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Abstract
Germination promotes the production of amylases, making seeds at such stage a source of these enzymes. The objective was
to separate amylases from malted barley (Hordeum vulgare L.) seeds by aqueous two-phase extraction to facilitate their use in
industrial processes. The germination of barley seeds was monitored, showing an increase in protein and enzymatic activity up to
maximum values at 42 h, coinciding with a reduction in starch from 63.68 to 48.45%. A mixture of potassium phosphate (PP) and
polyethylene glycol 2000 (PEG 2000) was studied to separate amylases by aqueous two-phase extraction. The mixture of 22.03%
PP and 17.29% PEG 2000 was chosen, which allowed the enzymes to be recovered in the top polymeric phase, with a yield of
63.92% and a purification factor of 5.82. The enzyme activity was influenced by temperature, pH, and starch concentration,
with maximum values of 1.57, 1.81, and 0.98 U mL-1 at 40 °C, 5.0, and 0.5%, respectively. The kinetic activity of the amylolytic
enzymes was expressed through a Michaelis-Menten model and the effect of inhibition by substrate was discussed. The feasibility
of separating amylases from barley germinated seeds through aqueous two-phase extraction was demonstrated.
Keywords: Hordeum vulgare L., aqueous two-phase extraction, amylases, barley, germination.

Resumen
La germinación promueve la producción de amilasas, haciendo las semillas en este estado una fuente de estas enzimas. El
objetivo fue separar amilasas de semillas malteadas de cebada (Hordeum vulgare L.) mediante extracción acuosa en dos fases
y así facilitar su uso en procesos industriales. Se monitoreó la germinación de semillas de cebada y se encontró incremento en
proteína y actividad enzimática hasta valores máximos a 42 h, coincidiendo con una reducción en almidón de 63.68 a 48.45%. Se
usó una mezcla de fosfatos de potasio (FP) y polietilenglicol 2000 (PEG 2000) para separar amilasas mediante extracción acuosa
bifásica. Con un sistema que incluyó 22.03% de FP y 17.29% de PEG 2000, se consiguió la recuperación de enzimas en la fase
superior con rendimiento de 63.92% y factor de purificación de 5.82. La actividad de las enzimas se afectó por temperatura, pH y
concentración de almidón, con valores máximos de 1.57, 1.81 y 0.98 U mL-1 a 40 °C, 5.0 y 0.5%, respectivamente. La actividad
cinética de las enzimas se expresó por medio de un modelo de Michaelis-Menten y se discutió el efecto de la inhibición por
sustrato. Se demostró la factibilidad de separación de amilasas de semillas de cebada germinada mediante extracción acuosa en
dos fases.
Palabras clave: Hordeum vulgare L., amilasas, cebada, extracción acuosa en dos fases, germinación.
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1 Introduction

Malting is an ancient process, dating back thousands
of years (Evans et al., 2024), which takes advantage
of a germination process to transform hard grains
such as barley into brittle grains with the starch
accessible for beer production (Rani et al., 2025).
Malting proceeds in three stages, including soaking
to ensure water uptake by grains; germination that
induces embryo growth, synthesis of enzymes, and
partial degradation of the endosperm; and drying,
commonly in oven, to stabilize the enzymatic activity
of the grain, as well as to induce flavor characteristics
and some phytochemical alterations (Polachini et al.,
2023; Rani et al., 2025; Yang et al., 2021). During
germination, grains secrete and mobilize hydrolytic
enzymes, including amylases and proteases, involved
in the breakdown of proteins and starch, to produce
amino acids and sugars (Lekjing & Venkatachalam,
2020).

Amylases are hydrolytic enzymes that break down
the glycosidic bonds in starch molecules, the main
component of cereal seeds (Robles-Arias et al., 2025).
In addition to their importance in beer brewing
(Rani et al., 2025), they have applications in other
processes, such as detergent production (Gupta et
al., 2024), the paper industry (Abdel-Nasser et al.,
2022), the textile industry (Mushtaq et al., 2024), the
baking industry (Godoy-Ramirez et al., 2024; Pismag
et al., 2023), and wastewater treatment (Gupta et
al., 2024). Therefore, there is interest in obtaining
amylases based on the malting process, for use in
various industrial processes, which involves, on the
one hand, developing the typical procedure of soaking,
germination, and oven drying (Gu et al., 2025) and,
on the other hand, separating the produced enzymes
through an appropriate technique.

Some enzyme purification methods include
salting-out precipitation (Abo-Kamer et al., 2023),
isoelectric point precipitation (Ladjal-Ettoumi et al.,
2024), ion-exchange chromatography (Phetlum &
Champasri, 2023), and ultrafiltration. These methods
often need to be combined, as in the case of
ammonium sulfate precipitation, where subsequent
filtration is required to recover the target enzymes
(Shirodkar et al., 2020). The costs associated with
multi-step purification processes can be high and
can represent a considerable proportion of the total
production cost (Rao & Haseena, 2024). Therefore,
there is a need to explore alternative methods for
enzyme purification.

