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Abstract

Two types of soy protein hydrolysates were produced by hydrolysis of isolated soy protein (ISP) with a combination of Alcalase

and Flavourzyme in a continuous membrane system with 3000 and 30,000 daltons molecular-weight-cut-o� (MWCO) membranes,
respectively. Both hydrolysates were completely soluble over a pH range of 2±9. Their water-binding capacity increased 1.8±3.4
times at a water activity of 0.6±0.95 as compared to intact ISP. The antioxidant activity of ISP was remarkably enhanced by enzyme

hydrolysis. The hydrolysate from the 30,000 daltons MWCO membrane had a much higher antioxidant activity than that from the
3000 daltons MWCO membrane. The results suggested that both selected enzymes and MWCO membrane governed the functional
properties of protein hydrolysates. Long-term operation study showed that the membrane reactor system could maintain a steady
production of ISP hydrolysate over 16 h. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Protein hydrolysates have been employed to provide
nutrients for individuals who experience di�culties in the
digestion of intact protein (Mahmoud, Malone, Cordle,
& 1992). The functional and immunological properties
of proteins can be improved by modi®cation and thus
the modi®ed proteins can be used in food systems as
additives for beverage and infant formulae, as food texture
enhancers, or as a pharmaceutical ingredient (Chiang,
Cordle, & Thomas 1995; Mannheim & Cheryan, 1990).

Compared to acid or alkali hydrolysis, enzymatic
hydrolysis of protein, using selective protease, provides
milder process conditions and little or no undesirable
side reactions or products. In addition, the ®nal hydro-
lysate, after neutralization, contains less salt and the
functionality of the ®nal product can be controlled by
selection of speci®c enzymes and reaction factors
(Cheryan & Deeslie, 1983; Deslie & Cheryon 1988).

Conventional batch-type protein hydrolysis has sev-
eral disadvantages such that it is (1) time-consuming
and (2) labour-intensive, (3) it occupies a large ¯oor
space, (4) it involves high cost of enzymes which cannot
be reused, (5) it gives nonhomogeneous products and
fractions of varying molecular weight, (6) it is a slow
process, (7) it causes inhibition of enzyme activity by the
end product, (8) it gives low yields and productivity, (9)

there is inactivation of enzyme by pH adjustment or
heat treatment at the end of the reaction. (Deeslie &
Cheryan, 1988; Lin ,Chiang, Cordle, & Thomas, 1997;
Xavier, Goncalves, Moreva, & Corrondo, 1995).

In order to overcome these problems, an ultra®ltration
membrane reactor has been developed and the major
advantages are: (1) the enzyme can be repeatedly used
and (2) the molecular size of the product can be governed
by appropriate selection of the ultra®ltration membrane
(Deeslie & Cheryan, 1981). Membrane reactors have
been successfully used in the continuous productions of
protein hydrolysate (Cheryan & Deeslie, 1983; Deeslie &
Cheryon 1988; Chiang , Cordle, & Thomas, 1995), glucose
syrup (Sims & Cheryan, 1992), milk protein (Mannheim
& Cheryan, 1990), and b-casein/chymosin hydrolysate
(Bouhalab , Modle, & Lenil 1993).

This paper reports a study of long-term steadiness of
continuous operation of an ultra®ltration membrane
reactor for producing soy protein hydrolysate and the
functional properties of the protein hydrolysate in food
systems.

2. Materials and methods

2.1. Materials

POMP1 Isolated soy protein (ISP) was from the
Union Chemical Ind. Co. (Taipei, Taiwan). Commercial
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enzymes, Flavourzyme Type A and Alcalase 2.4 L, were
purchased from NOVO Industri A/S (Copenhagen,
Denmark). HPLC standards including cytochrome C,
aprotinin, gastrin I, substance P, vitamin B12, and gly-
cine were purchased from Merck (Darmdstadt, Ger-
many) or Sigma Chemical Co. (St. Louis, MO).
Polysulfone hollow ®bre (UFP-30-C-9A) was from A/G
Technology Corporation (Needham, MA). Re®ned
soybean oil was obtained from I-Hua Company (Tai-
nan, Taiwan). Butylated hydroxyanisole (BHA) and
butylated hydroxytoluene (BHT) were purchased from
Gemfont Company (Taipei, Taiwan).

