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The unconventional single stage hydrolysis of potato starch
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Enzymatic depolymerisation of starch to glucose or maltose is carried out by starch- degrading amylases 
during a two-stage hydrolysis: liquefaction using bacterial α-amylase followed by saccharifi cation with 
glucogenic (fungal amylase) or maltogenic (fungal or bacterial) amylases. As a rule, these enzymes are 
applied separately, following the recommendations concerning their action  provided by the enzyme 
manufacturers. The study presents our attempts to determine the reaction conditions for a simultaneous 
action of liquefying and saccharifying enzymes on pre-treated potato starch. Hydrolysis was run by Liqu-
ozyme Supra, Maltogenase 4000L and San Super 360L enzymes (Novozymes) at different temperatures. 
During the single-stage method of starch hydrolysate production the most desirable results was obtained 
for  the maltose hydrolysate at 80oC (51.6 DE) and for the glucose hydrolysate at 60oC (96 DE). The 
analyses indicate that the application of a single-stage hydrolysis of starch to maltose or glucose makes 
it possible to obtain a degree of starch saccharifi cation comparable with that obtained in the traditional 
two-stage hydrolysis.

Keywords: carbohydrate, dextrose equivalent, enzymes, hydrolysis.

INTRODUCTION

Starch hydrolysates (maltodextrins, syrups, crystalline 
dextrose) are obtained by controlled acid or enzymatic 
hydrolysis of starch. Two-stage hydrolysis of starch with 
subsequent liquefaction and saccharifi cation is commonly 
used for the production of starch hydrolysates, i.e., 
maltose and glucose hydrolysates (maltose hydrolysate – 
enzymatic hydrolysate with a dominant amount of maltose 
and glucose hydrolysate – enzymatic hydrolysate with a 
dominant amount of glucose)1–6. The liquefaction stage 
converts insoluble starch granules into soluble polymer 
fragments (maltodextrins). In this process, thermostable 
bacterial alpha-amylase is used. The enzyme treatment 
is initially run at about 105oC, followed by incubation at 
90–95oC. Liquefaction is usually a continuous process and 
takes about 1–3 hr. The next stage – the saccharifi cation 
process – breaks polymer fragments into desired starch 
sugars. This is done by maltose-producing enzymes, such 
as microbial beta-amylase or fungal alpha-amylase, or by 
glucose-producing enzymes, i.e., glucoamylase. Sacchari-
fi cation of liquefi ed starch to glucose is usually run over 
extended time periods up to 72 hr. Shorter residence time 
for hydrolysis reaction, e.g., 30–48 hr, can be obtained 
by a simultaneous application of either glucoamylase 
and pullulanase or glucoamylase and isoamylase. The 
commonly used two-stage starch hydrolysis suffers from 
certain technological inconveniences, such as the necessity 
to change the temperature and pH in successive stages 
of hydrolysis, which results in an increased consumption 
of energy and auxiliary materials used in the purifi cation 
of hydrolysates. The aforementioned inconveniences 
can be avoided by introducing a novel, unconventional 
single-stage method for starch hydrolysis, which would 
facilitate a simplifi cation of the hydrolysis process, a more 
effi cient utilization of enzymes, a shortened hydrolysis 
time and a higher effi ciency of starch conversion7, 8, 9.

The aim of our current research was to compare the 
effi ciency of the simultaneous action of liquefying and 
saccharifying enzymes (the single-stage method) with 

successive use of these enzymes (the two-stage method) 
in the process of starch hydrolysis.

The comparison of the methods was performed at 
temperatures ranging from 60 to 90oC recommended for 
the action of the enzymes applied. At the bottom limit 
of that temperature range no complete gelatinizing of 
all starch granules occurs10. Consequently, with the aim 
to reliably grasp the differences between the methods 
used, the process of gelatinizing was excluded through 
the use of cold-soluble potato starch as a substrate.

MATERIALS  AND  METHODS    

Materials
Solamyl – cold water soluble potato starch (commer-

cial product) was purchased from Chemet Co. (Poland). 
Solamyl was obtained by starch gelatinization and dry-
ing in a roll drum dryer. It is a dry product with a 5% 
moisture content and the following granulation: below 
0.2 μm – 18.3%, 0.2÷1.0 μm – 76.0%, 1.0÷1.6 μm – 5.6% 
and over 1.6 μm – 0.1%. Due to the necessity to apply 
completely gelatinized and dissolved starch granules of 
native starch and to maintain comparable hydrolysis 
conditions at temperatures in the range of 60÷90oC, 
the physically treated starch, i.e., the starch soluble in 
cold water, was selected as the substrate. 

