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ABSTRACT: Soy protein hydrolysates significantly enhance cell growth and recombinant protein production in cell cultures.
The extent of this enhancement in cell growth and IgG production is known to vary from batch to batch. This can be due to
differences in the abundance of different classes of compounds (e.g., peptide content), the quality of these compounds (e.g.,
glycated peptides), or the presence of specific compounds (e.g., furosine). These quantitative and qualitative differences between
batches of hydrolysates result from variation in the seed composition and seed/meal processing. Although a considerable amount
of literature is available that describes these factors, this knowledge has not been combined in an overview yet. The aim of this
review is to identify the most dominant factors that affect hydrolysate composition and functionality. Although there is a limited
influence of variation in the seed composition, the overview shows that the qualitative changes in hydrolysate composition result
in the formation of minor compounds (e.g., Maillard reaction products). In pure systems, these compounds have a profound
effect on the cell culture functionality. This suggests that the presence of these compounds in soy protein hydrolysates may
affect hydrolysate functionality as well. This influence on the functionality can be of direct or indirect nature. For instance, some
minor compounds (e.g., Maillard reaction products) are cytotoxic, whereas other compounds (e.g., phytates) suppress protein
hydrolysis during hydrolysate production, resulting in altered peptide composition, and, thus, affect the functionality.
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■ INTRODUCTION

The performance of a mammalian cell culture system is primarily
determined by the product yield (production of recombinant
proteins, such as immunoglobulins (IgG) and interferon γ) and
product quality (glycosylation of recombinant proteins).1 In
many cell culture studies, viable cell growth is used as a second
parameter to describe the cell culture performance.1,2 This is
because the recombinant protein production can be affected by
cell growth. In some studies, recombinant protein production
has been reported to increase with an increase in cell growth,3

whereas in other studies, recombinant protein production
increased following a suppression in cell growth.4

To improve the performance of mammalian cell culture
processes, fetal calf serum has been used as a supplement for
several decades. This supplement provides growth factors,
proteins, lipids, attachment factors, minerals, hormones, and
several trace elements that are important for promoting cell
growth and enhancing recombinant protein production.1,5

However, the use of fetal calf serum has become restricted due
to the risk of transmissible diseases such as bovine spongiform
encephalopathy. As a result, substantial research has been
performed to identify alternatives for fetal calf serum. Currently,
two alternatives have been described in the literature: (1) using a
chemically defined medium6−9 or (2) supplementing the basal
chemically defined medium with plant protein hydrolysates.10−13

The latter approach has become a common practice in the
biopharma industry. In Table 1, an overview of the influence of
soy protein hydrolysate supplementation to chemically defined
medium on cell growth and recombinant protein production is
provided. In this overview, the cell growth and recombinant
protein production for chemically defined medium is set to 100%.

The cell growth and IgG production in hydrolysate-supplemented
chemically defined medium ranged from 90 to 178% and from
95 to 300%, respectively, as compared to that in the chemically
defined medium (100%) (Table 1).
Commercially, plant protein hydrolysates from several sources

such as soy, cotton, rice, wheat gluten, pea, and rapeseed proteins
are available for cell culture applications.14−16 The cell growth of
the Chinese hamster ovary (CHO, CHO DG44/dhf r−/−) cells
cultivated in HyQ CDM4-CHO medium supplemented with 16
hydrolysates obtained from different sources varied from 106 to
144% relative to that in the chemically defined medium (100%).2

Although the enhancement in cell growth in culture supple-
mented with soy protein hydrolysate was the highest, the reasons
why soy protein hydrolysates performed better than other
hydrolysates were not explained.
Several cell culture studies have been performed, in which

various cell lines (e.g., CHO 320, ME 750, and WuT3)11,12,17,18

and chemically defined media (e.g., RPMI 1640, 5:5:1 (v/v) of
IMDM:Ham’s F12:NCTC, and 2:1:1 (v/v) of DMEM:F12:RP-
MI)7,9,10 supplemented with soy protein hydrolysates10,12,13,17

produced using different processes have been tested. The com-
parison of results obtained in these studies is limited, because
these chemically defined media and hydrolysates have different
chemical compositions and different cell lines have diverse
nutritional requirements.1 This comparison is further compli-
cated by the fact that although the chemically defined media to
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which hydrolysates are supplemented are called “chemically
def ined”, an exact definition, or composition, of such a medium
is not reported in the scientific literature. This lack of compara-
bility limits the understanding of the role of soy protein
hydrolysates in enhancing cell culture functionality. Moreover,
this results in wide variability in the functionality of soy protein
hydrolysates in cell culture (Table 1). For several studies, the
cell growth was low in hydrolysate-supplemented cultures as com-
pared to the chemically defined media, but the recombinant
protein production was always higher in the former than in the
latter. The beneficial effects of soy protein hydrolysate are
attributed to its complex composition, wherein it contains a large
variety of different classes of compounds (e.g., peptides and
carbohydrates). Typically, soy protein hydrolysates (60%
peptides/amino acids and 20% carbohydrates)17 are supple-
mented to a chemically defined medium at 0.1−1.0% (w/v).
A typical chemically defined medium such as Iscove’s modified
Dulbecco’s medium has amino acid and glucose contents of
1.2 and 4.5 g/L, respectively.19 The hydrolysate supplementation
to chemically defined medium significantly increases the protein
content (50−500%) and carbohydrate content (4−44%) of the
supplemented medium. As a result, these compounds consid-
erably enhance the cell culture functionality of the chemically
defined medium. First, these compounds provide carbon and
nitrogen to cells resulting in enhanced cell growth and/or
recombinant protein production;16,20 Second, there might be
certain specific (key) compounds in hydrolysates that specifically
enhance cell growth, recombinant protein production, or
both.13,17 In previous work, phenyllactate, lactate, trigonelline,
chiro-inositol, and X-190 (an unannotated peptide) were
identified as key compounds in soy protein hydrolysates that
correlated positively with CHO (CRL-11397) cell growth.13

Lactate, ferulate, syringic acid, galactarate, adenine, and X-198
(an unannotated peptide) were shown to be the key compounds
that correlated positively with IgG production.13,21,22 In these
studies, the variation in the concentration of the key compounds
was linked to the batch-to-batch variability in the cell culture
performance of soy protein hydrolysates. A comparison of supple-
mentation of 30 batches of soy protein hydrolysate to chemically
defined media to culture CHO (CRL-11397) cells showed that
the cell growth and IgG production varied from 148 to 438%
and from 117 to 283% relative to the chemically defined medium
(100%), respectively.13 For 29 batches of another soy protein

hydrolysate, the recombinant protein production ranged from
52 to 164% of the average recombinant protein production of all
hydrolysates.23

The extent of variability in the cell culture performance
between different batches of a hydrolysate also depends on
the cell lines used and the test concentration of hydrolysates.
The IgG production in CHO cells ranged from 103 to 138%
and that in avian cells ranged from 93 to 115% as measured for
16 batches of a soy protein hydrolysate.24 When the same
hydrolysates were supplemented at 0.5% (w/v) to CHO cells,
the IgG production ranged from 103 to 138%, whereas it was
83−138% when hydrolysates were supplemented at 1.5% (w/v)
concentration, respectively.24

In addition to cell line and hydrolysate concentration, batch-
to-batch variation in the hydrolysate functionality is influenced
by variability in the gross composition and qualitative changes that
occur in the chemical composition of hydrolysates. The gross
composition includes the total content and composition of each
class of compound present in the hydrolysate, for instance, total
peptide content and content of individual peptides. Qualitative
changes refer to the chemical modification reactions (e.g., cross-
linking and glycation of proteins) that occur in hydrolysates.
These reactions result in the formation of minor compounds,
such as furosine, lysinoalanine (LAL), peptide−phytate com-
plexes, and peptide−polyphenol complexes. Conventionally,
these compounds are not included in the gross compositional
analysis of hydrolysates. Therefore, qualitative changes could
result in large differences in the hydrolysate functionality,
whereas the gross composition of different batches of hydrolysate
stays identical. Both gross and qualitative compositional changes
occur in soy protein hydrolysates due to variations in processing
and raw material (seed and/or meal) composition. Although
there is a lot of literature available on compositional (gross and
qualitative) changes in soybean and its derived products, this
knowledge, in relation to cell culture functionality, has not been
combined in an overview yet.
In this review, we first discuss the effects of hydrolysate

composition, both gross and qualitative, on cell growth and
recombinant protein production in cell culture applications.
Subsequent discussion focuses on how variations in the
hydrolysate composition may be induced by variations in the
raw material and processing.

