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Abstract: Nelson–Somogyi and 3,5-dinitrosalicylic acid (DNS) assays are the classical analytical
methods for the determination of activity of starch-debranching enzymes, however, they have
a narrow detection range and do not adapt to the quantitative measurement of linear polysaccharides.
Herein, we developed a simple and accurate colorimetric assay for determining the activity of
starch-debranching pullulanase through the modified Tollens’ reaction in combination with UV
irradiation. Silver nanoparticles (AgNPs) were formed by reducing aldehyde groups in short-chain
glucans (SCGs) generated by debranching of waxy maize starch using pullulanase through the
modified Tollens’ reaction. In addition to providing a reducing moiety to the Tollens’ reaction, the
debranching product, SCGs, also enhanced the colloidal stability of synthesized AgNPs, of which
the amplitude of its surface plasmon resonance (SPR) absorbance peak was proportional to the
concentration of SCGs ranging from 0.01–10 mg/mL. The detection limit of this system was 0.01 mg/mL,
which was found to be 100 times higher than that of the conventional DNS assay. The purification of
SCGs by recrystallization and gelatinization improved the selectivity of this colorimetric assay for
debranching products, which provides a simple and accurate means of monitoring the debranching
process and characterizing the activity of starch-debranching enzymes.
Keywords: silver nanoparticles; pullulanase; starch-debranching; Tollens’ reaction; colorimetric
assay; enzyme activity

1. Introduction
Amylopectin, a highly branched polymer of α-glucose, is a major constituent of plant starch
granules. Amylopectin has a high frequency of branch point at around 5–6% of the molecules, which
results in a very complex molecular structure. Thus, the enzymes that can directly cleave the α(1,6)
linkages are essential for plant metabolism. Such enzymes are termed starch-debranching enzymes
(DBEs). DBEs are classified into two groups, namely pullulanase-type DBEs and isoamylase-type
DBEs [1]. Pullulanase-type DBEs, also referred to as R-enzymes or limit-dextrinases, readily hydrolyze
α(1,6) linkages in pullulan and amylopectin but have little activity toward α(1,6) linkages in glycogen.
On the other hand, isoamylase-type DBEs cleave α(1,6) linkages in amylopectin and glycogen, but do
not hydrolyze α(1,6) bonds in pullulan. Over the past two decades, pullulanase has been widely used
in combination with α-amylase or β-amylase for the conversion of amylopectin-containing starch to
glucose, maltose, and oligosaccharide, which are used in food industry [2]. Moreover, the unique
catalytic activity of DBE provides a simple and effective means of producing linear short-chain glucans
(SCGs) from amylopectin. SCGs have recently been reported to recrystallize in aqueous solution to form
spherical nano- or micro-structures [3,4], which have emerged as a biodegradable and biocompatible
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carrier or encapsulation agent for various guest molecules, such as carbon nanotubes [5], iron oxide
nanoparticles [6–8], fatty acids [9], and β-carotene [10].
The Nelson–Somogyi (NS) and 3,5-dinitrosalicylic acid (DNS) assays are the most widely
used methods to measure the activity of DBEs [11]. Both methods are based on the analysis of
reducing sugars generated from the enzymatic cleavage of the glycosidic bond of highly branched
amylopectin or glycogen by the specific catalytic action of DBEs. In particular, the DNS assay has
been intensively employed due to its simple procedure, which requires a few minutes for the reaction
and spectrophotometric measurement. However, the detection limit and detection range of the DNS
method is rather limited to a certain concentration, and the reaction is also affected by the degree of
polymerization (DP) of carbohydrates with a reducing end group [12]. On the other hand, the NS
assay is known to be 10 times more sensitive than the DNS assay, but the throughput of this method
is relatively low due to the lengthy and multi-step procedure, such as heating, serial dilution and
color development [13]. In addition, the partially digested amylopectin residues in a debranching
reaction also contain reducing groups, which contribute to the color development in NS and DNS
assays, resulting in the overestimation of the kinetic characteristics of DBEs. Thus, there is a need for
a more accurate, sensitive and convenient way of quantifying the concentration of debranched glucans
as well as determining the kinetic characteristics of DBEs.
Tollens’ reaction, a classical method to measure the presence of aldehyde functional groups,
has also been used for a qualitative analysis of reducing sugars. The reducing sugar with an aldehyde
group induces precipitation of elemental silver in a reaction containing silver nitrate and ammonia
under basic conditions. That is, one aldehyde sugar molecule can be oxidized into a carboxylic acid
along with the formation of electrons that can reduce silver ions to form silver nanoparticles (AgNPs).