Aqueous two-phase extraction (ATPE) has
potential for enzyme separation. Zhu et al. (2024) and
Singla and Sit (2023) separated papain using systems
with aqueous solutions of polyethylene glycol and
sodium citrate and polyethylene glycol mixed with

ammonium or sodium sulfate, respectively. Likewise,
Hasan and Al-Ani (2022) separated peroxidase from
corn cobs using a system with aqueous solutions of
polyethylene glycol 6000 and ammonium sulfate. In
a similar implementation, S̆alić et al. (2023) used
biphasic systems containing ethanol and potassium
phosphate to separate lipases.

The aqueous two-phase extraction procedure can,
in a single step, separate compounds of interest and
address their concentration by non-thermal methods
(Rodríguez-Herrera et al., 2023). The method uses
aqueous mixtures with two immiscible polymers
(polyethylene glycol, dextran) or a salt and a
polymer (Khan et al., 2019) where, depending on
the composition, two immiscible phases are formed
and, derived from a salting-out phenomenon, the
compounds of interest are distributed between the
two phases, thus achieving separation (Gomes et al.,
2017).

The present work focused on the separation of
amylases from barley grains using their production
from a malting process as a basis. With a similar
objective, Girón-Orozco et al. (2023) demonstrated
the separation from germinating triticale seeds, but
they also found that, depending on conditions such
as pH, the enzymes can be obtained from one phase
or another of the system, so it is not possible to
generalize, and the procedure must be investigated for
each plant material and each system. Based on these
elements, the work aimed to separate amylases from
malted barley grains by aqueous two-phase extraction,
to promote their use in industrial processes.

2 Materials and methods

2.1 Plant material

Seeds of barley (Hordeum vulgare L.), variety
Esperanza, from Calpulalpan, Tlaxcala, Mexico
(19°35?13? N 98°34?06?W; 2580 meters above sea
level) were used. The seeds were cleaned of impurities
such as stones, floral remains, ear fragments, and
other grains, packed in polyethylene bags sealed under
vacuum, and stored at -10 °C until use.

2.2 Protein and enzymatic activity during
germination

A batch of 500 g of barley seeds was disinfected
through immersion for 5 min in a solution with
0.5% (v/v) of sodium hypochlorite, at 1:3 (w/v) ratio.
Successive rinses with distilled water were applied
until reaching a pH of 7.0 to remove hypochlorite
residues, which was assisted by a potentiometer
(HI8424, Hanna Instruments, Inc., Woonsocket,
USA). A malting procedure was applied and began
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with immersion of seeds in distilled water at 25 ± 1
°C in a polyethylene tray, at 1:3 (w/v, seed/water) ratio,
for 36 h, with liquid changes every 12 h, until the plant
material reached 42% moisture content, determined
with a thermobalance (Ohaus, New Jersey, USA).
Excess of water was drained, and the seeds were
distributed in polyethylene trays, forming a 2 cm deep
layer and incubated at 25 ± 1 °C for germination.
Samples of 30 g were taken every 6 h for 84 h,
which were dried by lyophilization (Labconco Corp.,
Model 7755040, USA). A portion of the sample was
subjected to starch content determination with the
procedure described by Bahdanovich et al. (2022),
supported by a soluble starch standard curve of 1-
10 mg mL-1 and with results reported as percentages.
The remaining portion was ground during 30 s in a
food processor (NutriBullet, CA., USA), with a 20
mM buffer of sodium phosphate (1:5, w/v) pH 6.9,
and 6.7 mM sodium chloride, tempered at 4 ºC. The
mixture was centrifuged (Ohaus, New Jersey, USA) at
4 °C and 18,947xg during 15 min. The supernatant was
again centrifuged under the same conditions for 5 min,
and was recovered to be identified as extract, which
was subjected to determination of protein content
and amylase enzyme activity, through the procedures
described in the "Evaluation of variables" section. The
entire procedure was performed in triplicate.

2.3 Binodal diagram

To prepare an aqueous two-phase extraction process, a
binodal diagram was developed. A 40% (w/v) aqueous
solution of polyethylene glycol 2000 (PEG 2000) was
prepared and also a 40% (w/v) solution that contained
72% dibasic potassium phosphate (K2HPO4) and
28% monobasic potassium phosphate (KH2PO4).
Deionized water was used as solvent. To identify the
concentrations corresponding to the binodal curve,
the two-stage cloud point procedure described by
Rodríguez-Salazar and Valle-Guadarrama (2020) was
followed. Batches of five grams of the PEG 2000
solution were weighed in 70 mL Pyrex® tubes, and
the phosphate mixture was added dropwise until a
cloudy appearance was observed. Subsequently, water
was added drop by drop until clarity was obtained,
the phosphate mixture addition was repeated until
turbidity, and so on. The mixture was weighed at
each stage of turbidity or clarity with analytical
balance (Ohaus, New Jersey, USA). The procedure
was repeated, starting with 5 g of the phosphate
mixture, followed by alternating PEG 2000 and
deionized water, until turbidity or clarity were
observed, respectively.