Enzymes
Alpha-amylase was produced by submerged fermen-

tation of a genetically modifi ed microorganism Bacil-
lus licheniformis – Liquozyme® Supra with activity of 
135 KNU/g (1 KNU – the amount of enzyme which 
breaks down 5.26 g starch per hour using the Novozy-
mes standard method). Liquozyme® Supra is used in 
the initial liquefaction process of syrup production. The 
enzyme is applied at low pH (5.2÷5.6). The enzyme is 
thermostable at 90–95oC for 90–120 minutes.

A heat-stable maltogenic alpha-amylase from Bacillus 
stearothermophilus is expressed in and produced by a ge-
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netically modifi ed strain of Bacillus subtilis – Maltoge-
nase 4000L with activity of 4000 MANU/ml (1 MANU 
is defi ned as the amount of enzyme which hydrolyzes 
1 micromole of maltotriose per minute in standard 
conditions). For industrial applications of Maltogenase 
4000L, the recommended operation conditions are 60oC 
and pH 5.0÷5.5. 

A heat-stable saccharifying enzyme that contains both 
glucoamylase and acid-alpha-amylase, is produced by 
fermentation of a microorganism which is self-cloned 
according to the EU defi nition – San Super 360L with 
activity of 360 AGU/ml (1 AGU is the amount of enzyme 
which hydrolyzes one micromole of maltose per minute 
in specifi ed conditions). The optimum general conditions 
of San Super are 55÷65oC and pH 4.5÷5.5. All applied 
enzymes were purchased from Nozymes (Denmark).

Starch hydrolysis assay
Experiments were performed at pH 5.2 for maltose 

hydrolysate and 5.0 for glucose hydrolysate (adjusted to 
this value with 0.1 M hydrochloric acid) with 30% cold 
water soluble potato starch. During hydrolysis pH was 
controlled – the pH was slightly fl uctuated (+/- 0,15). 
Starch hydrolysis was run with the use of a liquefying 
alpha–amylase Liquozyme® Supra and a saccharifying 
maltogenic enzyme – alpha-amylase Maltogenase 4000L 
or a saccharifying enzyme – glucoamylase San Super 
360 L. The enzymes were used in the following dosa-
ges: Liquozyme® Super at 0.66 KNU/g d.s. of starch, 
Maltogenase 4000 L at 24.8 MANU/g d.s. of starch and 
San Super 360 L at 2.84 EU/g d.s. of starch, respecti-
vely. The liquefying and saccharifying enzymes were 
used separately (two-step hydrolysis) or simultaneously 
(single-step hydrolysis). 

Two-stage hydrolysis consisted in liquefaction of starch 
by the liquefying alpha-amylase for 2 hr at 90oC. After 
or without an inactivation of the liquefying enzyme, the 
maltogenic alpha-amylase or glucoamylase was added 
and the saccharifi cation process was run for 46 hr at 
60oC. The total hydrolysis time amounted to 2 hr + 
46 hr = 48 hr.

Single-stage hydrolysis of starch was performed by 
the simultaneous action of liquefying alpha-amylase and 
saccharifying maltogenic alpha-amylase or glucoamylase. 
Hydrolysis was carried out for 48 hr at the following 
temperatures: 60, 70, 80 and 90oC.

Analytical methods
The following quantities were determined: 
– the content of reducing sugars (DE) with the mo-

difi ed Schoorl-Rogenbogen method11. 
– the residual starch – the amount of the residue 

after starch hydrolysis obtained by a double separation 
of the residue from the extract (by centrifugation) and 
a water elution of the residue by excess of water (20oC) 
followed by separation of the residue on the fi lter and 
its complete drying12. 

– the qualitative and quantitative carbohydrate com-
position by chromatography (HPLC) with the use of an 
Aminex HPX-42A column (4% crosslinking of the cation 
exchange resin silver form) – 300 × 7.8 mm (Biorad 
Laboratories), equipped with a refractive index detec-
tor. Samples of 20 μl were fi ltered through a 0.45 μm 
membrane (Millipore Laboratories) and eluted distilled 
and degassed water at 1.5 cm3 min-1 at 85oC.

