE 13 maltodextrin.

used as decorations or non-sticky sugar coatings, taking
advantage of the fact that the solids do not absorb moisture.
In addition, SLMD may be useful for imparting white color
or changing the physical properties of various processed
food items because of its ability to become cloudy or solidify
in the presence of water. By replacing the enzymes used and
incorporating a controlled self-assembly process, SLMD
variants with different structures and properties can be
expanded. Further research is needed to explore the
variations and applications of SLMD.
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