Mass balance routines (Rodríguez-Salazar &
Valle-Guadarrama, 2020) were applied to determine
the concentrations of PEG 2000 and potassium
phosphate at each turbidity or transparency state with
Equations (1) and (2), where xF, i and yP, i were

concentrations (%) of potassium phosphate and PEG
2000 in an ith-mixture, xF, i−1 and yP, i−1 were
concentrations (%) of potassium phosphate and PEG
2000 in an anterior mixture (i-1), while xF, 0 and
yP, 0 were concentrations (%) of the components in
the original solutions. Likewise, wF , wP, and wH were
masses of mixture of phosphates, PEG 2000, and water
added in the ith-stage. Finally, mi−1 was the mass of
a previous (i-1) mixture. The entire procedure was
performed in triplicate.

xF,i (%) =

( xF,i−1
100

)
(mi−1)+

( xF,0
100

)
(wF)

mi−1 +wF +wP +wH
∗ 100 (1)

yP,i (%) =

( yP,i−1
100

)
(mi−1)+

( yP,0
100

)
(wP)

mi−1 +wF +wP +wH
∗ 100 (2)

The values of xF,i and yP,i were graphed and formed
a binodal curve that separated monophasic conditions
and biphasic conditions. In addition, a tie-line was
drawn with the method described by Hernández-
Rodríguez et al. (2025). Briefly, binodal data of xF, i
and yP, i were handled with non-linear regression
using the Sigma Plot software (SPSS, 2000) and fitted
to Equation (3) (Merchuk et al., 1998), where xbin
and ybin were binodal concentrations (%) of potassium
phosphate and PEG 2000, respectively, while k1, (%),
k2, (%-0.5) and k3 (%-3) were regression parameters.

ybin = k1 exp
(
k2 (xbin)0.5 − k3 (xbin)3

)
(3)

The experimental binodal states with the lowest
(xmin

F ) and highest (xmax
F ) average potassium phosphate

concentrations were identified. Thereafter, Equation
(3) was used to determine the corresponding
concentrations with the highest (ymax

P ) and lowest
(ymin

P ) PEG 2000 values. Subsequently, states A (xmin
F ,

ymax
P ; % w/w) and B (xmax

F , ymin
P ; % w/w) were

used to draw an experimental tie line, on which
four states were identified and labeled as C, D, E,
and F, respectively. The systems were prepared with
the corresponding concentrations of PEG 2000 and
potassium phosphate and were left to stand for 24
h. Biphasic systems were formed, with top (t) and
bottom (b) phases, which were separated, and their
volumes (Vt and Vb, respectively) were determined
with a graduated cylinder. Thus, the volume ratio (Vr,
dimensionless) was calculated with Equation (4) for
each state.

Vr =
Vt

Vb
(4)

The method described by Carranza-Gomez et al.
(2025) was applied to find a state with equal volume
partitioning (Vr = 1). To do this, data of volume
of top phases (Vt) and the concentration of PEG
2000 (yP) of states C, D, E, and F, were handled
with linear regression and Equation (5) was fitted.
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Additionally, data of volume of bottom phases (Vb)
and the concentration of potassium phosphate (xF) of
the same states were fitted to Equation (6), where k4,
k5, k6, and k7, were regression constants.

Vt = k4 + k5 yP (5)
Vb = k6 + k7 xF (6)

Equations (5) and (6) were equated and generated
Equation (7). In addition, the concentrations of xF and
yP were subjected to linear regression and Equation
(8) was obtained, where k8 and k9 were regression
constants. Equations (7) and (8) were simultaneously
solved and the condition where volumes of the top and
the bottom phases were equal was determined, which
was denoted as Z (xVr=1

F , yVr=1
P ).

yP =

(
k6 − k4

k5

)
+

(
k7

k5

)
xF (7)

yP = k8 + k9 xF (8)

2.4 Separation of amylases with ATPE

Aqueous biphasic systems were prepared with the
concentrations of potassium phosphate and PEG
2000 corresponding to state Z. Samples of 0.1 g
of germinated and freeze-dried (42 h) barley were
added in 10-g batches. Mixtures were vortexed (Cole-
Parmer, Illinois, USA), allowed to stand for 30 min
at 25 ± 1 °C, and centrifuged (Ohaus, New Jersey,
USA) for 15 min at 18,947 xg to aid phase formation
(Carranza-Gomez et al., 2025). The phases of systems
were separated, the volume of each phase was
measured, and the volume ratio was determined with
Equation (4). The separated phases were placed in
vials, lyophilized (Labconco Corp., Model 7755040,
USA), and subjected to evaluation of protein content
and amylase enzyme activity, with the methodologies
described in the “Evaluation of variables” section.
The protein partition coefficient (kP; Equation 9) and
enzymatic activity partition (ke; Equation 10) were
determined, as well as the separation yield (R, %;
Equation 11) and the purification factor (Fp; Equation
12) (Panajotova et al., 2017), where cp,t and cp,b were
concentrations of protein in top (t) and bottom (b)
phases, At and Ab were enzymatic activity in them,
respectively, while AEt and ET were the specific
activities in the top phase and the total enzyme,
respectively.

kP =
cp, t

cp, b
(9)

ke =
At

Ab
(10)

R =
100

(Vr ke)−1 + 1
(11)

Fp =
AEt

ET
(12)

2.5 Effect of temperature, pH and substrate
concentration

The effects of temperature (30-80 °C, pH 6.9, 1%
soluble starch), pH (3-8, 37 °C, 1% soluble starch),
and starch concentration (0.3-1.5% (m/v), pH 6.9, 37
°C) on the activity of the ATPE-separated amylase
enzymes were evaluated using Z-state conditions on
the tie line. These evaluations were simultaneously
conducted.