Table 1. Effect of Supplementation of Soy Protein Hydrolysates to Chemically Defined Media on the Cell Growth and
Recombinant Protein Production

cell line hydrolysate concn % (w/v) cell growtha recombinant proteina,b specific productionc reference

CHO 320 0.2 150 272 1.81 3
ProCHO5 0.2 178 300 1.69 3
CHO 320 0.2 91 121 1.33 4
CHO 320 0.1 100 116 1.15 10
CHO 320 0.1 91 108 1.19 10
ME-750 0.2 107 112 1.05 12
CHO 320 0.2 98 135 1.38 17
WuT3 0.1−1.0 94−152 95−155 0.87−1.02 18
CHO 1.0 145 160 1.10 119, 120
CHO 1.0 145 135 0.93 121, 122
SP 2/0 hybridoma 0.1−0.5 90 126 1.40 15
SP 2/0 hybridoma 0.1−0.5 154 115 0.75 15

chemically defined media 100 100 1.00
aCell growth and recombinant protein production are expressed as percent relative to chemically defined media. bValues shown for recombinant
protein production are for interferon-γ, IgG, and unspecified recombinant proteins. cSpecific production = (recombinant protein)/(cell growth).
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■ CHEMICAL COMPOSITION OF SOY PROTEIN
HYDROLYSATES

The major compounds present in soy protein hydrolysates
are peptides, carbohydrates, and minerals. The typical gross
composition of a commercial soy protein hydrolysate produced
from defatted soybean meal is 60 ± 5% (w/w) peptides/amino
acids, 20 ± 5% (w/w) carbohydrates, and 10% (w/w) minerals
(variation in the mineral concentration was not specified).17

Whereas the total carbohydrate and mineral contents of soy
protein hydrolysate are known, the monosaccharide and mineral
compositions are not yet reported. For 30 batches of another
commercial soy protein hydrolysate, Proyield Soy SE50MAF-UF,
produced from defatted soybean meal, the protein content varied
in a narrow range of 56−58% (w/w).13 This suggests that the
batch-to-batch variability in the gross composition of a specific
hydrolysate produced by a particular manufacturer is relatively
small (<5%).
In addition to peptides, carbohydrates, and minerals, several

compounds such as phytates (<0.05−0.2% in soy protein
hydrolysates),25 Maillard reaction products (absolute concen-
trations are not available) (MRP, e.g., pyrazines),26 phenolic
acids (227 mg/100 g protein in soy protein hydrolysates),27

LAL (absolute concentrations are not available), and racemized
amino acids/peptides (absolute concentrations are not available)
are expected to be present in low concentrations. These minor
compounds either are present in the raw material (soybean or
meal) or are produced as a result of chemical modification
reactions that occur during processing. Although some of these
compounds (e.g., racemized peptides) are still determined as
“proteins” in the total nitrogen analysis (e.g., Dumas method),
their functionality is not the same as that of unmodified peptides.
The concentrations of these minor compounds may be low, but
they may have a large influence on the hydrolysate functionality.

■ EFFECT OF COMPOUNDS PRESENT IN SOY
PROTEIN HYDROLYSATES ON CELL CULTURE
FUNCTIONALITY

Typically, soy protein hydrolysates are supplemented at 0.1−
1.0% (w/v) concentration to the chemically defined medium in
cell culture assays (Table 1). The optimal hydrolysate con-
centration varies depending on the cell line and the experi-
mental setup. The optimal hydrolysate concentrations are
determined from dose (hydrolysate concentration)−response
(cell growth/IgG production) curves. For CHO DG44/−
dhfr− cells, the cell growth at 0.2, 0.4, 0.6, 0.8, and 1.2% (w/v)
hydrolysate concentration in chemically defined medium was
131, 155, 152, 133, and 105%, respectively.2 The recombinant
protein production was not reported. As the peak cell growth is
observed at 0.4% (w/v) hydrolysate concentration, this was
considered as an optimum concentration. In WuT3 hybridoma
cells, at 0.1, 0.2, 0.3, 0.5, and 1.0% (w/v) hydrolysate con-
centration, the cell growth was 134, 150, 151, 152, and 94%,
respectively.18 At 0.1, 0.2, 0.3, 0.5, and 1.0% (w/v) hydrolysate
concentration, the recombinant protein production was 117, 133,
145, 155, and 95%, respectively.18 Thus, 0.5% (w/v) was the
optimum concentration when both cell growth and recombinant
protein production were highest as compared to other hydro-
lysate concentrations. In addition to cell line and experimental
setup, the optimal hydrolysate concentration depends on the
chemical composition of hydrolysates. Surprisingly, the
composition of hydrolysates has not been described in any of
the cell culture studies that evaluated the effect of hydrolysate

supplementation. Consequently, there is no knowledge of the
effect of compositional differences between different batches of a
hydrolysate on the functionality. This limits the understanding of
the role of compounds present in hydrolysate on the cell culture
functionality. Nevertheless, recently some systematic studies
such as chemometrics in combination with LC-MS or NMR,
RP-HPLC fractionation methods, and supplementation or
removal of pure and specific compounds have been performed
to start understanding the role of individual compounds on the
functionality. Whereas the presence of peptides and carbohy-
drates contributes positively toward cell growth and IgG produc-
tion, minor compounds such as racemized peptides, phytates,
MRP, LAL, and polyphenols reduce this positive effect. These
are discussed below.