RESULTS AND DISCUSSION

Effect of method on starch saccharifi cation degree
Maltose hydrolysates

The results of the action of liquefying and sacchari-
fying enzymes on potato starch during single-stage and 
two-stage hydrolysis are shown in Fig. 1.

During the single-stage starch hydrolysis within the 
temperature range of 60÷90oC, the dextrose equivalent 
value (DE) increased. After a 48 hr reaction run, the 
highest DE value was recorded at temperatures between 
80÷90oC; however, a slightly higher effect was obtained 
at 80oC. During the two-stage hydrolysis, the inactivation 
or its lack in the liquefying enzyme did not result in an 
essential change in the DE value. When comparing the 
results of the single-stage hydrolysis at 80oC with those 

Figure 1.  Flow diagram of the single- and two-stage methods for starch hydrolysis (maltose hydrolysate)
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of two-stage hydrolysis without enzyme inactivation, it 
can be observed that the course of hydrolysis in both 
is similar (after 48 hr); however, the use of the single-
-stage method makes it possible to obtain a relatively 
higher fi nal value of the dextrose equivalent – by 3.6 DE 
(51.6 ÷ 48.0 DE). As follows from Fig. 1, the hydrolysis 
at higher temperatures took place more intensively, in 
spite of the fact that the temperature of 60oC, commonly 
used for the maltogenic enzyme, was exceeded. 

Therefore, in order to obtain the highest dextrose 
equivalent in the production of maltose hydrolysates, it 
is advisable to continue research on the use of novel, 
considerably simplifi ed single-stage hydrolysis of starch, 
consisting in the application of a constant temperature 
(80oC) during the entire process of liquefaction and 
maltogenic saccharifi cation.

Glucose hydrolysates
The results of an action of the liquefying and saccha-

rifying enzymes on potato starch during  the single- and 
two-stage hydrolysis to glucose are presented in Fig. 2.

The highest value of dextrose equivalent in the single-
-stage hydrolysis was recorded for the process run at 
60oC (96.0 DE). The applied temperature resulted in a 
decrease in the fi nal value of dextrose equivalent (after 
48 hr); for 70oC it amounted approximately to 20.4%, 
for 80oC approx. to 53%, while for 90oC – approx. to 
69%, respectively. 

In the case of the glucose hydrolysate, the fact that the 
temperature recommended by the enzyme manufacturer 
for the saccharifying enzyme was exceeded, led to a 
considerable decrease in the intensity of the hydrolysis 
process. Thus, it is not advisable to run saccharifi cation 
at a temperature above 60oC. 

Despite the similar optimum temperature for  sac-
charifying enzymes during the synergistic action of the 
bacterial alpha-amylase (Liquozyme® Supra), San Super 
360L is less stable than Maltogenase 4000L, because 
the fungal origin of the glucogenic enzyme (San Super 
360L) is associated with a lower thermal stability than 
the bacterial maltogenic enzyme  (Maltogenase 4000L)8.

Similarly as in the case of two-stage production of mal-
tose hydrolysate, the production of glucose hydrolysate 
with and without the inactivation of the liquefying enzyme 
yields very similar results, i.e., 95.5 DE and 95.9 DE, 
respectively. A comparison of the results of the single-
-stage hydrolysis run at 60oC with those of the classical 
two-stage method shows that the course of hydrolysis is 
very similar. An analysis of the results shows that it is 
possible to obtain a high degree of saccharifi cation (above 
95 DE) also by the use of single-stage hydrolysis, i.e., the 
simultaneous action of the liquefying and saccharifying 
enzymes at a constant temperature of 60oC.

Effect of applied hydrolysis method on contents of 
selected sugars

Figure 2.  Flow diagram of the single- and two-stage methods for starch hydrolysis (glucose hydrolysate)

Figure 3.  Contents of selected carbohydrates – glucose (G1), 
maltose (G2), maltotriose (G3) and higher sugars 
(Gn) – depending on the applied method of starch 
hydrolysis (maltose hydrolysate – after 48 hr hydro-
lysis)
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Maltose hydrolysates
The contents of selected sugars obtained using single- 

and two-stage 48 h hydrolysis run at different temperatu-
res (60, 70, 80 and 90oC) are compared in Figs. 3 and 4.

