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ABSTRACT: In this study bioactive caseinomacropeptide was conjugated with prebiotic galactooligosaccharides (hCMP:GOS)
by Maillard reaction to synthesize value added prebiotic compounds to Lactobacillus strains. Growth study showed the ability of
hCMP:GOS to serve as a sole carbon source for Lactobacillus strains. A significant amount of acetate and lactate was detected in
cell free culture supernatant by HPLC. It demonstrated the ability of Lactobacillus strains to ferment the hCMP:GOS as a carbon
source. In addition, hCMP:GOS grown Lactobacillus cells exhibited enhanced bile tolerance and retained 90% viability. Overall
results of this study indicate that the hCMP conjugated GOS can be potential multipurpose prebiotic substrates to enhance the
growth and bile tolerance in Lactobacillus strains and serve as a fermentable substrate to produce beneficial metabolites in the
host.
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■ INTRODUCTION
In recent years products claiming to be healthier and to have
functional and health properties have gained importance in
industrial and academic research and have become specialty
foods in public supermarkets.1,2 Indeed, global sales of
probiotic ingredients, supplements, and foods amounted to
$21.6 billion in 2010 and have been estimated to reach $31.1
billion by 2015.3

Despite the availability of a range of commercial functional
food ingredients, additional research and development efforts
are still needed to enhance the efficacy of existing functional
food ingredients. One of the promising research areas in
functional food and nutraceutical products is the development
of synbiotics (combination of probiotics and prebiotics).4−6

The metabolic activity of probiotic strains and their effect on
human health depends upon the strain specific properties and
the dose administered. However, the availability and type of
prebiotic compounds in the gastrointestinal tract play a
significant role in determining the viability and beneficial
metabolic activity of the probiotic strains.7,8 Prebiotics are
substances that selectively improve the activity, survival, and
colonization of probiotics by providing a fermentable carbon
source particularly in the large intestine. A variety of prebiotics
including β-glucans, inulin, fructo-oligosaccharides, galacto-
oligosaccharides, and xylo-oligosaccharides have been used to
improve the growth and metabolic activity of probiotic
Lactobacillus and Bif idobacterium spp.1

Similarly, biologically active peptides have interesting
applications as supplements in food and pharmaceutical
preparations.9−11 The field of bioactive peptides has intensified
during the past two decades, and numerous peptides of plant
and animal origin with relevant bioactive potential have been

discovered.11 Caseinomacropeptides (CMP) obtained by
enzymatic hydrolysis of κ-casein during the manufacture of
cheese have been receiving more interest for the supplementa-
tion of functional foods. CMP and its hydrolyzed fragments
have been shown to have various biological activities as
physiological regulators, and modulating secretion of intestinal
hormones.11−15 In addition, CMP have been correlated with a
wide variety of biological activities including immunosuppres-
sion capacity, inhibition of pathogen invasion,16−18 and
nutritional management of metabolic diseases.19,20 Exploiting
the potential of bioactive peptides is an important task in the
discovery of novel functional foods with enhanced bioavail-
ability through the addition and fortification of enriched
bioactive peptides with other health promoting compounds.
Conjugation of hydrolysates of CMP with prebiotic galactoo-
ligosaccharides by glycation could be one of the product
development methods to make value added prebiotics for
human nutrition and could be a potential novel ingredient for
functional foods.
In the present study we used the Maillard reaction to prepare

glycoconjugates of hydrolyzed caseinomacropeptide (hCMP)
with lactose- and lactulose-derived galactooligosaccharides
(GOS-La and GOS-Lu) and demonstrated their potential use
to support the growth of six Lactobacillus strains. Acetate and
lactate produced by the Lactobacillus strains were quantified to
confirm the fermentability of hCMP-conjugated GOS
(hCMP:GOS). In addition, the protective role of

Received: April 7, 2012
Revised: June 6, 2012
Accepted: June 11, 2012
Published: June 11, 2012

Article

pubs.acs.org/JAFC

© 2012 American Chemical Society 6839 dx.doi.org/10.1021/jf301392y | J. Agric. Food Chem. 2012, 60, 6839−6845



hCMP:GOS-La and hCMP:GOS-Lu toward the Lactobacillus
cells in the bile extract was investigated.