2.6 Kinetic behavior of enzymes

The relationship between the enzymatic activity and
the starch concentration was characterized through a
kinetics model (Nelson & Cox, 2009; Verlaine et al.,
2024). The initial rate of starch degradation (V0) by
the action of amylolitic enzymes was evaluated using
starch at concentrations ([S ]) of 0.3 (16.65 mM), 0.4
(22.20), 0.5 (27.75), 0.75 (41.63), 1.0 (55.51), and
1.5% (83.26 mM). The mixture was incubated at the
optimal temperature and pH conditions during 4 min,
and the enzymatic activity (A) or the initial starch
consumption rate (V0; µmol min-1 mL-1 or U mL-1)
was indirectly evaluated through the production of D-
glucose with the Equation (13), where cg, c f

g , and c0
g

were D-glucose concentration (mM) at the end ( f ) and
the start (0; assumed equal to zero), and ∆t was the
reaction time (4 min).

A or V0 = −
d[S ]

dt
� +

d
[
cg

]
dt
�

c f
g − c0

g

∆t
(13)

It was hypothesized that the starch consumption
rate can be affected by the increment of starch
concentration. Thus, a substrate inhibition type model
was used with the form of Equation (14) (Verlaine et
al., 2024), where Vmax was maximum reaction rate
(µmol min-1 mL-1 or U mL-1), KM was the Michaelis
constant (mM), and Ki (mM) was the inhibition by
substrate constant. The starch concentration was again
indirectly evaluated through D-glucose concentration.

V0 =
Vmax [S ]

[S ]+KM +
[S ]2

Ki

(14)

Based on results of the evaluation of temperature
and pH effects, the value of Vmax was estimated.
Thereafter, KM and Ki were evaluated with the
nonlinear least squares algorithm (lsqnonlin.m
function) of Matlab® Optimization Toolbox (The
Mathworks Inc., 2008), which was applied with the
following syntax, where lb established that the search
parameters could not be negative, and the empty
brackets indicated that there was no upper limit
for p(1) and p(2). In addition, the procedure was
developed with a maximum of 2000 iterations and
a minimum tolerance of 1×10-5 in the function.
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S = [data of starch concentration]’;
Vexp = [data of Vo]’; % p(1) = Km,
p(2) = Ki
model = @(p,S) Vmax .* S ./ (p(1) + S
+ (S.^2 ./ p(2)));
fun = @(p) model(p,S) - Vexp;
p0 = [Kmo Kio]; lb = [0, 0]; ub = [];
opts = optimoptions(’lsqnonlin’,’Display’,
’iter’);
[p_opt] = lsqnonlin(fun, p0, lb, ub, opts);
Km_opt = p_opt(1); Ki_opt = p_opt(2);

2.7 Evaluation of variables

The protein content was determined in extracts
obtained at different germination times and in the
different systems evaluated on the tie line. One
hundred microliters of sample reacted with 1900
µL of Bradford (1976) reagent. The mixture was
vortexed (Cole-Parmer, Illinois, USA) for 10 s
and subsequently the absorbance was measured at
595 nm with spectrophotometer (DR 500 UV-vis
HACH, USA). Results were expressed as protein
concentration through a standard curve of bovine
serum albumin prepared in the range of 0.1 to 1 mg
mL-1.

The enzyme activity was evaluated in the extracts
obtained at different times of germination and in
the states evaluated on the tie line. The procedure
described by Miller et al. (1960) was implemented
with modifications. A mixture with 300 µL of sodium
phosphate buffer (20 mM, pH 6.9, and 6.7 mM NaCl),
300 µL of sample, and 150 µL of 1% (w/v) soluble
starch was incubated during 10 min at 37 °C. To
interrupt the reaction, 3,5 dinitrosalicylic acid (DNS)
was added in quantity of 750 µL and boiling was
applied in a bath for 5 min. The mixture was cooled,
and the absorbance was measured at 540 nm with
spectrophotometer (DR 500 UV-vis HACH, USA).
Data were analyzed with the aid of a D-glucose
standard curve (0.1-1 mg mL-1) and the Equation (13),
where ∆t was equal to 10 min and the enzymatic
activity (A) was expressed in units per mL (U mL-1),
defining one unit of amylase activity as the amount
of enzyme that produced one micromole of D-glucose
per min under the evaluated conditions.