The unique plasmonic property of AgNPs generated from the Tollens’ reaction has been applied to the
sensitive detection of various analytes [14–17]. Here, we employed the characteristic surface plasmon
resonance of AgNPs to quantify the concentration of debranching products from amylopectin and
determine the activity of DBEs. This proposed analytical system is specific to the debranching products
(short-chain glucan) and exhibited up to 100 times higher sensitivity in comparison to the DNS assay.
The mechanisms of this system were investigated through analyzing the AgNPs formed from the
reaction, and its potential for sensitive and quantitative analysis of SCGs is presented.
2. Materials and Methods
2.1. Materials
Pullulanase, D-(+)-glucose, D-(-)-fructose, sodium potassium tartrate, sodium metabisulfite,
phenol and 3,5-dinitrosalicylic acid (DNS) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Silver nitrate (AgNO3 ), sodium hydroxide and ammonium hydroxide (NH4 OH) were purchased from
Daejung (Siheung, Korea). Waxy maize starch was obtained from Samyang Co (Seoul, Korea).
2.2. Debranching of Waxy Maize Starch
Debranching of amylopectins from waxy maize starch was carried out by the method reported
by Luo et al. [18] with modifications. Briefly, waxy maize starch was dissolved in 20 mL of
distilled−deionized water (DDW) to a final concentration of 0.1 mg/mL and gelatinized by microwave
for 1 min. After cooling down to 60 ◦ C, pullulanase was added to the gelatinized starch (GS) to a final
concentration of 1 ASPU/mL and incubated at 60 ◦ C for debranching. The debranched solution was
immediately introduced to the modified Tollens’ reaction. ASPU is defined as the amount of enzyme
that liberates 1.0 mg glucose from starch in 1 min at pH 4.4 and 60 ◦ C.
2.3. Separation of SCG From the Debranching Reaction
To purify short-chain glucans (SCGs), the debranched starch (DS) solution was placed in the
freezer (−20 ◦ C) for 5 min to precipitate SCGs obtained by the debranching of amylopectin from waxy
maize starch. The precipitated SCG was washed three times with DDW and stored at 4 ◦ C until
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use. The molecular weight of GS and DS was measured by using high performance size exclusion
chromatography (HPSEC), which consisted of a pump (model 321, Gilson, Middleton, WI, USA),
an injector valve with a 200-µL sample loop (model 7725i, Rheodyne, Rohnert Park, CA, USA), a guard
column (HyperGel AP, Thermo Fisher Scientific Inc., Waltham, MA, USA), a SEC column (HyperGel
AP50, 7.8 mm × 300 mm, Thermo Fisher Scientific Inc.), a multi-angle laser light scattering detector
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Scheme 1. Schematic illustration showing the synthesis of silver nanoparticles (AgNPs) by short chain
glucans generated from the debranching reaction, of which the synthesized AgNPs were analyzed by
UV-vis spectroscopy.
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absorption intensity of AgNPs at 426 nm versus reaction time under UV irradiation. O. D. = optical
density. R2 = correlation coefficient.
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the glycosidic linkage and hydroxyl group of SCGs and the surface of AgNPs (Figure 3b).
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The sensitivity of this detection system for quantitative measurement of debranched SCGs was
investigated in comparison to the conventional DNS method. The intensity of color development
derived from the synthesized AgNPs was proportional to the concentration of SCGs ranging from
0.01–10 mg/mL (Figure 5a). The SPR absorption peaks of AgNPs generated from the modified Tollens’
reaction in the presence of varying concentration of SCGs from 0.01–10 mg/mL were all located at
426 nm, indicating that the detection limit of this detection system was 0.01 mg/mL (Figure 5b). Thus,
the absorbance value at 426 nm was used for the quantitative measurement of SCGs present in the
sample (Figure 5c). However, it should be noted that the characteristic SPR absorption band of AgNPs
was not observed when glucose or fructose was used as a reducing agent at a concentration ranging
from 0.01–10 mg/mL (Figure S4). Those monosaccharides both have an aldehyde group that is capable
of reducing silver ions to form AgNPs [20], so the absence of the characteristic SPR peak might be
attributed to the aggregation of the AgNPs into a micro-sized structure. Considering that glucose
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and fructose molecules are much smaller than SCGs, we assumed that these two monosaccharides
adsorbed on the surface of nanoparticles do not act as an effective steric stabilizer to prevent the
aggregation behavior of AgNPs [20]. These findings suggest that this modified Tollens’ reaction
is effective for colorimetric determinations of the SCGs generated from the debranching of native
starch. The calibration curve for the modified Tollens’ reaction showed a good correlation between the
intensity of the absorbance peak and the amount of debranched SCGs over the concentration range of
0.01–10 mg/mL. On the other hand, notable color development by DNS assay began to take place from
much higher concentration of SCGs (around 1 mg/mL). The results suggest that this detection system
is specific to SCGs, not monosaccharides, and the detection limit is around 100 times lower than that of
the DNS assay.