■ MATERIALS AND METHODS
Galactooligosaccharides and Glycoconjugates. Lactose de-

rived commercial galactooligosaccharide (GOS-La) Vivinal-GOS was a
kind gift from Friesland Foods Domo, Zwolle, The Netherlands.
Commercial prebiotic lactulose Duphalac (Solvay Pharma, Brussels,
Belgium) was used to synthesize the lactulose derived galactooligo-
saccharides (GOS-Lu) using the method of Clemente et al.21 GOS-La
and GOS-Lu were purified by size exclusion chromatography by the
method of Hernandez et al.22 Caseinomacropeptide (CMP) was
kindly provided by Davisco Foods International, Inc., Eden Prairie,
MN, USA, and hydrolyzed by the method of Hernandez-Hernandez et
al.23 The glycoconjugates were prepared using the Maillard reaction by
mixing aliquots of hCMP with GOS-La or GOS-Lu (2:1 w/w) in 0.1
M sodium phosphate buffer (pH 7.0). Subsequently, the mixture was
lyophilized and stored in a vacuum desiccator at 40 °C for 16 days and
the water activity was maintained at 0.44 with a saturated K2CO3
solution to increase the maximum formation of Amadori/Heyns
compounds.24 To confirm the formation of Amadori/Heyns
compounds during the Maillard reaction, formation of 2-furoylmeth-

yl-amino acids (2-FM-AA) were determined by the method of Moreno
et al.25 The unconjugated carbohydrate fraction was removed by
ultrafiltration at 4 °C using a diafiltration unit model 8400 (Millipore)
with a molecular cutoff of 1 kDa, and then the retentate was analyzed
by ESI-MS to confirm the purity of glycoconjugates (unconjugated
carbohydrate-free glycoconjugates).24

Bacterial Strains and Media. Lactobacillus bulgaricus ATCC 7517
(LB), L. casei ATCC11578 (LC), L. delbrueckii subsp. lactis
ATCC4797 (LD), L. plantarum ATCC8014 (LP1), L. plantarum
WCFS1 (LP2), and L. sakei 23K (LS) strains were grown in
Lactobacilli MRS broth or on Lactobacilli MRS agar (EMD Chemicals,
Gibbstown, NJ, USA) at 37 °C in an anaerobic chamber (10%
CO2:5% H2:85% N2) (Coy Laboratory Products, Ann Arbor, MI,
USA). For the carbon source preference study, modified defined MRS
medium (MRS without carbohydrate) containing 1% protease
peptone, 1% beef extract, 0.5% yeast extract, 0.1% Tween-80, 0.2%
ammonium citrate, 0.5% sodium acetate, 0.01% magnesium sulfate,
0.005% manganese sulfate, 0.2% dipotassium phosphate, and 0.05%
cysteine-HCl was used.26 To prepare stock solutions of GOS,
hydrolyzed hCMP, hCMP:GOS-La, and hCMP:GOS-Lu (glycoconju-
gates), they were dissolved in sterile distilled water, filter sterilized

Figure 1. Growth of Lactobacillus bulgaricus ATCC 7517 (a), L. casei ATCC11578 (b), L. delbrueckii subsp. lactis ATCC4797 (c), L. plantarum
ATCC8014 (d), L. plantarum WCFS1 (e), L. sakei 23K (f) in MRS broth containing glucose (×), GOS-La (▲); GOS-Lu (■); hCMP (●);
hCMP:GOS-La (Δ); hCMP:GOS-Lu (□). Colony forming units per mL (CFU/mL) was calculated as an average from data obtained from three
independent studies.
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through a 0.2 μ filter (VWR International, Sugar Land, TX, USA), and
stored at 4 °C until used.
Growth Study. Growth studies were carried out as described by

Hernandez-Hernandez et al.27 Briefly, filter sterilized GOS, hCMP,
and glycoconjugate solutions were separately added as a sole carbon
source in the defined MRS broth to a final concentration of 1%.
Inocula were prepared from 48 h MRS grown Lactobacillus cells, and
approximately 1 × 107 CFU/mL of each Lactobacillus strain
(individually) was added to the medium and incubated at 37 °C in
anaerobic chamber (Coy Laboratory Products, Ann Arbor, MI, USA).
MRS media with glucose, unconjugated GOS-La, GOS-Lu, and hCMP
were used as controls. Growth and viability of each strain in each test
carbon source were monitored at regular intervals by serial dilution
and plating on MRS agar plates.
Bile Tolerance Study. Bile tolerance of Lactobacillus cells grown

in GOS, hCMP, and glycoconjugates as carbon sources was measured
by survival studies as described by Nira et al.28,29 Briefly, bacterial cells
grown in glycoconjugates for 48 h were collected and washed twice
with 1× PBS, and the cell pellets were subsequently mixed with 0.3%
(w/v) porcine bile extract (Sigma Chemicals, St. Louis, MO, USA).
The treatment mixtures were incubated for 3 h at 37 °C in an
anaerobic chamber (10% CO2:5% H2:85% N2) (Coy Laboratory
Products, Ann Arbor, MI, USA). Samples were taken at 0, 1, and 3 h
and plated onto MRS agar for viable colony count.
Acetate and Lactate Analysis. The concentration of acetate and