2.8 Molecular weight estimation

SDS-PAGE electrophoresis was performed as
indicated by Laemmli (1970) to evaluate the molecular
weight of the amylases enzymes. The sample obtained
at 42 h of germination and top and bottom phases of
ATPE systems performed with the Z concentrations
state were analyzed. The system consisted of biphasic
gels. The stacking phase was a 3% polyacrylamide gel,
while the resolving phase was a 12% polyacrylamide
gel. Two hundred microliters of each sample were

mixed with 600 µL of rupture solution (0.062 M Tris-
HCl, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol,
and 0.05% bromophenol blue). Boiling was applied
for 5 min and 20 µL of the mixture was injected into
each lane of the gel. The procedure was performed
in a vertical electrophoresis chamber (Thermo Fisher
Scientific, Waltham, USA) at constant voltage of 90
V for the stacking gel and 110 V for the resolving gel
for 1 h. The gel was removed from the electrophoresis
chamber and stained for 1 h with a solution composed
of Coomasie blue G-250 (0.1%, w/v), methanol (40%,
v/v), acetic acid (10%, v/v), and deionized water
(49.9% v/v). Thereafter, destaining for 1 h with a
solution composed of methanol (40% v/v), acetic
acid (10% v/v), and deionized water (50% v/v) was
performed. A molecular weight standard (Thermo
Fisher Scientific, Catalog No. 26616, Waltham, USA)
of 10 to 170 kDa was taken as reference.

2.9 Data analysis

The experimental organization was conducted with
completely randomized designs, with germination
time, states on binodal phase diagram, and conditions
of temperature, pH, and substrate concentration, as
variation factors, respectively. Analyses of variance
were performed with data of each experiment, together
with treatment means comparison routines, using the
Tukey test, with a significance level of 0.05. All the
tests were performed in triplicate. The goodness of fit
of Equations (3), (5), (6), and (8) was evaluated with
the determination coefficient (r2), defined in the form
of Equation (15) (Madadi et al., 2013), where xexp
represents experimental data, xmod data estimated by
the model, and xmean the mean value. In this regard, as
r2 was closer to unity the fitting of data to the model
was considered adequate.

r2 = 1−

∑n
1

(
xexp − xmod

)2

∑n
1

(
xexp − xmean

)2 (15)

3 Results and discussion

3.1 Starch, protein, and enzymatic activity
during germination

The barley seed presented starch content of 63.68%
(±0.17) and during germination the concentration
of this polysaccharide decreased rapidly in the first
42 h and then stabilized at an average value of
48.45% (±0.26) (Fig. 1a). The decrement of starch
content during germination has been reported for
other cereal grains, although Edleman et al. (2025)
indicated that such phenomenon is a function of
temperature. Sofi et al. (2023) pointed out that
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germination promotes hydrolysis of starch in the
endosperm of the seeds. Although the case of β-
amylase is scarcely documented, it has been reported
that α-amylase, the most common amylolytic enzyme,
catalyzes the hydrolysis of α-(1,4) glycosidic bonds in
starch polymers, causing its depolymerization (Wang
et al., 2022).

Furthermore, germination causes swelling and
some level of gelatinization in starch granules,
which disrupts their ordered structure (Zheng et al.,
2024). Therefore, starch content decreases during
germination (Kaur et al., 2024), as does amylase
activity. However, only 25% of the total available
starch content is utilized (Van de Velde et al., 2025)
and is subsequently used for seedling development (Li
et al., 2023).

Protein content increased consistently with
germination time, from an initial value of 10.46 mg
mL-1 to a maximum of 26.73 mg mL-1 at 42 h.
However, a decrement to 18.20 mg mL-1 was observed
upon completion of 84 h of process (Figure 1b). The
increase in protein content is a phenomenon that
accompanies the germination of a seed (Xie et al.,
2025). In this regard, the increase in protein occurs
because the seed synthesizes proteases, lipases, and
amylases for the hydrolysis of storage reserves, such
as hordeins, hordenines, starch, and lipids, which
provide energy to the embryo for the development
of a new plant (Alu’datt et al., 2019; Jones, 2005;
Obadi et al., 2021).

Consistently, the activity of the amylase enzyme
increased significantly during the first 42 h of
germination, from an initial value of 4.17 U mL-1,
reaching a maximum value of 11.42 U mL-1, and then
decreasing to a value of 4.93 U mL-1 at 84 h of process
(Figure 1c), which was consistent with the variation
in starch content. On this basis, the conditions of 42
h and 25 °C were chosen as adequate to conduct the
germination process of barley seeds.

On the other hand, the evaluation of the enzymatic
activity used an immersion procedure in a mixture of
a sodium phosphate buffer and sodium chloride at 4
°C, followed by homogenization in a domestic blender
for 30 s, which was like the procedure applied by
Posoongnoen et al. (2025). When immersion milling
of a solid sample is performed to extract enzymes,
the mechanical process and the medium conditions
can have both positive and negative effects on the
enzymatic proteins. In principle, milling breaks down
cell walls, membranes, and the extracellular matrix,
increasing the availability of intracellular enzymes and
facilitating their solubilization in the buffer. It also
increases the surface area, promoting contact between
the solid and the extracting solution. Furthermore,
the disruption of the compartmentalized structure can
favor enzyme separation. However, negative effects
can occur, such as frictional heating resulting from
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The mixture with polyethylene glycol 2000 and potassium phosphate showed potential to 330 
form biphasic systems. The cloud point procedure allowed identifying binodal states that 331 