During the processing with the single-stage method, the 
temperature increase up to 80oC results in an increase in 
the content of glucose (G1) and maltose (G2); however, 
at 90oC their content diminishes distinctly, down to 16.6 
and 36.3%, respectively.

The increase in temperature (from 60 to 90oC) resulted 
in an increase in the maltotriose (G3) content from 6.0 
to 11.1%, respectively. The amounts of higher sugars 
(G4-Gn) decreased with the temperature increase from 
34.5 to 18.8%. The application of 90oC resulted in an 
increased content of higher sugars (36.0%), which is less 
advantageous in the production of maltose hydrolysa-
tes (the clarity of the product is lower). The observed 
decrease in the content of maltose and higher sugars 

indicated a decrease in the activity of the liquefying 
enzyme at 90oC. The results obtained indicate that it is 
justifi ed to recommend the single-stage method within 
the temperature range of 60÷80oC. The optimal tem-
perature for the single-stage hydrolysis is 80oC. 

When comparing the methods of the production of 
maltose hydrolysate, i.e., the single-stage vs. two-stage 
method (for the recommended temperature of 80oC) it 
can be found that slightly higher maltose and maltotrio-
se contents were obtained in the former case. Namely, 
they amounted to 52.6 vs. 50.9% for maltose as well as 
7.4 vs. 4.9% for maltotriose, respectively. In terms of 
the content of higher sugars, still better results (lower 
amounts) were recorded in the case of the use of the 
single-stage method (18.8 instead of 29.4%). In turn, in 
the case of glucose content better results (lower amounts) 
were found during the processing with the two-stage 
method (14.8 vs. 21.2%). The quantitative differences 

Figure 4.  Changes in glucose, maltose, maltotriose and higher sugars content during starch hydrolysis (maltose hydrolysate – during 
48 hr hydrolysis)

  1. Single-stage method (80oC)
2. Two-stage method (without inactivation of liquefying enzyme)
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in the distribution of carbohydrates in both methods are 
associated with a different dynamics of the synergistic 
action of the used enzymes (alpha-amylase and malto-
genic amylase) in the applied temperatures of hydrolysis 
(60 and 80oC) – the  starch depolymerization products 
which are producing by the infl uence of alpha-amylase 
action are at the same time a convenient substrate for 
the maltogenic enzyme action.

Considering the application of maltose hydrolysate 
as a source of fermenting sugars (G1+G2), a markedly 
better source of the maltose hydrolysate is that obtained 
by the single-stage starch hydrolysis (21.2% + 52.6% = 
73.8%) rather than the maltose hydrolysate produced 
by the two-stage method (14.8% + 50.9% = 65.7%).

These observations can be very useful when choosing 
the method for starch hydrolysis (single-stage or two-
stage method) depending on the required carbohydrate 
composition of the produced starch hydrolysate. The 
single-stage method, in comparison with the two-stage 
method, makes it possible to increase the share of glucose 
and maltose by 43.2 and 3.3%, respectively, and leads 
to a decreased higher sugar contents down to 36.0%.

Glucose hydrolysates
The contents of selected sugars, obtained using the 

single- and two-stage 48 hr method run at different 
temperatures (60, 70, 80 and 90oC) are presented in 
Figs. 5 and 6.

In the single-step method, due to an increase in 
temperature, a rapid drop of the glucose content was 
observed – from 98.2% at 60oC to 8.7% at 90oC. Hence, 
the relative decrease in these amounts at 70oC, 80oC 
and 90oC was 14.0%, 89.1% and 89.5%, respectively. 
The amount of maltose increased (during an increase 
in temperature from 60 to 80oC) from 1.8 to 34.4%, 
followed by a drop down to 17.8% at 90oC. The amount 

of maltotriose reached its highest level (34.4%) at 80oC, 
while the contents of higher sugars increased markedly 
with an increase in hydrolysis temperature, reaching its 
highest level (59.0%) at 90oC. 