lactate in the cell free culture supernatant (1.5 mL) collected at 24, 48,
and 72 h was determined by the method of Sanz et al.30 using an
HPLC system with a UV detector (210 nm) (Agilent Technologies
1200 series, USA). The organic acid resin column HPX-87H HPLC
(BioRad, Hercules, CA, USA) was operated with a flow rate of 0.6
mL/min of 0.005 mM H2SO4 as a mobile phase at 50 °C in isocratic
mode.
Data Analysis. Data obtained from three independent biological

experiments each performed in triplicate were used for statistical
analysis. Statistical analyses were performed using Statistica for
Windows version 6 (Statsoft Inc., Tulsa, OK, USA). Differences
between bacterial survival, acetate, and lactate concentrations were
tested using one-way ANOVA test, followed by a least significant
difference (LSD) test as a post hoc comparison of means (P < 0.05).

■ RESULTS AND DISCUSSION
Growth of Lactobacillus Strains in Glycoconjugates. In

this study we investigated the potential of hCMP:GOS to
support the growth of Lactobacillus. We used six Lactobacillus
strains, namely, L. bulgaricus ATCC 7517, L. casei ATCC11578,
L. delbrueckii subsp. lactis ATCC4797, L. plantarum
ATCC8014, L. plantarum WCFS1, and L. sakei 23K. In the
growth study variable growth patterns were observed for each
bacterial strain and the carbon source used in the media (Figure
1). Overall all six Lactobacillus strains exhibited significant
growth in GOS-La and GOS-Lu, and their glycoconjugates
(hCMP:GOS-La and hCMP:GOS-Lu). Unlike GOS or
glycoconjugates, cells grown in hCMP as the sole carbon
source did not exhibit an increase in the number of viable cells.
Strains LB, LC, and LD showed better growth in all test carbon
sources and did not exhibit any differences in the growth
pattern among the carbon sources (Figure 1a−c). Strains LP1,
LP2, and LS exhibited better growth in GOS-La, GOS-Lu, and
glycoconjugates for up to 120 h, whereas the hCMP did not
support the growth after 24 h of incubation (Figure 1d−f).
Strains LP2 and LS were able to utilize hCMP:GOS-La and
hCMP:GOS-Lu similar to unconjugated prebiotic GOS and
were able to maintain their viability up to 120 h (Figure 1e,f).
Similar to our results previous studies have reported
considerable differences in carbohydrate utilization abilities
and kinetics by different probiotic strains.27,31−35 In a recent
study, Cardelle-Cobas et al.36 evaluated the growth of

Streptococcus salivarius, Bif idobacterium breve, Lactobacillus
reuteri, L. fermentum, L. plantarum strains CLB7 and CLC17,
L. salivarius, L. animalis, and L. murinus in purified fractions of
trisaccharides synthesized from lactose and lactulose. In their
study they found probiotic strains were able to utilize the
purified GOS, however, certain trends in the GOS utilization
pattern were observed for each bacterial strain. Interestingly, in
our study hCMP conjugated GOS supported the growth of LB,
LP2, and LS for longer time periods of up to 120 h of
incubation and exhibited a significant increase in the number of
viable CFUs. Since many chronic gut disorders such as colon
cancer and ulcerative colitis originate in the distal colon and
progress toward the proximal region, we speculate that the
observed prolonged utilization of glycoconjugates by the
Lactobacillus strains in our study could be an advantageous
property to extend the prebiotic effect more effectively
throughout the colon. Consequently, significant health benefits
of prebiotics could be achieved if the availability of prebiotic
substrates and prolonged saccharolytic fermentation are
extended to the distal region of the colon.5