Fig. 1. Starch content (a), protein content (b), and
amylase enzyme activity (c) in barley seeds during
germination. Equal letters indicate non-significant
differences (Tukey, 0.05).

mechanical action. However, if the temperature does
not exceed 40 °C, protein denaturation cannot be
considered a significant factor. In the work, the
mechanical treatment was applied at 4 °C for only 30
s, as the germinated seeds were in a freeze-dried state
and milled easily. On the other hand, the mechanical
effect caused by the food processor blades can cause
mechanical stress, which could induce loss of protein
structure. However, the turbulence involved and the
resulting heating led to better imbibition of the freeze-
dried material.

3.2 Binodal phase diagram

The mixture with polyethylene glycol 2000 and
potassium phosphate showed potential to form
biphasic systems. The cloud point procedure allowed
identifying binodal states that delimited conditions
where the mixture formed a homogeneous solution
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delimited conditions where the mixture formed a homogeneous solution in a single liquid 332 
phase from conditions where a heterogeneous mixture was formed and separated into two 333 
immiscible phases (Fig. 2).  334 
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support of Equation (3), states A (2.7452, 36.4138%) and B (38.9925, 0.4832%) were also 342 
recognized. With this information, an experimental tie line was drawn (Figure 2) and states 343 
C (11.2000, 28.0329%), D (16.2000, 23.0766%), E (26.2000, 13.1639%), and F (31.2000, 344 
8.2076%) were identified on it (Fig. 2), which were used to prepare systems in physical 345 
form. All these systems formed two-phases. The volume of top phases was related to the 346 
PEG 2000 concentration of systems C, D, E, and F (Equation 5). Likewise, the volume of 347 
bottom phases was related to the potassium phosphate concentrations (Equation 6). By 348 
equating models, Equation (7) was obtained with values of 8.8462, -0.2299, 6.4991, and     349 
-0.1572 in the constants 𝑘4, 𝑘., 𝑘5, and 𝑘6, respectively. Likewise, the concentrations of 350 
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Fig. 2. Binodal phase diagram of the PEG 2000 and
potassium phosphate system. A, B, . . . , F: evaluated
biphasic systems.

in a single liquid phase from conditions where a
heterogeneous mixture was formed and separated into
two immiscible phases (Fig. 2).

The binodal data fitted well (r2=0.9977±0.0002)
to Equation (3), and values of 80.0303 (±4.8307),
−0.4698(±0.0314), and 4.3995×10-4 (±2.6784×10-5)
were obtained for constants k1, k2, and k3, respectively.
With this basis, the average experimental conditions
with the lowest and highest potassium phosphate
concentrations were identified and, with the support
of Equation (3), states A (2.7452, 36.4138%) and
B (38.9925, 0.4832%) were also recognized. With
this information, an experimental tie line was drawn
(Figure 2) and states C (11.2000, 28.0329%), D
(16.2000, 23.0766%), E (26.2000, 13.1639%), and
F (31.2000, 8.2076%) were identified on it (Fig. 2),
which were used to prepare systems in physical form.
All these systems formed two-phases. The volume of
top phases was related to the PEG 2000 concentration
of systems C, D, E, and F (Equation 5). Likewise,
the volume of bottom phases was related to the
potassium phosphate concentrations (Equation 6). By
equating models, Equation (7) was obtained with
values of 8.8462, -0.2299, 6.4991, and -0.1572 in the
constants k4, k5, k6, and k7, respectively. Likewise, the
concentrations of PEG 2000 and potassium phosphate
were related, from which the values of 39.4799 and
-1.0088 were obtained for the constants k8 and k9.
With this, Equations (7) and (8) were solved, and
the system Z (22.03, 17.29%) was obtained, which
corresponded to the two-phase condition with equal
volume partitioning (Vr=1).
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Fig. 3. Effect of temperature (a), pH (b), and substrate
concentration (c) on amylase enzyme activity. Equal
letters indicate a non-significant difference (Tukey,
0.05).

3.3 Characterization of amylase purification

The system formulated for the state Z in the binodal
diagram separated into two phases, a top phase (t) and
a bottom phase (b). This separation caused protein
concentrations of 0.17±0.03 mg mL-1 in the top
phase and 1.47±0.11 mg mL-1 in the bottom phase,
resulting in protein partition coefficient of 0.12±0.03
(Equation 9), which indicated that proteins migrated
primarily to the bottom phase. However, the amylase
enzyme activity had a value of 1.35±0.02 U mL-1 in
the top phase and a value of 0.64±0.01 U mL-1 in
the bottom phase, indicating that amylases migrated
mainly to the top phase, which generated the value of
2.12±0.02 in the partition coefficient of the enzyme
activity (Equation 10). In this regard, Kavakçioğlu &
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Tarhan (2013), pointed out that a high value of ke
accompanied by a low value of kp indicates that the
enzymatic fraction is concentrated to a greater extent
in the top phase, which confirmed that the aqueous
two-phase extraction technique has the potential to
address the purification of enzymes. In addition, this
technique favors the preservation of the bioactivity of
the separated molecules, due to the high content of
water in both the top and bottom regions, which varies
between 80 and 90%, and provides an environment
close to the natural conditions where biomolecules
are usually found (Shad et al., 2018). Furthermore,
the gentle nature of the process, which avoids using
aggressive organic solvents, permits the protection
of sensitive biomolecules, facilitating the purification
of proteins without compromising their biological
activity.