2.2. Batch reactor

The batch reactor consisted of a reaction vessel (10
liter) with steam jacket and stirring arm to provide uni-
form heating and mixing. Five to ten litres of 3% ISP
solution were introduced into the reaction vessel and
heated. Before the temperature reached 50�C, a 2.5%
enzyme mixture (Flavourzyme:Alcalase=3:2)/substrate
(w/w) was added to the reaction vessel.

2.3. Continuous hollow ®bre (HF) membrane reactor
system

A 3% ISP solution prepared by vigorously stirring
and heating was passed through a 100-mesh sieve to
remove large particles. The reaction vessel (Fig. 1) was
®lled with the desired volume of 3% of ISP ®ltrate and
the temperature of the tank was maintained at 50�C. A
2.5 % solution of enzyme mixture (Flavourzyme:Alca-
lase=3:2)/substrate (w/w) was added to the soy protein
®ltrate. Inlet pressure and ¯ow rate were adjusted
appropriately. The reaction mixture was pumped to the
hollow-®bre membrane where the large particles such as
intact proteins or enzymes which could not penetrate
the pores of the ultra®ltration membrane would recycle

to the reaction vessel. The permeate, containing parti-
cles small enough to penetrate the membrane, was col-
lected and lyophilized. The level of reaction mixture in
the vessel was controlled by adjusting the ¯ow rates
between the ISP solution from the feed tank and the
permeat from the membrane.

2.4. Total nitrogen

Total nitrogen was measured by the micro-Kjeldahl
method (AOCS, 1989), using a KjelTec system 1026
with rapid distillation unit (Tecator, Sweden). All data
were corrected for nonprotein nitrogen (NPNi), which
was determined as the initial nitrogen of ISP soluble in
10% trichloroacetic acid (TCA). The TCA-soluble
nitrogen of the product (NPNp) was also determined.
The % TCA-soluble nitrogen or % conversion (X) was
expressed as

X � NPNpÿNPNi

TNÿNPNi
� 100

where TN=total nitrogen in the product.

2.5. Productivity study

For the batch reactor, productivity was de®ned as

Pbatch � XTNi

E

where E=enzyme concentration (mg/ml); TNi=total
nitrogen in unhydrolyzed substrate corrected for NPNi.

For the continuous HF membrane reactor, pro-
ductivity was expressed as

PI � PJt

EV

or

Pc �
X

PI

where PI=instantaneous productivity; P=average pro-
duct output (mgN/ml) in a time period t (min); J=¯ow
rate (ml/min); E=enyzme concentration (mg/ml);
V=substrate volume (l); Pc=cumulative productivity.
Pc was calculated over all time periods studied. The unit
of productivity was mass hydrolysate/mass enzyme (mg
N/mg enzyme). A more complete description of pro-
ductivity was given by Cheryan and Deeslie (1983).

2.6. Molecular weight distribution

The molecular weight distribution of the hydrolysate
was analyzed by high-performance size-exclusion chro-
matography (HPSEC). The HPSEC was equipped with

Fig. 1. Schematic diagram of continuous hollow-®ber membrane

system.
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a Superdex HR 10/30 column, connected to a UV
detector set at 214 nm. The mobile phase was 0.02 M
phosphate bu�er (pH 7.2) containing 0.25 M NaCl and
¯ow rate was set at 0.25 ml/min.

2.7. Amino acid composition

Free amino acids of ISP and its hydrolysates were
determined by a Beckman System 6300 High Perfor-
mance Amino Acid Analyzer (Beckman Instrument,
Inc., CA). Amino acid composition and contents of ISP
and its hydrolysates were determined by a Hitachi L-
8500 amino acid analyzer (Hitach, Ltd., Tokyo, Japan)
using the method described by Simpson et al. (1976).