Bile Tolerance of Glycoconjugate Grown Lactobacillus
Cells. The bile tolerance and relative survival patterns of all six
Lactobacillus strains are shown in Table 1. In a bile extract
treatment L. bulgaricus (LB) cells grown in hCMP:GOS
exhibited better bile tolerance than the unconjugated GOS
grown cells. After 1 h of treatment hCMP:GOS-La and
hCMP:GOS-Lu grown cells remained 100 and 93% viable,
respectively, whereas unconjugated GOS-La and GOS-Lu
grown LB cells elicited decreased viability of 87 and 78%,
respectively. After 3 h of bile treatment hCMP:GOS-La and
hCMP:GOS-Lu grown LB cells retained 91 and 67% viable
cells (Table 1). Glycoconjugate grown L. casei cells elicited
better viability after 1 h of bile treatment. However, after 3 h of
treatment the number of viable LC cells was decreased. When
compared to glycoconjugate grown LC cells, viability of
unconjugated GOS-La and GOS-Lu grown cells decreased to
less than 50% at both 1 and 3 h of treatment (Table 1). L.
delbrueckii (LD) cells grown in hCMP:GOS-Lu were 67%
viable after 1 h exposure to bile. hCMP:GOS-La and GOS
grown LD cells retained less than 50% of viable cells after 1 and
3 h of bile treatment. hCMP grown LD cells were only 23%
viable after 1 h of bile treatment and after 3 h reached
nondetectable levels (Table 1). For strain L. plantarum
ATCC8014 (LP1), unconjugated GOS-La and GOS-Lu
grown cells showed better viability in 1 and 3 h of bile
treatment than the hCMP conjugated GOS. Interestingly, strain
L. plantarum WCFS1 (LP2) and L. sakei 23K (LS) cells grown
in all the test substrates produced significant numbers of viable
cells even after 3 h of bile treatment (Table 1).
The ability to withstand in bile is one of the essential and

preferred characteristics for probiotics to use in the food
applications. Once bacteria reach the duodenal section of the
intestinal tract, they are exposed to deleterious bile compounds
and subsequently their viability is reduced.37,38 Results of our
bile tolerance study revealed that the tolerance and survival of
the Lactobacillus strains in the presence of bile extract was
significantly changed based on the carbon source used for their
growth. Interestingly, we observed enhanced bile tolerance in
glycoconjugate grown LB, LP2, and LS cells than their
unconjugated GOS grown cells. The toxic effects of bile
toward probiotic bacteria could be alleviated partly by adding
specific prebiotic substrates that can be metabolized by
probiotic strains. In an earlier study, altered bile tolerance in
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Lactococcus lactis subsp. cremoris and L. lactis subsp. lactis strains
grown in different types of carbohydrates was reported.28,29

Similarly, Perrin et al.39 observed increased bile salts resistance
in bifidobacterial cells grown in fructooligosaccharides versus
glucose and fructose, and this resistance pattern reportedly
depended on the carbon sources used for the bacterial growth.
Lactobacillus is the genus most commonly used as probiotics in

food production.40 After ingestion, these bacterial cells must be
able to survive in the deleterious conditions of bile acids in the
small intestine.41 Our study results showed that, after 48 h of
growth in glycoconjugates, Lactobacillus strains achieved a
certain level of bile tolerance as indicated by the survival of
significant percentage of viable cells even after 3 h of bile
treatment. This interesting result suggests that hCMP:GOS
conjugates could be potentially used as a carbon source to
culture the Lactobacillus strains used to prepare probiotic
supplemented food products. Therefore, we speculate that this
approach could be used to protect the probiotic bacterial cells
from the toxic effects of bile during the consumption.

Fermentability of Glycoconjugates by Lactobacillus
Strains. Results of HPLC analysis confirmed the presence of
lactate and acetate as fermentation products in the cell free
culture supernatants obtained from the Lactobacillus cells
grown in glycoconjugates. However, significant variations in
the quantity of acetate and lactate were observed in each
Lactobacillus strain and the carbon sources used for their
growth (Table 2). In general terms, higher concentrations of
acetate than lactate were detected in hCMP and glycoconjugate
hCMP:GOS-La and hCMP:GOS-Lu fermentations. However,
glucose, GOS-Lu, and GOS-La grown cells produced higher
levels of lactate than acetate (Table 2). Strain and growth
substrate dependent variations in organic acid production
observed in our study were comparable to results obtained
from previous studies using Lactobacillus spp. and Bif idobacte-
rium spp.30,42−44 Similar to our results, Sanz et al.30 also
observed high levels of lactate and acetate production in
lactulose and sucrose containing culture media fermented by
the fecal slurry. Recently, Cardelle-Cobas et al.44 observed
increased acetic acid concentration when the fecal slurry culture
was grown in lactose- and lactulose-derived oligosaccharides
containing media.
The products of carbohydrate fermentation by gut bacteria,

primarily organic acids such as acetate and lactate, are beneficial
to host health. Acetate and lactate formation are reportedly
consistent in the metabolic activities in the species of
Bif idobacterium and Lactobacillus. Previous reports show that
the acetate and lactate produced by the Bif idobacterium sp. and
Lactobacillus sp. from the fermentation of prebiotic carbohy-
drates are directly utilized by other intestinal bacterial species to
produce different types of short-chain fatty acids (SCFAs).45−47