On the other hand, the system presented an enzyme
separation yield (Equation 11) of 63.92% ± 0.47 and
a purification factor (Equation 12) of 5.82 ± 0.87.
In this regard, conventional protocols used to purify
enzymes require long time to achieve considerable
yields and purification (Moreira et al., 2013). In
this sense, Liaqat et al. (2024) purified amylases
by precipitation of ammonium sulfate, membrane
dialysis, and gel filtration chromatography, and found
a factor of purification of 4 and a yield of 13%.
Likewise, Fincan et al. (2021) mentioned a 30%
yield in the purification of α-amylase synthesized
by Bacillus licheniformis when ammonium sulfate
precipitation was used, followed by ion exchange
chromatography, and finally, dialysis. In addition, in
large-scale processes, multi-step purification reduces
enzyme activity and yield (Shad et al., 2018).

3.4 Effect of temperature, pH, and substrate
concentration

The activity of the enzyme separated by aqueous two-
phase extraction showed to be sensible to temperature,
in a way that, starting from 0.34 (±0.27) U mL-1, it
increased to a maximum of 1.57 (±0.33) U mL-1 at 40
°C, and then consistently decreased to 0.02 (±0.02) U
mL-1 at 80 °C (Fig. 3a). The optimal temperatures for
alpha and beta amylases are different. According to De
Schepper et al. (2022), between 40 and 60 °C there is
no difference in the residual activity of alpha amylases,
while between 40 and 50 °C there is no difference
in that of beta amylases. In this regard, the optimal
temperature that was found in the present work was
within such intervals.

The pH also affected the enzyme activity, since
the activity was 0.20 (±0.03) U mL-1 at pH 3.0,
but increased to a maximum of 1.81 (±0.04) U
mL-1 at pH 5.0 and then decreased consistently
to 0.10 (±0.17) U mL-1 at pH 8.0 (Figure 3b).
The pH is a variable that can affect the chemical

structure of materials (García-Cerqueda et al., 2025).
In the present work, the behavior can be attributed
to changes in the protonation or deprotonation of
functional groups of amino acids that are present
in the active sites of the enzyme, which causes
an alteration in its three-dimensional structure and,
consequently, its denaturation (Fincan et al., 2021).
Likewise, enzymatic denaturation at high pH can
prevent adequate interaction with substrates, affecting
its ability to catalyze starch hydrolysis efficiently. On
the other hand, the present work evaluated a cocktail
of enzymes, where different amylases can be present,
and each one can exhibit different optimum pH. In this
regard, Roth et al. (2019) evaluated three microbial α-
amylases and determined that all of them had optimum
pH around 5.0, which coincided with data of the
present work. However, Duan et al. (2021) reported
that the optimum pH of a microbial β-amylase was 6.5,
thus the hypothesis of higher presence of α-amylase
can be established.

The enzyme activity was also dependent on the
starch concentration present in the medium, since a
value of 0.64 (±0.02) U mL-1 was obtained with 0.3%
substrate, but increased to a maximum of 0.98 (±0.01)
U mL-1 with 0.5%, and then decreased continuously
to 0.42 (±0.02) U mL-1 with 1.5% concentration (Fig.
3c). A kinetic behavior consistent with the Michaelis-
Menten model corresponds to a situation where the
reaction rate or the enzyme activity increases to a
maximum, derived from a saturation phenomenon
and, from there, the reaction rate becomes constant
(Nelson & Cox, 2009). However, the upward trend to a
maximum, followed by a continuous decline, suggests
a situation of inhibition by substrate, which leads to
a drop in reaction rate once the substrate exceeds
an optimum concentration. In this regard, an excess
of substrate can transiently block access to catalytic
sites, and complexes can form between the enzyme
and insoluble or highly branched regions of the starch,
hindering product release (Segel, 1993). Specifically,
as the starch concentration increases, the hydrogen
bonds between the substrate and water are partial
or completely replaced, which negatively affects the
interaction between amylase and its substrate, thus
decreasing its catalytic efficiency (Sudeep et al.,
2020).