Peptides. The role of peptides in cell culture is two-fold.
First, the role of peptides is of nutritional character, where they
act as a nitrogen source and support cell growth. Heidemann et al.
demonstrated this nutritional effect by supplementing basal
medium with 0.5% (w/v) wheat protein hydrolysate. The hydro-
lysate supplementation increased the cell growth and recombi-
nant protein production by 105 and 114%, respectively, relative
to the basal medium (100%).16 These effects on functionality
due to hydrolysate supplementation could be reproduced by
supplementing the basal medium with twice the amount of
glutamine and asparagine and 4 times the amount of serine
present in the basal medium. The cell growth and recombinant
protein production in the fortified medium were 114 and 130%,
respectively, as compared to the nonfortified basal medium
(100%).16

Second, certain peptides/peptide fractions exert a specific
influence on cell growth and/or recombinant protein production.
Franek et al. used liquid chromatography to fractionate soy
protein hydrolysate. From these fractions, a specific peptide
fraction (0.2% w/v) exhibited 141% cell growth and 213% IgG
production as compared to the unfractionated hydrolysate
(100%) in ME-750 hybridoma cells.12 The other two fractions
obtained exhibited lower cell growth (88 and 84%) and IgG
production (78 and 102%) as compared to the unfractionated
hydrolysate (100%).12 In another study with synthetic peptides,
supplementation at 0.2% (w/v) with Gly-Lys-Gly and Gly-
His-Gly enhanced IgG production to 148 and 160%, whereas
the cell growth was suppressed to 88 and 80% relative to the
chemically defined medium (100%).28 Conversely, supplemen-
tation at 0.2% (w/v) with Gly-Gly-Gly enhanced cell growth
to 148% as compared to chemically defined medium (100%),
whereas IgG production was unaffected.28

The specific effects are different from the nutritional effects
because they cannot be reproduced by supplementing additional
amino acids in the cell cultures.29 In the literature, the specific
effects of peptides are referred to as survival factors, anti-
apoptotic factors, or growth factor-like activity. These specific
effects can probably be explained by an energetically efficient
peptide transport into the cell as compared to that of free amino
acids supplied by chemically defined medium.16,30 However,
these mechanisms are not well understood.
The nutritional and specific effect of peptides depends on

the molecular size. In general, hydrolysates with small peptides
are functionally better than hydrolysates with large peptides.
For example, extensively hydrolyzed (77% peptides <1 kDa;
1% peptides >10 kDa) and less extensively hydrolyzed (18%
peptides <1 kDa; 26% peptides >10 kDa) rapeseed protein
hydrolysates supplemented to chemically defined media showed
cell growth of 133 and 85%, respectively.30 Similar observations
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were reported when rapeseed protein hydrolysates made with
Esperase 7.5L, Neutrase 0.8L, and Orientase 90N were tested in
cell culture. Esperase is a serine protease from Bacillus lentus,
Neutrase is a neutral metallo-protaese from Bacillus amylolique-
faciens, and Orientase is a serine protease from Bacillus subtilis.30

All of the enzymes had low specificities.30 The activity of the
enzymes was standardized using a hemoglobin standard, allowing
comparison of different enzymes. The hydrolysates had similar
molecular size distribution of peptides, but the cell growths
observed were not similar. For example, the hydrolysate made
with Esperase enhanced the cell growth 1.5 times higher than
hydrolysates made with Neutrase.30 This showed that hydrolysis
with different enzymes resulted in the formation of different
peptides which affected the functionality of hydrolysates.
Carbohydrates. Carbohydrates are a source of carbon that

supports cell growth. Different carbohydrates differ in the rates
at which they are consumed by cells and, hence, the maximum
achievable cell growth differs.31,32 Glucose, mannose, galactose,
and fructose at 20 mM concentration were tested in a medium
formulation used for CHO-TF-70R cells. Whereas the average
cell concentration after 140 h of culturing in medium containing
glucose or mannose was 1.2 × 106 cells/mL, it was 0.7 × 106

cells/mL in medium with galactose or fructose.31 Furthermore,
the consumption rate of glucose or mannose was much faster
than that of galactose or fructose. After 150 h of culturing,
12.5 mM glucose/mannose and 2.5 mM galactose/fructose
were consumed by CHO-TF-70R cells.31 In a similar study,
Barngrover et al. studied the influence of fructose and galactose
concentration on cell growth of Vero African green monkey
cells. After 6 days of culture, the cell growth was 27.5 × 105,
23.8 × 105, 11.3 × 105, and 16.3 × 105 cells/mL in 5, 10, 15, and
20 mM galactose in L-15 (Leibovitz) medium.33 On the other
hand, the cell growth was 23.8 × 105, 27.5 × 105, 23.8 × 105,
and 16.8 × 105 cells/mL in 5, 10, 15, and 20 mM fructose con-
centration in L-15 (Leibovitz) medium.33 Therefore, a strategic
selection of carbohydrates and concentration in cell culture can
be used to enhance the recombinant protein production.34

Whereas the maximum cell growth and tissue plasminogen
activator production in 20 mM glucose medium were 1.6 ×
106 cells/mL and 3.9 μg/mL, respectively, they were 1.9 × 106

cells/mL and 4.5 μg/mL in 5 mM glucose and 20 mM galactose
medium.34

Racemized Amino Acids/Peptides. The influence of
racemized amino acids on cell growth has been investigated in
few studies. In HeLa35 and chick embryo cell culture36 racemized
D-amino acids did not inhibit or enhance cell growth. Similarly,
Naylor et al. tested racemized amino acids in several mammalian
cell lines (e.g., LM (TK−), A9, HTC+, 6TG-11, CHO, and B16)
and reported that racemized amino acids did not affect cell
growth.37

Chelating Compounds (LAL, Phytates, and MRP). In
human and animal studies, LAL,38,39 phytates,40 and MRP41,42

have been shown to chelate cations. Cations have an important
role in mammalian cell culture; for example, magnesium controls
the activities of many glycolytic enzymes in the Krebs cycle,43 and
calcium and zinc are essential for cell growth and differentiation,
apoptosis, and recombinant protein production.44,45 For instance,
supplementation of phytic acid (0.27−2.7 mM) resulted in
decreased BALB/c mouse 3T3 fibroblast cell growth (from 93 to
45%) as compared to the nonsupplemented control (100%).46

Maillard Reaction Products (MRP). The Maillard reaction
results in the loss of essential amino acids (e.g., lysine), as the
MRP cannot be metabolized in cell cultures. Moreover, Maillard

reaction also results in the formation of new compounds, such as
pyrazines and hydroxymethylfurfural, which affect cell cultures.
Pyrazine and its derivatives at 1% (w/v) concentration induced
genotoxicity in the range of 0.4−29% in CHO cells.47 More than
1% (w/v) pyrazine concentration was toxic and completely
inhibited cell growth. Another MRP, hydroxymethylfurfural,
at 0.1% (w/v) concentration exhibited similar genotoxic and
growth inhibition effects in chick-embryo fibroblasts.48

Peptide−Polyphenol Complexes. The influence of
peptide−polyphenol complexes was investigated by supplement-
ing growth medium with sunflower meal hydrolysates
containing 1 and 6% (w/w) of polyphenols. Whereas the cell
growth and recombinant protein production for the former
hydrolysate were 9 g biomass/L and 180 units of streptokinase/
mL−1 h−1, respectively, they were only 2 g biomass/L and 40
units of streptokinase/mL−1 hour−1 for the latter, respectively.49

This clearly showed that high levels of polyphenol in
hydrolysates inhibited cell growth and productivity. Although
a large but similar extent of variability is reported for polyphenol
content in sunflower (1.4−6.1%)49−52 and soybean meal (0.02−
9%),53−55 the polyphenol compositions between the two meals
differ greatly. Whereas the sunflower meal primarily contains
chlorogenic acid as well as caffeic and quinic acids, soybean
meals are rich in isoflavones such as daidzein, glycitein, and
genistein. In chemically defined cell cultures, the influence of
soy isoflavones on the cell culture functionality has also been
investigated. Supplementation with genistein at >10 μM con-
centration (2.7 μg/mL) to the cell culture media resulted in a
drastic reduction of CHO cell viability, and apoptosis and geno-
toxicity were induced.56 In addition to cytotoxicity, genotoxic
effects on cell cultures due to polyphenols are reported. A
40-fold increase in chlorogenic acid concentration from 0.01 to
0.4 mg/mL resulted in a 40-fold increase in genotoxicity in
CHO cells.57 These effects increased further in the presence of
metal ions such as manganese and copper.57

In addition to a direct effect, the above-mentioned minor
compounds influence the cell culture functionality by affecting
hydrolysate composition. These compounds interfere with the
production of peptides during enzymatic hydrolysis in hydro-
lysate production (Figure 1).