In addition, the end products of gut bacterial fermentation
reactions are important because they are absorbed from the gut
and influence various aspects of gut physiology beyond
functioning solely as a crude caloric source.48−50 Interestingly,
in our study we observed that all the strains were able to
metabolize the glycoconjugates hCMP:GOS-La and
hCMP:GOS-Lu similar to unconjugated prebiotic GOS-La
and GOS-Lu and produced significant amounts of both lactate
and acetate.
In conclusion we have demonstrated the ability of

glycoconjugates of hydrolyzed caseinomacropeptide conjugated
prebiotic galactooligosaccharides to serve as a value added
prebiotic source for Lactobacillus strains. These glycoconjugates
could be used as potential functional food ingredients to
support the growth and enhance the bile tolerance of
Lactobacillus strains. In this context, further followup in vivo
studies are required to confirm the suitability of these peptide
conjugated prebiotic GOS as a multipurpose beneficial
functional food component.

Table 1. Survival of Glucose, Oligosaccharides (GOS-Lu and
GOS-La), Hydrolyzed Caseinomacropeptide (hCMP), and
Hydrolyzed CMP:Oligosaccharide Glycoconjugate
(hCMP:GOS-Lu and hCMP:GOS-La) Grown Lactobacillus
Strains in Bile Treatment

survival (%)a

carbon source 1 h 3 h

Lactobacillus bulgaricus ATCC 7517 (LB)
glucose 100.50 (1.41) gb 99.56 (3.11) gb

GOS-Lu 78.41 (4.96) c 43.19 (6.04) a
GOS-La 87.95 (1.36) d 62.01 (0.82) b
h-CMP 96.98 (2.66) efgb 68.05 (0.11) b
h-CMP:GOS-Lu 93.17 (4.70) def 67.44 (0.76) b
h-CMP:GOS-La 100.88 (1.44) gb 91.65 (4.26) de

L. casei ATCC11578 (LC)
glucose 29.84 (5.77) a ND
GOS-Lu 45.08 (6.69) cd 38.15 (4.27) abc
GOS-La 44.60 (4.57) cd 33.31 (0.85) ab
h-CMP 74.05 (12.80) e 65.87 (15.00) e
h-CMP:GOS-Lu 48.40 (1.55) d 32.57 (3.02) a
h-CMP:GOS-La 72.87 (1.78) e 42.16 (2.05) e

L. delbrueckii subsp. lactis ATCC4797 (LD)
glucose 55.84 (0.38) d 38.78 (11.65) bc
GOS-Lu 37.63 (1.26) bc 35.88 (1.40) bc
GOS-La 42.36 (11.24) c 33.22 (1.41) b
h-CMP 23.37 (0.15) a ND
h-CMP:GOS-Lu 67.87 (12.01) e 23.29 (3.34) a
h-CMP:GOS-La 41.63 (12.97) c 34.42 (3.50) bc

L. plantarum ATCC8014 (LP1)
glucose 95.51 (3.69) efb 90.48 (2.30) e
GOS-Lu 92.68 (6.73) e 90.07 (4.30) e
GOS-La 89.93 (4.46) e 79.36 (14.44) d
h-CMP ND ND
h-CMP:GOS-Lu 65.85 (0.70) c 25.79 (0.27) a
h-CMP:GOS-La 47.81 (0.44) b ND

L. plantarum WCFS1 (LP2)
glucose 84.45 (2.04) cd 77.81 (0.99) b
GOS-Lu 85.96 (2.51) d 79.14 (5.15) b
GOS-La 82.45 (1.18) c 73.51 (4.04) a
h-CMP 93.01 (0.11) e 92.47 (0.31) e
h-CMP:GOS-Lu 98.99 (0.31) fb 94.50 (0.44) e
h-CMP:GOS-La 99.35 (1.57) fb 99.39 (1.20) fb

L. sakei 23K (LS)
glucose 80.36 (3.32) ab 81.58 (7.00) a
GOS-Lu 87.09 (3.56) c 87.54 (1.38) c
GOS-La 83.66 (0.23) b 83.31 (1.69) b
h-CMP 95.65 (2.27) de 90.20 (2.86) c
h-CMP:GOS-Lu 99.77 (1.02) fb 93.81 (0.54) d
h-CMP:GOS-La 100.73 (0.96) fb 97.60 (0.35) efb

aSurvival percentage was calculated as an average with standard
deviation (shown in parentheses) from data obtained from three
independent studies. Different letters indicate significant differences (P
≤ 0.05) for each strain and carbon source. bSignificant differences with
0 h for each strain and carbon source.
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