2.8. Solubility

The solubility of samples was measured by Nitrogen
Solubility Index (AOCS, 1989). Thirty milliliters of dis-
tilled water were added slowly to a 400ml beaker con-
taining 2.5 g of sample and the solution was stirred with
a glass rod. The desired pH of sample solution was
adjusted using 2N NaOH or HCl and then brought to
the ®nal volume of 100ml. After the sample was placed
in a water bath for 2 h at 30�C and stirred constantly,
the solution was centrifuged at 3000 rpm for 10min.
The supernatant was decanted and passed through a
Whatman #4 ®lter paper. The ®ltrate was used for
measuring the total nitrogen content. The solubility was
calculated as:

%Solubility � TNs

TNi
� 100

where TNi and TNs are the amounts of the total nitro-
gen of initial 2.5% sample solution and its ®ltrate,
respectively.

2.9. Moisture sorption

Moisture sorption of samples was determined
according to Lang, McCune, and Steinberg (1981).
Mini-desiccators were employed to determine the water
adsorption isotherm of samples at 22�C. Each desicca-
tor contained 500ml saturated salt solution in the base.
One-gram samples were weighed in triplicate into stan-
dard weighing dishes. After incubation in a desiccator
for 6 days, the weight gain of each sample was measured
every day until its weight gain reached equilibrium.

2.10. Antioxidative activity

The method of AOCS cd 12b-92 was used to determine
the antioxidative activity of ISP and its hydrolysates,
using an oxidative stability instrument (Archer±Daniels±
Midland Co., Notts, UK). Various concentrations of

samples were added to sample tubes containing 5 g of
soybean oil each. Temperature was set at 120�C and air
pressure was controlled at 5.5 psi. Volatile material
produced during oil oxidation was transferred to the
Lexan conductivity cell with 50ml of water and con-
ductivity sensor, which connected to a computer. The
computer would record the conductivity change and
automatically calculate the OSI value.

3. Results and discussion

3.1. Continuous hollow ®bre (HF) membrane reactor

Productivity and long-term operating stability of
continuous HF membrane reactor were evaluated using
a 30,000 daltons molecular-weight-cut-o� (MWCO)
membrane.Fig. 2 shows the comparison of productivity
between batch reactor and continuous reactor as a
function of volume replacement. The productivity of the
batch reactor was independent of volume replacement,
whereas that of the continuous membrane reactor had a
linear increase as volume replacement increased. The
result showed that reusing the enzyme has the advan-
tage of higher productivity in the continuous membrane
reactor. In batch reactors each volume replacements
requires recharge with the same amount of enzyme.
However, in the continuous HF membrane reactor,
enzyme charge was done only at the beginning of the
run. After two volume replacement the continuous
reactor had a higher productivity than the batch reac-
tors. This result also agreed with the ®ndings of Man-
nheim and Cheryan (1990) and Chiang et al. (1995).
They produced casein hydrolysates by a continuous
membrane reactor and concluded that the reuse of
enzyme resulted in a higher productivity as compared
with a batch membrane reactor.

Long-term operating stability of the reactor was
determined by hydrolysis of 3% (w/w) ISP with 2.5%
(w/w of ISP) enzyme at 50�C (Fig. 3). The continuous
HF membrane reactor showed a steady production of

Fig. 2. Comparison of productivity between membrane reactor and

batch reactor. Results are mean values of two replicates. Standard

deviations did not exceed 2% of the recorded values.
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protein hydrolysates for at least 16 h. Slight decrease in
the product output after 8 h of hydrolysis re¯ected
leakage of the enzyme. Enzyme leakage was con®rmed
by detecting residual enzyme activity in the permeate
(data not shown). However, this could be compensated
by dosing the reactor with fresh enzyme periodically.
Iacobucci, Myers, Emi, and Myers, (1974) studied the
continuous production of soybean protein hydrolysate
in a constant ¯ux membrane reactor. They concluded
that the enzyme had to be replaced at a rate of 2% of
the enzyme in the reactor per h in order to compensate
for the loss of enzyme by permeation through the
membrane. Chiang et al. (1995) also reported loss of the
enzyme in a continuous membrane reactor. In order to
maintain the long-term operating system for more than
16 h, periodic addition of fresh enzyme into the reactor
was suggested. However, the dosage of fresh enzyme
was not determined in the study.