■ PRODUCTION OF SOY PROTEIN HYDROLYSATES
Soy protein hydrolysates for cell culture applications are
produced by enzymatic hydrolysis of defatted soybean meal,
soy protein concentrate, or protein isolate, followed by enzyme
inactivation, coarse filtration, ultrafiltration, and spray-drying
(Figure 2).58 The industrial enzyme preparations that are used
for hydrolysis may contain carbohydrase side activities. Such
side activities in Neutrase (0.025% on protein basis) resulted in
the release of 14% neutral sugars from the water-unextractable
solids fraction obtained from toasted soybean meal.59 The
hydrolysis reaction is stopped by inactivating the enzyme using
a heat treatment. After enzyme inactivation, the solution is coarse-
filtered to remove large and insoluble impurities, mainly
polysaccharides, nonhydrolyzed proteins, and aggregated peptides.
Coarse filtration is usually performed using filter aids, which are
available in a wide range of particle sizes (median particle size from
1.5 to 26 μm).60 The coarse filtration can be substantially hindered
by polysaccharides and protein−lysophospholipid complexes.61

After coarse filtration, the hydrolysate solution is ultrafiltered,
typically using a 10 kDa membrane, to remove large molecular
weight compounds, such as partially hydrolyzed peptides and
endotoxins.58 Endotoxins are complex lipopolysaccharides, which
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are a major component of the cell wall membrane of most Gram-
negative bacteria. The presence of endotoxin in hydrolysate
adversely affects its functionality. In B-9 cells, the presence of
20 ng/mL endotoxins resulted in 30% reduced production of a
recombinant human protein called Mullerian inhibiting sub-
stance.62 After ultrafiltration, the hydrolysate is composed of only
water-soluble compounds (including the minor compounds
described in previous sections). Finally, the hydrolysate solution
is concentrated and spray-dried. Conventionally, commercial soy
protein hydrolysates are characterized for molecular weight

distribution of peptides. Other analyses may include determination
of protein, ash, moisture, and amino acids.63

Compounds Affecting Enzymatic Hydrolysis of the
Soybean Meal. The enzymatic hydrolysis of the soybean
meal is affected by the minor compounds following three
mechanisms: first, due to processing treatments, the substrate
protein may be modified (e.g., MRP and cross-linked proteins).
Second, compounds present in the soybean meal (e.g., protease
inhibitors) may inhibit the enzyme used for hydrolysis. Third,
some compounds (e.g., polyphenols and phytates) can both
modify the substrate and inhibit the enzyme (Figure 1).
Because systematic data on soy protein hydrolysis in relation to
these mechanisms are not available, references that describe
effects on other types of proteins are included (Table 2). In
addition, data on in vitro protein digestibility are not available
and, therefore, results from in vivo animal nutrition studies are
used to illustrate the effects of these mechanisms on protein
digestibility. These effects are then used as an indication to state
that similar effects can be expected in in vitro protein hydrolysis
during hydrolysate production.

Specific Substrate Modification. Racemization. In
several studies, racemization, that is, conversion of L-form to
D-form, has been shown to occur in amino acids and peptides.
In these studies, combinations of extreme experimental condi-
tions (pH 2−12; temperature = 25−130 °C; heating time =
1−24 h) have been used to induce racemization.64,65 However,
these processing conditions never occur during hydrolysate pro-
duction. The extent of racemization has not been investigated
under representative conditions (neutral pH; temperature =
50−100 °C; heating time = 0.5−1 h). This is important, because
the occurrence of even a very small extent of racemization in
proteins and/or peptides greatly affects hydrolysis.66 In vitro
hydrolysis of synthetic racemized and nonracemized tripeptides
(Ala-L-Glu-Ala, Ala-D-Glu-Ala, Ala-L-Asp-Ala, Ala-D-Asp-Ala, Val-
L-Asp-Val, Val-D-Asp-Val, Ala-L-Phe-Leu, Ala-D-Phe-Leu, Ala-
Met-Ala·HCl, Ala-D-Met-Ala·HCl, Val-Met-Phe·HCl, and Val-D-
Met-Phe·HCl) using intestinal peptidases was investigated. Where-
as tripeptides containing L-amino acid residues were completely
hydrolyzed, the tripeptides containing D-amino acid residues were
not hydrolyzed at all.67,68 In another study, peptic hydrolysis of
benzyloxycarbonyl-L-Ala-L-Phe-L-Tyr, benzyloxycarbonyl-L-Ala-L-
Phe-L-Leu-L-Ala, benzyloxycarbonyl-L-Ala-L-Gly-L-Phe-L-Tyr and

Figure 2. Schematic diagram for production of soy protein
hydrolysates from soybean meal, protein concentrates, or isolates
(based on Paspuleti et al.).58

Figure 1. Schematic overview of chemical reactions and minor compounds that affect protein hydrolysis and functionality. The minor compounds
are affected by meal composition and processing treatments.
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their corresponding D-isomers was studied. Whereas the rates
of hydrolysis were 22, 95, and 584 nmol/min/mg pepsin for
L-isomers, they were 1, 7, and 4 nmol/min/mg pepsin for
D-isomers, respectively.69

Lysinoalanine (LAL) Formation. The processing treatments
used during oil extraction from soybeans and production of the
meal and hydrolysates can lead to formation of compounds
such as LAL, lanthionine, dehydroalanine, and β-aminoalanine.
The cross-linking reaction and formation of these compounds are
well described in the literature.70,71 Soy proteins (defatted soy
flour precipitated at pH 4.5, washed with water and freeze-dried)
were heat treated at 100−120 °C and pH 6.5 for 1−3 h. The LAL
content in these heat-processed soy proteins was <40−130 μg/g
protein.72 In commercial soy protein isolates, the LAL content has
been reported to vary from 0 to 370 μg/g protein.72 Likewise, wheat
protein processing (65 °C, 24 h, pH 11.5) resulted in conversion of
15% lysine to LAL, decreasing the protein digestibility from
93% (unprocessed) to 76% (processed) in miniature pigs.73

Specific Enzyme Inhibition. Protease Inhibitors. Protease
inhibitors found in soybeans are Bowman−Birk and Kunitz
inhibitors. The molecular size and structure of these inhibitors
are well described by Rackis et al.74 The specificity of these
inhibitors is not only for trypsin and chymotrypsin but also
for elastase and several other serine proteases.38 Whereas
the Kunitz inhibitor is heat-labile, Bowman−Birk is a heat-
stable protease inhibitor.75 In a starch matrix, the inactivation
rate constants of the Kunitz and Bowman−Birk inhibitors
were 12 × 104 and 6.9 × 104 s−1, respectively.76 Thus, a strong
heat treatment, such as autoclaving (121 °C/10 min, 15 psi), is
required to inactivate protease inhibitors.75 This harsh processing
initiates other reactions such as the Maillard reaction and
racemization in the soybean meal. Generally, commercial
defatted soybean meals retain some protease inhibitory activity
(0−12.1 mg/g protein, Table 3). A wide variation in the protease
inhibitory activity of soybean meals is reported in the literature.
For instance, in three samples of heated soy flours, trypsin in-
hibitory activity (TIA) was 22, 11, and 4 mg trypsin inhibited/g
sample.77 The supplementation of Atlantic salmon (Salmo salar)

diets with crude soybean trypsin inhibitor extract ranging from
0 to 9.7 TIA resulted in reduced protein digestibility from
83 to 38%.78 The protein digestibility was calculated from the
difference between total nitrogen of the fish diet and feces
measured using the micro-Kjeldahl method.79 In a similar study
with rainbow trout, the in vivo protein digestibility of fish meal
containing 0−1.5% soybean protease inhibitors ranged from 93
to 70%.80 As protease inhibitors affect in vivo protein digestibi-
lity, it is expected that in vitro protein hydrolysis during hydro-
lysate production is also affected. This will affect the peptide
composition of the hydrolysate and consequently affect the cell
culture functionality. A direct effect of protease inhibitors on
the cell culture functionality is not expected because they are
removed during the ultrafiltration step in hydrolysate production.