The increase in temperature above 60oC caused an 
essential decrease in the enzyme activity of the saccha-
rifying enzyme, which resulted in a considerably lower 
glucose content. The obtained results indicate that it is 
justifi ed to recommend the single-stage method in the 
case of glucose hydrolysates, but only at 60oC.

From the comparison of the content of the most impor-
tant sugar, glucose, obtained at the optimal temperature 
of 60oC with use of two methods under consideration 
it becomes clear that the single-stage method leads to 
a higher content (98.2%) of glucose than the two-stage 
one (96.3%).

Infl uence of method of hydrolysis on residual starch 
content 

The single-stage hydrolysis leads to a higher content 
of residual starch (Table 1), which did not convert after 
hydrolysis, than the two-stage one, in either maltose or 
glucose hydrolysate production. The starch residue after 
hydrolysis is approximately 4 times higher in the case 
of the single–stage hydrolysis than in that of the two-
-stage hydrolysis. Nevertheless, it does not exceed 3% 
for glucose hydrolysate and 6% for maltose hydrolysate. 
This means that although the single-stage hydrolysis, as 
compared with the two-stage one, is characterized by 
slightly higher losses of the starch used for hydrolysis, 
it may become very useful in certain technical and eco-
nomic conditions.

Replacing the classical two-stage enzymatic hydrolysis 
of starch with simultaneous action of liquefying and 
saccharifying enzymes brings the following advantages: 
a slightly decrease in energy consumption used for li-
quefaction process, a more exhausting use of the action 
of the liquefying enzyme, a decrease in the apparatus 
cost and a simplifi cation of the technological process. 
Also, they permit to avoid the necessity of changes in 
pH related with the different optimal conditions of the 
enzymes, namely pH about 6 for the liquefying enzyme, 
pH about 4.5 for glucogenic enzyme and pH about 5.5 
for maltogenic enzyme. 

The need for simplifying the technological process of 
enzymatic hydrolysis is confi rmed in many investigations. 

Liakopoulou-Kyriakides et al.13 performed hydrolysis 
of corn starch in the form of a 5% suspension with 
a simultaneous application of alpha-amylase and glu-
coamylase. Hydrolysis was performed with application 
of various animal (pig pancreas), bacterial (Bacillus 
licheniformis, Bacillus spp.) and fungal (mildew) alpha-
amylases (Aspergillus niger) as well as fungal (mildew) 
glucoamylases (Aspergillus niger, Rhizopus), applied in 
various combinations at temperatures of 40, 50 and 60oC.

Figure 5.  Contents of selected carbohydrates – glucose (G1), 
maltose (G2), maltotriose (G3) and higher sugars 
(Gn) – depending on the applied method of starch 
hydrolysis (glucose hydrolysate – after 48 hr hydro-
lysis)

 1. Single-stage method (80oC)
 2. Two-stage method (without inactivation of liquefying 

enzyme)

Table 1.  Comparison of residual starch content after 48 hr 
hydrolysis
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A simultaneous action of alpha-amylase and glucoa-
mylase on corn starch was also investigated by Fuji and 
Kawamura14, Fuji et al.15, Arasaratnam and Balasubrama-
nian16, Janse and Pretorius17 and  Karakatsanis et al.18. 

Hydrolysis of wheat starch at 90oC with a imultaneous 
action of the commercial thermostable alpha-amylase 
(Bacillus licheniformis) and the new thermostable alpha-
glucosidase (Thermococcus hydrothermalis) was performed 
by Legin et al.7. Synergistic action of the liquefying and 
saccharifying enzymes at the same temperature (90oC) 
and pH (6.0) conditions has shortened the hydrolysis 
time and reduced the cost related to variations in pH 
and temperature accompanying the conventional two-
stage hydrolysis. 

Single-stage enzymatic tapioca starch hydrolysis was 
performed by Sarbatly8. His investigations were aimed, 
i.a., at limiting the production of a highly viscous solution 
during the process of starch gelatinising, accompanied by 
a high energy consumption in the mixing process. Other 
goals were: diminishing the loss in the activity of enzyme 
due to high temperature and elimination of heat inter-

changers needed to change in the reaction temperature 
from 105oC (liquefaction) to 60oC (saccharifi cation). In 
his work, in the process of starch hydrolysis, commercially 
available enzymes: alpha-amylase and glucoamylase in 
the form of a 10% suspension were used.