3.2. Chemical characteristics of protein hydrolysates

Hydrolysates A and B were produced from the con-
tinuous HF membrane reactor using 3000 and 30,000
daltons MWCO membranes, respectively. Amino acid
compositions of ISP and its hydrolysates are listed in
Table 1. Glutamic and aspartic acids were the major
amino acids in ISP and both hydrolysates. The di�er-
ence in total amino acid composition was small between
hydrolysates A and B. Based on HPLC analysis, the
total free amino acid contents of ISP, hydrolysate A and
hydrolysate B were 0.07, 11.0 and 12.1% (g free amino
acid/100 g protein), respectively.

Both hydrolysates (A and B) had the same pro®le
(data not shown) and were primarily composed of
amino acids and small peptides with molecular weight
<4000 daltons (Table 2). The major di�erences between
hydrolysate A and B were the peptide content in the
500±2000 and 3000±4000 dalton fractions. The peptide
content of hydrolysate A was 7% less in the 500±2000
dalton fraction and 10% more in 3000±4000 daltons
fraction than that of hydrolysate B.

3.3. Functional properties of protein hydrolysates

3.3.1. Solubility
Fig. 4 shows the solubility pro®les of ISP and its

hydrolysates as a function of pH. Intact ISP had the
highest solubility at pH 9 but very low solubility
between pH 4 and 5. However, for hydrolysates A and
B at the 4% level, both hydrolysates were easily and
completely soluble or dispersible (>99%) between pH 2
and 9. The enhanced solubility of the hydrolysates was
due to their smaller molecular size (Turgeon, Gauthier,
& Paquin 1992) and the newly exposed ionizable amino
and carboxyl groups which increased the hydrophilicity
of the hydrolysates (Phillips & Beuchat, 1981). Accord-
ing to Mahmoud (1994) and Frokjaer (1994), the
hydrolysate with a wide range of pH solubility, espe-
cially at acidic pH, has often been utilized as a supple-
ment for fruit juice and acidic drinks to enhance their
nutritional quality. In addition, protein hydrolysates
could be used as a supplementary diet for people with
special needs such as elderly people and sportsmen, and
for weight control.

Fig. 3. Long-term operating stability of the continuous membrane

system. Results are mean values of three replicates. Standard devia-

tions did not exceed 2.5% of the recorded values.

Table 1

Amino acid composition of ISP and its hydrolysates

Amino acid Amount (g/100 g sample)

ISP Hydrolysate A Hydrolysate B

Alanine 3.52 3.78 3.59

Arginine 6.58 6.22 6.50

Aspartic acid 10.1 10.8 10.3

Cystine 8.95 6.06 7.43

Glutamic acid 17.6 12.7 13.0

Glycine 3.46 3.49 3.55

Histidine 2.08 1.76 1.97

Iosleucine 3.91 4.24 4.06

Leucine 7.07 7.59 7.05

Lysine 5.28 5.36 5.68

Methionine 0.97 0.91 0.89

Phenylalanine 4.69 5.20 4.85

Proline 4.50 4.24 4.65

Serine 4.42 4.96 4.21

Threonine 3.04 3.27 3.07

Trytophan 0.34 0.31 0.36

Tyrosine 3.23 3.53 3.19

Valine 3.75 3.98 3.84

Table 2

Molecular weight distribution of hydrolysates (%)

M.W. (daltons) Hydrolysate A Hydrolysate B

< 500 13.4 15.4

500±2000 34.5 41.4

2000±3000 17.2 16.9

3000±4000 33.3 23.0

>4000 1.78 3.34
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3.3.2. Water sorption

Fig. 5 shows water sorption isotherms for intact ISP
and its hydrolysates at 22�C. Water sorption of hydro-
lysates A and B increased 1.8±2.9 times and 2.1±3.4
times at water activity of 0.6±0.9 as compared to intact
ISP, respectively. This suggests that the hydrolysates
were more e�ective water binding agents than the intact
ISP. Isolated soy protein contains a relatively large
amount of ionizable polar amino acids such as glutamic
and aspartic acids (Table 1) which can bind almost 3
times as much water as that of non-ionizable polar
groups (Chou & Morr, 1979; Deeslie & Cheryan, 1988).
In the native protein, some of these groups are buried
and thus are not available for water binding. The results
also suggest that the hydrolysates could be used as an
additive in intermediate-moisture (IM) foods to bind
water and improve the texture. Cheryan and Deeslie
(1984) patented protein hydrolysates produced by
ultra®ltration membranes and found that they were
particularly e�ective for increasing nutrition and
improving texture in various IM foods, such as high
energy bars, moist-packaged animal foods and space
foods.