Free Fatty Acids. Free fatty acids such as oleic, linoleic, and
linolenic acid in soybean meal can act as protease inhibitors.
In the presence of oleic, linoleic, and linolenic acid (0.6 μmol/
4 mL of assay solution), the chymotrypsin activity decreased by
30, 40, and 60%, respectively.81 Whereas oleic and linoleic acid
totally inhibited trypsin, linolenic acid reduced trypsin activity
by 50%.81

Table 2. Influence of Chemical Reactions and Minor Compounds on the Enzymatic Hydrolysis on Protein Substrates and
Enzymes

reaction hydrolysis conditions substrate hydrolysis (%)a reference

Maillard reaction xylose added (1 and 3% soybean meal weight); heat treated (120, 160 °C) for 30 or
60 min; in situ hydrolysis; 48 h

soybean meal −8 to −46 83

protein−polyphenol BSA−quercetin (1:1 to 20:1 w/w); trypsin (E/S = 1:80); 35 °C;4 h bovine serum
albumin

−16 to −45 95

protein−phytate pepsin (E/S 1:250); pH 2.0−4.5; phytate 2 mg/mL; 37 °C; 30 min soybean 11S −43 91

racemization immobilized crude porcine mucosa intestinal peptidases; 37 °C; 24 h synthetic peptides −100 68
swine pepsin; pH 1.5; enzyme = 0.02−0.5 mg/mL; 20 h; 40 °C synthetic peptides −93 to −99 69

cross-linking wheat protein; 24 h; pH 11.5; 65 °C; in vivo hydrolysis wheat protein −17 73

saponins 1 mg/mL soy saponin; 1 mg/mL substrate; 0.1% α-chymotrypsin; 38 °C; pH 7.6; 3 h glycinin −57 94
β-conglycinin −27 94

protease inhibitors crude soybean trypsin inhibitor type II S, 0−9.7 trypsin inhibitor activity (mg bovine
trypsin inhibited per g feed); in vivo hydrolysis

salmon −38 to −83 78

crude soybean trypsin inhibitor type II S, 0−1.48% trypsin inhibitor; in vivo hydrolysis trout −70 to −93 80
aHydrolysis (%) = ((chemically modified substrate protein hydrolyzed (in the presence of minor compounds))/(unmodified substrate protein
hydrolyzed (in the absence of minor compounds))) × 100.

Table 3. Prominent Compositional Differences between the
Underprocessed, Adequately Processed, and Overprocessed
Soybean Meals

underprocessed
adequately
processed overprocessed

trypsin inhibitors,105 trypsin
inhibited/protein (mg/g)

12.1 1.77 0

protein solubility (%)123 >85 74−85 <74
lysine content (% dry matter)124 3.5 3.0 2.7
weight gain105 (g/chick) 605 643 596
Hunterlab (+a) color values104 2.9 3.2 10.1
g LAL/100 g protein125 nda nda 0.2
protein content (%)104 53 52.9 52.5
moisture content (%)104 11.2 10.9 7.5
ash content (%)104 6.2 6.3 6.1
and, not determined.
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Substrate Modification and Enzyme Inhibition.
Maillard Reaction. The background of the Maillard reaction,
factors affecting its rate of occurrence, and methods of analysis
are well described in the literature.82 The Maillard reaction in
the soybean meal results in lysine modification, which is the site
of action for enzymes such as trypsin. This hinders the enzymatic
hydrolysis of the soybean meal. The effect on hydrolysis was
studied using heat-treated soybean meal (120 and 150 °C;
30 and 60 min) in the presence of xylose (1 and 3%, soybean
meal weight basis). The heat-treated samples and a nonheated
control were enzymatically hydrolyzed in the rumen of a ram for
48 h. The protein degradability for heat-treated soybean meal
in the presence of xylose was 47−85%, whereas it was 93%
for untreated soybean meal.83 Moreover, due to the Maillard
reaction, protein polymerization can occur. Kato et al. studied
protein polymerization in ovalbumin stored on 1:1 w/w ratio
with maltose, cellobiose, isomaltose, lactose, and melibiose for
0−20 days at 50 °C and 65% relative humidity. After 7 days, the
polymers formed in ovalbumin−disaccharide mixtures ranged
from 8 to 23%.84 After 15 days of storage, the proportion of
polymers formed increased to 13−44%.84 These cross-linked
protein polymers have reduced susceptibility toward enzymatic
hydrolysis.85−87 Because the composition (protein/carbohydrates)
used in this study is similar to that of defatted soybean meal
(Table 4), it is expected that similar reactions could occur, even
though the data for cross-linking due to the Maillard reac-
tion in soybean meal have not been reported. In addition to sub-
strate proteins, MRP affect enzyme activity. Carboxypeptidase A
and aminopeptidase N were strongly inhibited by 0.5 and
0.25 mg/mL, respectively, of a low molecular weight fraction
of MRP.85,88 However, the specific MRP present in the low
molecular weight fraction were neither identified nor quantified.
Therefore, a quantitative relationship between the inhibition of
hydrolysis and MRP could not be obtained.
Protein−Phytate Interactions. During processing of the

soybean meal, complexes can be formed between proteins and
phytate.89 These complexes are insoluble and, as a result, they
are hydrolyzed at a slower rate than the noncomplexed proteins.90

In the presence of 1 mg/mL phytate, a 43% reduction in the
peptic hydrolysis of soybean 11S proteins was observed.91

Furthermore, phytate may directly inhibit enzyme. In soy flour,
an increase in the phytate content by 2.1% resulted in decreased
carboxypeptidase A activity by 14%.92 In the presence of
10−90 mM phytate, 2.7−19.6% of trypsin activity was inhibited.93

Saponins. Soy saponins suppress protein hydrolysis by
forming enzyme−saponin and/or protein−saponin complexes.
Addition of 1 mg/mL soy saponins to 1 mg/mL oglycinin
and 1 mg/mL β-conglycinin reduced the protein hydrolysis by
approximately 57 and 27%, respectively.94 However, such high

concentrations of saponins do not occur in soybean meal, soy
protein concentrates, or soy protein isolates (Table 4).

Protein−Polyphenol Complex. Isoflavones are the major poly-
phenols present in defatted soybean meal (0.2−0.3 g/100 g,
Table 4). These isoflavones form complexes with proteins during
harvesting, storage, and seed/meal processing. This complex
formation reduces the susceptibility of proteins to enzymatic
hydrolysis. The covalent binding of bovine serum albumin
(BSA)−quercetin derivatives in 20:1, 10:1, 7:1, 5:1, and 2:1
(w/w) ratios lowered the hydrolysis by 16, 26, 30, 37, and 45%,
respectively, as compared to the noncomplexed BSA (100%).95

In addition to food proteins, complex formation between
enzymes and polyphenols has been reported. More than 40%
enzymatic activity was lost when chymotrypsin was complexed
with chlorogenic acid.96 The mechanism of protein−polyphenol
complex formation and its influence on the protein hydrolysis are
well described by Kroll et al.97

The concentration of the above-mentioned minor compounds
in hydrolysates is determined not only by the hydrolysate
production itself but also by the meal-processing conditions. The
variation in the seed composition influences the concentration of
these minor compounds as well.