In order to verify this situation, the value of 1.81
U mL-1 obtained previously was accepted to be Vmax
in Equation (14). Thus, a nonlinear least squares
algorithm (lsqnonlin.m function; The Mathworks Inc.,
2008) was applied and indicated a value for the
Michaelis constant (KM) equal to 0.1795% (9.96 mM)
and an inhibition constant (Ki) equal to 0.6422%
(35.64 mM), which indicated that the amylolytic
enzymes can tolerate a starch concentration of less
than 0.64% before they begin to be inhibited.
However, the determination coefficient (r2) was 0.618,
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than substrate inhibition. In this regard, an increase in substrate can cause an increase in the 437 
viscosity of the medium or can form aggregates or clumps, which impedes the diffusion of 438 
the enzyme to the substrate (Segel, 1993). 439 
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Fig. 4. Analysis of amylases by SDS-polyacrylamide
gel electrophoresis. Lane A: standard proteins (kDa).
Lane B: germinated barley. Lane C: polymeric phase
(top) amylases of the ATPE system. Lane D: salt phase
(bottom) amylases of the ATPE system.

which indicated that the data are not entirely consistent
with a simple Michaelis-Menten model with substrate
inhibition (Fig. 3c), suggesting that the downward
trend after the peak was additionally caused by factors
other than substrate inhibition. In this regard, an
increase in substrate can cause an increase in the
viscosity of the medium or can form aggregates or
clumps, which impedes the diffusion of the enzyme to
the substrate (Segel, 1993).

3.5 Molecular weight of amylases

The electrophoresis analysis of the germinated barley
seeds showed the presence of protein bands located at
approximately 55, 38, 35, 28, 24, and 18 kDa (Lane
B, Fig. 4). Meanwhile, the analysis of the polymeric
phase (top phase) of the ATPE systems showed
three protein bands of higher concentration, located
at approximately 55, 38, and 24 kDa, suggesting
the presence of distinct protein structures in this
phase. In this regard, given the higher enzymatic
activity in this phase, it was hypothesized that there
were distinct enzymatic structures in the analyzed
phase. In addition, the analysis of the bottom phase
of systems showed very faint bands, indicating low
concentrations of these structures. The molecular
weights of cereal amylases are quite variable, ranging
from 45 to 67.2 kDa (BRENDA Enzyme Database,

2025). Previous studies have even reported the activity
of germinated barley amylases with molecular weight
of approximately 27 kDa. It has also been observed
that these enzymes may be associated with the activity
of other enzymes, like β-glucanases, which play a
complementary role in the polysaccharide hydrolysis
process (Herrera-Gamboa et al., 2018; Uno-Okamura
et al., 2004).

Conclusions

The germination of barley seeds caused an increase
in the amylases enzymes, with maximum activity at
42 h, which resulted in partial starch degradation.
The separation of amylases was feasible from the top
phase of a system of aqueous two-phase extraction
formed with potassium phosphate and polyethylene
glycol. The enzyme activity was affected by variations
in temperature and pH. The relationship between the
enzyme activity and the starch concentration was
partially explained by a Michaelis-Menten model with
inhibition by substrate. The feasibility of separating
the amylase enzyme produced by germination of
barley seeds based on aqueous two-phase extraction
was demonstrated. However, data corresponds to a
cocktail of enzymes, so it is advisable to conduct
the identification and characterization of the specific
amylases.
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Nomenclature

At, Ab Enzymatic activity in the top and
bottom phases (U mL-1).

ET Total enzyme activity (U mL-1).
Fp Purification factor (dimensionless).
KM Michaelis constant (g L-1).
Vb Volume of the bottom phase (mL).
Vmax Maximum starch consumption rate (g

L-1 min-1).
Vr Volume ratio (dimensionless).
Vt Volume of the top phase (mL).
c0

g, c f
g D-glucose concentration at initial and

final determination (mM).
cp, t, cp, b Protein concentrations (mg mL-1) in

top (t) and bottom (b) phases.
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k1 Regression constant (%).
k2 Regression constant (%-0.5).
k3 Regression constant (%-3).
k4, k6, k8 Regression constants (mL).
k5, k7, k9 Regression constants (mL %-1).
kP Protein partition coefficient

(dimensionless).
ke Partition of enzymatic activity (mg

mL-1).
mi−1 Mass of the previous (i-1) mixture.
wF Mass (g) of mixture of phosphates

added in the ith-stage.
wH Mass (g) of water added in the ith-

stage.
wP Mass (g) of PEG 2000 added in the

ith-stage.
xF, i Concentration (%) of potassium

phosphate in an ith-mixture.
xF,0 Concentration (%) of potassium

phosphate in the original solution.
xF,i−1 Concentration (%) of potassium

phosphate in a previous (i-1) mixture.
xF Concentration (%) of potassium

phosphate in biphasic systems.
xmax

F Maximum experimental binodal
concentration (%) of potassium
phosphate.

xmin
F Minimum experimental binodal

concentration (%) of potassium
phosphate.

xbin Binodal concentration (%) of
potassium phosphate.

yP, i Concentration (%) of PEG 2000 in an
ith-mixture.

yP,0 Concentration (%) of PEG 2000 in the
original solution.

yP,i−1 Concentration (%) of PEG 2000 in a
previous (i-1) mixture.

yP Concentration of PEG 2000 in
biphasic systems.

ymax
P Maximum experimental binodal

concentration (%) of PEG 2000.
ymin

P Minimum experimental binodal
concentration (%) of PEG 2000.

ybin Binodal concentration (%) of PEG
2000.

[S ] Substrate (starch) concentration (g
L-1).

R Separation yield (%).
V Starch consumption rate (g L-1 min-1).
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