A combination of two processes: liquefaction and 
saccharifi cation, has also been applied to corn hydrolysis 
with the use of an enzyme representing a combination 
of the liquefying and the saccharifying ones9. 

A single-stage hydrolysis of starch was performed by 
Janse and Pretorius17 with a complex of enzymes obtained 
from the breeding of Saccharomyces cerevisiae, namely 
alpha-amylase, glucoamylase and pullulanase. 

In particular, the process of one-stage enzymatic hy-
drolysis of starch can be applied in the energy-saving 
technology of alcohol production. Such a method of 
hydrolysis is presented in the patent by Norman et 
al.19. Namely, the classical two-stage hydrolysis of corn 
starch (crushed corn, 30% d.s.) in the technology of 
alcohol production started from the application of liq-
uefaction by bacterial alpha-amylase (85–90oC) followed 

Figure 6.  Changes in glucose contents during starch hydrolysis (glucose hydrolysate – during 48 hr hydrolysis)
 1. Single-stage method (60oC)
 2. Two-stage method (without inactivation of liquefying enzyme)
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by warming up to 115–120oC and saccharifi cation with 
the help of glucoamylase at 60oC. This was compared 
with one-stage hydrolysis (60oC) with the application of 
cyclodextrin glucosyltransferase and glucoamylase. The 
low-temperature single-stage method for starch hydroly-
sis was characterised by a 95% alcohol output, close to 
that gained in the classical two-stage starch hydrolysis. 

 In the current work, we dealt with one-stage enzy-
matic hydrolysis of potato starch in the form of cold-
soluble starch. Two combinations of enzymes were in 
use: the fi rst combination consisted of alpha-amylase 
(Liquozyme® Supra) and maltogenic alpha-amylase 
(Maltogenase 4000L), the second one was composed 
of alpha-amylase (Liquozyme® Supra) and glucoamyl-
ase (San Super 360L). Hydrolysis of soluble starch was 
run in conditions close to those used in the industrial 
technology of producing starch hydrolysates, namely 
the substrate concentration of 30% d.s. of starch (in 
industrial conditions – 30–40% d.s. of starch) and the 
reaction time of 48 hr (in industrial conditions – 48–72 
hr). For the former combination of enzymes the optimum 
working temperature amounted to 80oC and for the latter 
one – 60oC. The check of the content of hydrocarbons 
revealed that glucose represented the main product of 
hydrolysis performed with the application of the fi rst 
combination of enzymes. Its content was close to that 
obtained during the two-stage hydrolysis (97%). Maltose 
was the main product of hydrolysis performed with the 
use of the second combination of enzymes and, again, 
its content was close to that obtained in classical two-
stage hydrolysis (52%).

It follows from the investigation that during the single-
-stage enzymatic hydrolysis relying upon simultaneous ac-
tion of liquefying and saccharifying enzymes a synergistic 
and complementary action of either enzyme is observed. 
In the initial phase of hydrolysis, alpha-amylase produces 
saccharides with a lower molecular mass representing 
the substrate for the action of the saccharifying enzyme 
– glucoamylase or maltogenic amylase. The action of 
glucoamylase which also enables the cleaving of che-
mical bonds at branch points, leads to a production of 
successive saccharides with lower and lower molecular 
masses. They represent a new convenient substrate for 
the action of alpha-amylase14,15. Application of single-
stage hydrolysis of starch enhances the hydrolysis yield 
by a more exhaustive use of the activity of enzymes8, 20. 
Synergism between simultaneous action of liquefying 
and saccharifying enzyme during starch conversion elicits 
considerable interest21. 

CONCLUSIONS

The unconventional single-stage method for starch 
hydrolysis leads to results comparable to those obtained 
with the two-stage method. Thus, it is advisable to conduct 
further research in order to optimize the conditions of 
the single stage-method.

In the production of maltose hydrolysates, the single-
-stage method yields the most desirable results at 80oC.

In the production of glucose hydrolysates, the single-
-stage method yields the most desirable results at 60oC.

The possibility to choose the method of starch hydro-
lysis (the single-stage or two-stage method) gives the 

technologist a better opportunity to modify the quality 
of starch hydrolysates (DE, carbohydrate composition) 
and the degree of processing reduction (constant tem-
perature, simultaneous dosage of enzymes).
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