■ SOYBEAN MEAL PRODUCTION

The harvested mature whole soybeans are cracked, dehulled,
steam-heated, and pressed to obtain full-fat flakes. Subsequently,
oil is extracted from the flakes to obtain defatted soybean meal
(Figure 3). Oil is extracted from the flakes using processes such as
extruder-expeller, continuous screw press, and solvent extraction.
After oil extraction, solvent is removed from the residual meal by
direct heating or steam. Subsequently, the defatted meal is toasted
to inactivate protease inhibitors. A conventional and economical
method of toasting is to use direct steam injection at 120 °C
for 30 min under atmospheric or pressurized conditions.98

After toasting, the meal is ground to the desired particle size.
The defatted soybean meal contains 44−61% protein, 32−38%
carbohydrates, 6−7% ash, and 0.5−9% lipids (Table 4). The
composition of the soybean meal is primarily affected by two
factors, those being processing treatments and seed composition.
The influence of these two factors on the meal composition is
discussed further.

Influence of Processing Treatments. Processing treat-
ments such as desolventization and toasting cause qualitative
changes (e.g., protein denaturation and aggregation) in the
soybean meal. As a result of these processes, the nitrogen
solubility index (% NSI, eq 1) of the soybean meal decreases
significantly.

= ‐ ×nitrogen solubility index (% NSI)
water soluble N

total N
100

(1)

Table 4. Composition of Soybeans, Meal, Protein Concentrates, and Isolates

unit soybeans meal concentrates isolates

protein % 31−48126,127 44−61126,128 62−69129 85−96130

oil % 12−24126,131 0.5−9.0126,128 0.5−1.0129 0.5−1.0129

carbohydrates % 33−44132 32−38128 17−25128 0.3−0.6128

ash % 4−5128 6−7128 3.8−6.2129 2.5−6.3130

isoflavones % 0.1−0.4133 0.2−0.353,134 0.02−0.3134 0.1−0.327,134

phytates % 1.4−2.3135 1.3−4.1128 1.3−2.2133 1.0−1.7133

saponins % 0.2−0.3136 0.7137 0.4100 0.8133,137

trypsin inhibitors % of protein 3.5−12.2133 1.2−1.5105,133 0.8−1.1133 0.1−2.9133

moisture % 7.7−10.1138 3.5−11.4126 4−6129 4−6129
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Whereas in one study a 70% decrease in NSI was reported,99 in
another study an 18% decrease was reported.100 This shows
that the NSI of defatted soybean meal strongly depends on
the way it is processed. A direct link between NSI and the
hydrolysate composition has not been made, but the variation
in NSI is an indication of different (effects of) heat treatments
in the production of the defatted soybean meal. In addition
to differences in solubility, also the protease inhibition and
occurrence of the Maillard reaction will result from such heat
treatments. For instance, during toasting, under the warm and
humid conditions, several amino acids such as lysine, glycine,
arginine, cysteine, and methionine, react with reducing sugars,
each with their own reaction rate, and undergo the Maillard
reaction.101,102 In soybean meals after autoclaving for 4 h at
15 psig pressure, 41% lysine, 35% arginine, 17% histidine, and
16% tryptophan underwent the Maillard reaction.103 In many
studies, the “redness” of samples has been used as an indicator
to determine the extent of the Maillard reaction. For low-
Maillard-reacted to high-Maillard-reacted soybean meals, the
Hunterlab values ranged from 2.9 to 10.1 +a (redness).104

Another approach to measure MRP is by binding free amino
acid groups to binding agents such as ortho-phthalaldehyde,
2,4,6-trinitrobenzenesulfonic acid, and fluorodinitrobenzene.82

The MRP formed in later stages, such as furosine and hydro-
xymethylfurfural, can be determined using chromatographic
methods.
Other reactions that simultaneously occur with the Maillard

reaction include racemization and cross-linking, resulting in the
formation of cross-linked and racemized peptides. As described
previously, these compounds affect the functionality and
influence the enzymatic hydrolysis of soybean meal.

Depending on the processing conditions, soybean meal varies
in quality, that is, underprocessed, adequately processed, and
overprocessed (Table 3). Conventionally, different qualities of
meals are characterized on the basis of urease units, trypsin
inhibitory activity, and protein solubility index. Whereas
underprocessed meal scores high on these parameters, over-
processed meal scores very low (Table 3). The overprocessed
meals have high concentrations of minor compounds (e.g., MRP
and LAL) formed due to overprocessing, whereas these
compounds are either absent or present in trace amounts in
underprocessed and adequately processed meals. Despite these
differences, the gross compositions of different meal qualities are
similar. The protein contents of underprocessed, adequately
processed, and overprocessed meals were 53, 52.9, and 52.5%,
respectively (Table 3). Despite their “compositional equivalence”,
significant differences in their in vivo protein digestibility are
reported, which is attributed to the presence/absence of minor
compounds. In animal trials, the nutritional values of under-
processed, adequately processed, and overprocessed meal, as
evaluated by the weight gain of animals upon meal consumption
for a test period, were 605, 643, and 596 g/chick, respectively.105

Influence of Seed Composition. Soybeans are naturally
variable from crop to crop because of genetic and environmental
factors (e.g., temperature and rainfall). This natural variation of
soybeans is carried over to the meals produced from them,
thereby resulting in meals of different qualities from batch to
batch. The influence of compositional variability of soybeans on
the variability of meal composition has been demonstrated in
several studies. For instance, soybeans were collected from
Argentina, Brazil, the United States, India (high quality and low
quality), and China, and soybean meals were prepared from
them using a common process. For six types of soybeans and
soybean meals, the coefficient of variation (% CV, eq 2) in
protein, total essential amino acids, total nonessential amino
acids, and fat content was calculated.

= ×coefficient of variation (% CV)
standard deviation

mean
100

(2)

The CVs for protein, total essential amino acids, and total
nonessential amino acids of the soybeans (10.4, 9.9, and 10.9%)
were comparable to those of the respective soybean meals
(7.5, 5.7, and 7.6%).106 On the other hand, the CVs in fat
content of the soybeans and soybean meals were 6.5 and 20.1%,
respectively.106 Likewise, in another study, the lysine/sucrose
ratio ranged from 0.4 to 0.8 for 10 varieties of soybeans and
from 0.5 to 0.9 for the soybean meals prepared from them.107

This shows that the compositional differences in the soybeans
are reflected in the composition of defatted soybean meals pro-
duced from them. Furthermore, when processing treatments
are well-controlled, the seed processing does not induce changes
in the gross composition (i.e., protein content). However, as
described in the previous sections, processing treatments do
induce changes that are not reflected in the conventional gross
compositional analysis. For instance, variation in processing
conditions, such as temperature and pH, significantly influences
the rate of Maillard reaction, whereas the gross composition
may be unaffected.108

In the next section, factors that influence the seed composi-
tion are described. Additionally, the resultant changes in the
seed composition due to these factors are discussed.