3.3.3. Antioxidant activity
Table 3 illustrates the antioxidant activities of ISP

and its hydrolysates in soybean oil in terms of oxidative
stability index (OSI). A higher OSI value represents a
greater antioxidant activity in the soybean oil system.
The results indicate that the antioxidant activity of ISP
could be enhanced by enzyme hydrolysis of ISP. Both
hydrolysates (A and B) gradually increased their anti-
oxidant activity as well as oxidative stability with
increase of their concentrations. Hydrolysate B from the
30,000 daltons MWCO membrane showed a much
higher OSI value than hydrolysate A from the 3000
daltons MWCO membrane. At a concentration of 5%,
oxidative stability of hydrolysates B and A increased
71.9 and 43.8% as compared with control, respectively.
According to Chen, Muramots, and Yamauchi, (1995),
antioxidative peptides from hydrolysates of soybean �-
conglycinin are composed of 5±16 amino acid residues
with molecular weights between 500 and 2000 daltons.
They concluded that the antioxidant activity of hydro-
lysates was an inherent characteristic of amino acid
sequences of peptides which depended on the speci®city
of the protease. Table 2 shows that the peptide content
of hydrolysate B has 7% more of the 500-2000 dalton
fraction than hydrolysate A. This may be why hydrolysate

Fig. 5. Water sorption isotherms of ISP and its hydrolysates at 22�C.
Results are mean values of at least three measurements. Standard

deviations did not exceed 2.5% of the recorded values.

Fig. 4. E�ect of pH (2±9) on solublity of intact ISP and its hydro-

lysates. Results are mean values of at least three measurements. Stan-

dard deviations did not exceed 2.5% of the recorded values.

Table 3

E�ect of the concentration of ISP and its hydrolysates on their

antioxidative activity in terms of oxidative stability index (OSI) at

120�C

OSI Percent

increase in

oxidative

stability

Control 3.13�0.07a

Hydrolysate A

0.1% (w/w) 3.13�0.07a 0

0.5% 3.26�0.04a 3.1

1.0% 3.36�0.14b 9.4

2.5% 4.07�0.04d 28.1

5.0% 4.57�0.03f 43.8

Hydrolysate B

0.1% 3.08�0.07a 0

0.5% 3.26�0.11ab 6.3

1.0% 3.63�0.05c 15.6

2.5% 4.23�0.10e 36.7

5.0% 5.36�0.11g 71.9

ISP

0.1% 3.03�0.06a 0

0.5% 2.98�0.15a 0

1.0% 3.05�0.11a 0

5.0% 3.39�0.04b 7.0

0.1%BHA 3.18�0.07ab 1.6

0.1%BHT 4.44�0.04a 39.8

Results are mean values of three measurements�standard deviation.

Values in each row with the same superscript are not signi®cantly dif-

ferent (p>0.05) from one another. % increase in oxidative stabili-

ty=100�(experimental OSIÿControl OSI)/ Control OSI. Control=

without antioxidant.
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B has a higher antioxidant activity than hydrolysate A.
Several studies of protein hydrolysates have reported
antioxidant activity (Bishov, Naits, Yakoo, & Fujumaki
Henick, 1975; Yamaguchi et al., 1980; Yee, Shipe, &
Kinesells 1980; Shahildi & Amarowicz, 1996). The results
suggest the antioxidant activity of protein hydrolysates is
a�ected by their composition of amino acids and peptides
which were mainly governed by enzyme hydrolysis and
the selected MWCOmembrane.

4. Conclusion

The continuous HF membrane reactor proved to be a
useful means to produce a protein hydrolysate with
speci®c functional properties.

The hydrolysates with a wide range of pH solubility
have the potential to be used as nutritional supplements
in clear acidic beverages, and with a larger water-bind-
ing capacity can improve the texture and shelf-stablity
of intermediate-moisture food. In addition, the hydro-
lysates with antioxidant activity may increase the stabi-
lity of lipids and lipid-containing foods.
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