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The intensity of the absorbance peak from the reaction was converted to the amount of SCG based
4. Conclusions
on the calibration curves obtained from the modified Tollens’ reaction and DNS assay, respectively.
In this study, we present a rapid and sensitive colorimetric assay for quantitative determination
According to the plot of SCGs vs. debranching time (hours), the debranching reaction reached a plateau
of short-chain glucans (SCGs) generated from the enzymatic debranching of amylopectin, which
at around 24 h from the beginning of the reaction, suggesting that all the branches in the amylopectins
enabled us to monitor the debranching process and measure the activity of pullulanase-type starchdebranching enzyme. We employed the principle of Tollens’ reaction to quantify the debranching
product, SCG, of which the process was significantly facilitated by UV irradiation. The SCGs with a
reducing end group induced the reduction of silver ions to form AgNPs in a concentration-dependent
manner, and the presence of SCGs on the surface of AgNPs increased the colloidal stability of AgNPs
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of waxy maize starch were hydrolyzed at the given condition. The profile of the SCGs estimated by
DNS assay with the same sample showed a similar trend, but the amplitude of the signal was notably
lower, particularly at the early stages of the reaction, in comparison to that of the modified Tollens’
reaction (Figure 6b). The debranching activity of pullulanase was evaluated using a first-order kinetic
model [1]. The modified Tollens’ reaction showed a higher debranching rate constant (k = 0.237) than
the DNS assay (k = 0.163) (Figure S5). Considering the higher sensitivity and greater fitting nature of
the plot, we believe that the rate constant of the modified Tollens’ reaction would be more accurate to
represent the debranching activity of DBEs. These results support that the modified Tollens’ reaction
proposed in this work provides a simple, sensitive and accurate means of monitoring the activity of
debranching enzyme and the progress of the reaction.
4. Conclusions
In this study, we present a rapid and sensitive colorimetric assay for quantitative determination of
short-chain glucans (SCGs) generated from the enzymatic debranching of amylopectin, which enabled
us to monitor the debranching process and measure the activity of pullulanase-type starch-debranching
enzyme. We employed the principle of Tollens’ reaction to quantify the debranching product, SCG,
of which the process was significantly facilitated by UV irradiation. The SCGs with a reducing end
group induced the reduction of silver ions to form AgNPs in a concentration-dependent manner, and
the presence of SCGs on the surface of AgNPs increased the colloidal stability of AgNPs which was
evidenced by the homogeneous color development and characteristic SPR peak. It was found that the
debranched SCGs were adsorbed onto the surface of AgNPs by dipolar–dipolar and charge–dipolar
interactions. Monosaccharides possessing an aldehyde group, such as glucose and fructose, could also
reduce silver ions but the colloidal stability of the reduction product was too low to give a characteristic
SPR absorbance band at the given reaction condition; that is, the proposed detection system is specific
to the debranching product. The intrinsic nature of SCGs that precipitate in crystal form in aqueous
solution at low temperature was exploited to prepare the sample that further improved the selectivity
of the methods for debranched SCGs. In addition to the high selectivity, the detection limit of this
method was 100 times lower than that of the conventional DNS assay, which would find its application
in the sensitive and accurate measurement of debranching products and investigation of the kinetic
characteristics of starch-debranching enzymes.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1291/s1,
Table S1: The ratio of small and large glucan molecules in supernatant, precipitate, and whole debranched solution
(DS), Figure S1: UV-vis absorption spectra of AgNPs formed without UV irradiation for 30 min. Figure S2: EDX
spectra of DS-AgNPs formed with the debranched SCGs, Figure S3: XRD analysis of white precipitate obtained by
freezing the debranched starch solution at –20 ◦ C for 5 min, Figure S4: Photographic images of reaction tubes and
UV-vis absorption spectra of AgNPs formed with varying concentrations of glucose and fructose through the
modified Tollens’ reaction under UV irradiation for 5 min, Figure S5: The plot of ln(A0 /At ) from modified Tollens’
reaction and DNS reaction versus debranching time.
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