Figure 3. Schematic diagram for processing of soybeans to defatted
soybean meal, soy protein concentrates, and isolates (based on Alden
et al.).118
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■ COMPOSITIONAL VARIABILITY OF SOYBEANS

The general composition of the soybeans is 31−48% protein,
33−44% carbohydrates, 12−24% lipids, and 4−5% ash (Table 4).
In addition, other compounds, such as phytates, isoflavones, and
saponins, together contribute <1% of the dry matter of the seed.
These compounds are not typically included in standard analysis.
However, they could be important, because, for instance, it has
been shown that saponin fractions protected CHO cells (AS52)
against DNA damage and cytotoxicity.109

Genotype and Environment. The seed composition is
affected not only by genotype but also by environmental factors
such as temperature, rainfall, and geography. In the literature,
there are a limited number of studies available that describe
the influence of a specific factor on the seed composition.
To show differences between studies, %CV per study was
calculated. Additionally, an overall effect was indicated by
calculating overall %CV, where results from all of the studies
were combined together (Table 5). The compositional varia-
tion between different soybean varieties was higher due to
genotype than due to environmental factors. The genotypic
differences between soybean varieties resulted in CV of 4−21%
for proteins and 4−11% for lipids. Due to environmental
factors, the CVs for these compounds were 3−13 and 3−11%,
respectively. Smaller variation was observed for the carbohy-
drate content due to genotype (5−8%) and environment (2%),
whereas large variations were observed for saponin (10−35%)
and isoflavone (4−113%) content due to all of the factors. This
is also apparent when variation in compound concentra-
tion (overall CV) is considered including all of the factors.
Saponins and isoflavones showed an overall CV of 33 and 84%,
respectively, whereas proteins, lipids, and carbohydrates had CVs
of 8, 9, and 10%, respectively. This suggests that due to genotype
and environment, saponins and isoflavones are affected to a
greater extent than proteins, lipids, and carbohydrates.
Postharvest Storage. In addition to genotypic and environ-

mental factors that lead to gross compositional variation (e.g.,
protein content), postharvest storage may lead to qualitative
changes (e.g., lipolysis) in the seed composition.
Lipids. Nakayama et al. studied changes in the lipid composi-

tion of soybeans stored at 35 °C for 6 months. At the end of
storage, 45% of total phospholipids were enzymatically
hydrolyzed to phosphatidic acid and lysophosphatidylcho-
line.110 Moreover, an increase in acid value of lipids from 0.13
to 0.90 mL (0.1 N KOH to titrate 1 g of oil extracted from
soybeans) was reported when soybeans were stored at 30 °C
and 80% relative humidity for 10 months.111 The lipolysis also
resulted in an increase in the hydroperoxide content. These
hydroperoxides can react with seed proteins and result in protein
aggregation and formation of protein−lipid and protein−protein
cross-links.112,113 The adverse effects of these cross-links on the
peptide composition and hydrolysate functionality are described
in earlier sections.
Proteins. Increase in the acid value of seed lipids during

storage affects protein solubility. In soybeans stored at 25 °C
and 85% relative humidity (S1) and at 35 °C and 85% relative
humidity (S2) for 6 months, 20% (S1) and 45% (S2) reduc-
tions in NSI were observed.114 This decrease in NSI is mainly
due to precipitation of 11S proteins (isoelectric pH 6.4).115

Additionally, protein−lipid and protein−protein interactions
occur due to lipolysis in soybeans stored at higher temperature
and relative humidity.116 T
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Carbohydrates. During storage, a 30-fold increase in reducing
sugar content was observed when soybeans were stored at 35 °C
and 82% relative humidity for 6 months.116 This increase in
reducing sugars was, however, species-dependent. Whereas the
reducing sugar content increased from 0.2 to 8% in MD 27-51
cultivar, it remained constant at <0.2% in SJ-4 and Palmetto
cultivars over 9 months of storage.117

Although, due to genotype and environmental factors, there
is variation in the gross composition, the functionality of soy
protein hydrolysates is largely affected by variations in
processing conditions. These conditions result in the formation
of minor compounds, such as Maillard reaction products and
cross-linked peptides. In pure systems, these compounds have a
profound effect on the cell culture functionality. This suggests
that the presence of these compounds in soy protein hydro-
lysates also affect cell growth and IgG production. Because
these compounds are not included in the gross compositional
analysis, a more detailed compositional analysis including minor
compounds is needed to understand and control variability in
the functionality of soy protein hydrolysates.

■ AUTHOR INFORMATION
Corresponding Author
*(P.A.W.) E-mail: peter.wierenga@wur.nl. Phone: +31 317 483
786.
Notes
The authors declare no competing financial interest.

■ ABBREVIATIONS USED
IgG, immunoglobulins; CHO, Chinese hamster ovary; LAL,
lysinoalanine; MRP, Maillard reaction products; TIA, trypsin
inhibitory activity; BSA, bovine serum albumin; NSI, nitrogen
solubility index; CV, coefficient of variation

■ REFERENCES
(1) Butler, M. Animal cell cultures: recent achievements and
perspectives in the production of biopharmaceuticals. Appl. Microbiol.
Biotechnol. 2005, 68, 283−291.
(2) Chun, B.-H.; Kim, J.-H.; Lee, H.-J.; Chung, N. Usability of size-
excluded fractions of soy protein hydrolysates for growth and viability
of Chinese hamster ovary cells in protein-free suspension culture.
Bioresour. Technol. 2007, 98, 1000−1005.
(3) Barbau, J.; Michiels, J.-F.; De Boel, S.; Spiros, N. A.; Schneider,
Y.-J. In Effects of Plant Peptones Supplemented Medium on CHO Cells;
Noll, T., Ed.; European Society for Animal Cell Technology: Franfurt
am Main, Germany, 2010; pp 529−532.
(4) Michiels, J.-F.; Sart, S.; Schneider, Y.-J.; Agathos, S. N. Effects of a
soy peptone on γ-IFN production steps in CHO-320 cells. Process
Biochem. 2011, 46, 1759−1766.
(5) Castle, P.; Robertson, J. S. Animal sera, animal sera derivatives
and substitutes used in the manufacture of pharmaceuticals. Biologicals
1998, 26, 365−368.
(6) Huang, E. P.; Marquis, C. P.; Gray, P. P. Development of Super-
CHO protein-free medium based on a statistical design. J. Chem.
Technol. Biotechnol. 2007, 82, 431−441.
(7) Jayme, D. W.; Smith, S. R. Media formulation options and
manufacturing process controls to safeguard against introduction of
animal origin contaminants in animal cell culture. Cytotechnology 2000,
33, 27−36.
(8) Rodrigues, M. E.; Costa, A. R.; Henriques, M.; Azeredo, J.;
Oliveira, R. Comparison of commercial serum-free media for CHO-k1
cell growth and monoclonal antibody production. Int. J. Pharm. 2012,
437, 303−305.
(9) Zhang, H.; Wang, H.; Liu, M.; Zhang, T.; Zhang, J.; Wang, X.;
Xiang, W. Rational development of a serum-free medium and

fed-batch process for a GS-CHO cell line expressing recombinant
antibody. Cytotechnology 2013, 65, 363−378.
(10) Burteau, C. C.; Verhoeye, F. R.; Mols, J. F.; Ballez, J.-S.;
Agathos, S. N.; Schneider, Y.-J. Fortification of a protein-free cell
culture medium with plant peptones improves cultivation and
productivity of an interferon-γ-producing CHO cell line. In Vitro
Cell. Dev. Biol.: Anim. 2003, 39, 291−296.
(11) Franek, F. Gluten of spelt wheat (Triticum aestivum subspecies
spelta) as a source of peptides promoting viability and product yield of
mouse hybridoma cell cultures. J. Agric. Food Chem. 2004, 52, 4097−
4100.
(12) Franek, F.; Hohenwarter, O.; Katinger, H. Plant protein
hydrolysates: preparation of defined peptide fractions promoting
growth and production in animal cells cultures. Biotechnol. Prog. 2000,
16, 688−692.
(13) Gupta, A. J.; Hageman, J. A.; Wierenga, P. A.; Boots, J.-W.;
Gruppen, H. Chemometric analysis of soy protein hydrolysates used in
animal cell culture for IgG production − an untargeted metabolomics
approach. Process Biochem. 2013.
(14) Farges-Haddani, B.; Tessier, B.; Chenu, S.; Chevalot, I.;
Harscoat, C.; Marc, I.; Goergen, J. L.; Marc, A. Peptide fractions of
rapeseed hydrolysates as an alternative to animal proteins in CHO cell
culture media. Process Biochem. 2006, 41, 2297−2304.
(15) Ganglberger, P.; Obermüller, B.; Kainer, M.; Hinterleitner, P.;
Doblhoff, O.; Landauer, K. In Cell Technology for Cell Products; Smith,
R., Ed.; European Society for Animal Cell Technology: Franfurt am
Main, Germany, 2005.
(16) Heidemann, R.; Zhang, C.; Qi, H.; Larrick Rule, J.; Rozales, C.;
Park, S.; Chuppa, S.; Ray, M.; Michaels, J.; Konstantinov, K.; Naveh,
D. The use of peptones as medium additives for the production of a
recombinant therapeutic protein in high density perfusion cultures of
mammalian cells. Cytotechnology 2000, 32, 157−167.
(17) Michiels, J.-F.; Barbau, J.; de Boel, S.; Dessy, S.; Agathos, S. N.;
Schneider, Y.-J. Characterisation of beneficial and detrimental effects
of a soy peptone, as an additive for CHO cell cultivation. Process
Biochem. 2011, 46, 671−681.
(18) Zhang, Y.; Zhou, Y.; Yu, J. Effects of peptone on hybridoma
growth and monoclonal antibody formation. Cytotechnology 1994, 16,
147−150.
(19) Iscove’s modified Dulbecco’s medium (IMDM). http://
himedialabs.com/TD/AL070.pdf (accessed Oct 7, 2013).
(20) Nyberg, G. B.; Balcarcel, R. R.; Follstad, B. D.; Stephanopoulos,
G.; Wang, D. I. C. Metabolism of peptide amino acids by Chinese
hamster ovary cells grown in a complex medium. Biotechnol. Bioeng.
1999, 62, 324−335.
(21) Luo, Y.; Chen, G. Combined approach of NMR and
chemometrics for screening peptones used in the cell culture medium
for the production of a recombinant therapeutic protein. Biotechnol.
Bioeng. 2007, 97, 1654−1659.
(22) Luo, Y.; Pierce, K. M. Development toward rapid and efficient
screening for high performance hydrolysate lots in a recombinant
monoclonal antibody manufacturing process. Biotechnol. Prog. 2012,
28, 1061−1068.
(23) Li, G.; Wen, Z.-Q. Screening soy hydrolysates for the
production of a recombinant therapeutic protein in commercial cell
line by combined approach of near-infrared spectroscopy and
chemometrics. Appl. Microbiol. Biotechnol. 2013, 97, 2653−2660.
(24) Christie, A.; McNorton, S.; Sahni, M.; Hernandez, C.; Wilson,
S.; Gray, M.; Jones, J.; Wathen, M.; Caple, M. Raw material
characterization of media components: a case study with soy
hydrolysate. http://www.safcglobal.com/etc/medialib/docs/SAFC/
Posters/1/raw-material-characterization-of-media-components.Par.
0001.File.tmp/raw-material-characterization-of-media-components.pdf
(accessed April 3, 2013).
(25) Lynch, S. R.; Dassenko, S. A.; Cook, J. D.; Juillerat, M.-A.;
Hurrell, R. F. Inhibitory effect of a soybean-protein-related moiety on
iron absorption in humans. Am. J. Clin. Nutr. 1994, 60, 567−572.
(26) Aaslyng, M. D.; Martens, M.; Poll, L.; Nielsen, P. M.; Flyge, H.;
Larsen, L. M. Chemical and sensory characterization of hydrolyzed

Journal of Agricultural and Food Chemistry Review

dx.doi.org/10.1021/jf403051z | J. Agric. Food Chem. 2013, 61, 10613−1062510622



vegetable protein, a savory flavoring. J. Agric. Food Chem. 1998, 46,
481−489.
(27) Aoyama, T.; Fukui, K.; Nakamori, T.; Hashimoto, Y.;
Yamamoto, T.; Takamatsu, K.; Sugano, M. Effect of soy and milk
whey protein isolates and their hydrolysates on weight reduction in
genetically obese mice. Biosci., Biotechnol., Biochem. 2000, 64, 2594−
2600.
(28) Franek, F.; Katinger, H. Specific effects of synthetic
oligopeptides on cultured animal cells. Biotechnol. Prog. 2002, 18,
155−158.
(29) Franek, F.; Fussenegger, M. Survival factor-like activity of small
peptides in hybridoma and CHO cells cultures. Biotechnol. Prog. 2005,
21, 96−98.
(30) Chabanon, G.; da Costa, L. A.; Farges, B.; Harscoat, C.; Chenu,
S.; Goergen, J. L.; Marc, A.; Marc, I.; Chevalot, I. Influence of the
rapeseed protein hydrolysis process on CHO cell growth. Bioresour.
Technol. 2008, 99, 7143−7151.
(31) Altamirano, C.; Paredes, C.; Cairo, J. J.; Godia, F. Improvement
of CHO cell culture medium formulation: simultaneous substitution of
glucose and glutamine. Biotechnol. Prog. 2000, 16, 69−75.
(32) Eagle, H.; Barban, S.; ILevy, M.; Schulze, H. O. The utilization
of carbohydrates by human cell cultures. J. Biol. Chem. 1958, 233,
551−558.
(33) Barngrover, D.; Thomas, J.; Thilly, W. G. High density
mammalian cell growth in Leibovitz bicarbonate-free medium: effects
of fructose and galactose on culture biochemistry. J. Cell Sci. 1985, 78,
173−189.
(34) Altamirano, C.; Illanes, A.; Becerra, S.; Cairo, J. J.; Godia, F.
Considerations on the lactate consumption by CHO cells in the
presence of galactose. J. Biotechnol. 2006, 125, 547−556.
(35) Eagle, H. The specific amino acid requirements of a human
carcinoma cell (strain HeLa) in tissue culture. J. Exp. Med. 1955, 102,
37−48.
(36) Morgan, J. F.; Morton, H. J.; Parker, R. C. Nutrition of animal
cells in tissue culture: initial studies on a synthetic medium. Proc. Soc.
Exp. Biol. Med. 1950, 73, 1−8.
(37) Naylor, S. L.; Busby, L. L.; Klebe, R. J. Biochemical selection
systems for mammalian cells: the essential amino acids. Somatic Cell
Genet. 1976, 2, 93−111.
(38) Gilani, G. S.; Cockell, K. A.; Sepehr, E. Effects of antinutritional
factors on protein digestibility and amino acid availability in foods. J.
Am. Oil Chem. Soc. 2005, 88, 967−987.
(39) Pearce, K. N.; Friedman, M. Binding of copper(II) and other
metal ions by lysinoalanine and related compounds and its significance
for food safety. J. Agric. Food Chem. 1988, 36, 707−717.
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