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Beta-galactooligosaccharides (GOS) are oligosaccharides normally produced industrially by transgalactosylation of lactose. They
are also present naturally in the milk of many animals including humans and cows. GOS are thought to be good for health, being
potential prebiotic fibres, and are increasingly added to food products. In order to control the GOS content of products, the AOAC
official method 2001.02 was developed. However, the method has some shortcomings and in particular is unsuited to the analysis
of products containing high levels of lactose such as infant formula. To overcome this problem, we developed a new method for
application to infant formula and tested it on various GOS ingredients as well as infant formulae. When applied to GOS ingredients
the results of the new method compare well with those of the official AOAC method, typically giving results in the range 90-110%
of those of the official method and having an expanded measurement uncertainty of less than 15%. For three products, the results
were outside this range (recoveries of 80-120% and expended measurement uncertainties up to 20%). When applied to the analysis
of infant formula, recoveries were in the range of 92-102% and the expanded measurement uncertainties were between 4.2 and 11%.

1. Introduction

Beta-galactooligosaccharides (GOS) are oligosaccharides
composed primarily of galactose and often terminate with
a glucose residue at the reducing end. They occur naturally
in the milk of many animals [1] including humans [2], cows
[3], and wallabies [4]. Industrial production of GOS can be
achieved in several ways, but most commercial products are
produced from lactose using f3-galactosidase under condi-
tions which favour transgalactosylation [5-7].

The structures of GOS produced by enzymes of different
bacteria have been studied [8, 9] as have those from commer-
cial GOS production [10, 11]. In all cases, the GOS are pre-
dominantly composed of a chain of 3-D-galactose residues
terminating at the reducing end with a D-glucose residue.
The chains typically contain between 2 and 8 monosaccharide
residues. They are predominantly linear, but a few branched
structures have been reported [9]. In some instances, the
reducing end was galactose, and a few terminated with
fructose. Coulier et al. [10] studied one commercial GOS
(Vivinal GOS) and demonstrated the predominance of

the (1 — 4)-linked -D-Gal residue in the oligosaccharides
but other linkages such as (1 — 6)-linked 3-D-Gal and
(I — 3)-linked -D-Gal were also observed. On the shorter
oligosaccharides (di- and trisaccharides), the reducing end
glucose could be linked through position 2, 3, 4, or 6 but as the
oligosaccharide chain length increased, linkage through the
4 position predominated. Coulier et al. [10] also reported the
presence of 2 nonreducing disaccharides, 3-D-Gal-(1 < 1)-
B-D-Glc and 3-D-Gal-(1 < 1)-a-D-Glc.

Herndndez-Hernandez et al. [11] studied the glycosidic
linkage types present in three commercial GOS samples (Viv-
inal, Bimuno, and Yum Yum). They determined the linkages
only via MS fragmentation data; therefore the anomeric con-
figuration could not be confirmed. The relative abundances of
the different linkage types are difficult to discern from their
data due to coelution of different oligosaccharides in their
LC system. Nevertheless, all three GOS contained (1 — 6)-
linked, (1 — 3)-linked, and (1 — 4)-linked §-D-Gal
residues in varying abundance. The (1 — 2)-linked f-D-
Gal residue was less common but was present in all three
samples.
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GOS are not hydrolysed in the upper gastrointestinal
tract of humans, but they enter the large intestine and can
be metabolized by the colonic microflora [12]. A number of
studies have indicated that GOS consumption may alter the
microflora population by selectively increasing the number
of certain types of bacteria, in particular bifidobacteria [13-
19], but this has not been the case in every study [20]. Should
it be accepted that this modulation of the gut microflora
induces a health benefit, these oligosaccharides may be
considered as prebiotics. It has also been reported that GOS
may reduce adhesion of pathogenic bacteria or their toxins
to the host receptors, potentially protecting the host against
illness via other mechanisms [21-23]. If it is considered
that there is sufficient evidence that GOS provide some
health benefit, then, in certain markets, they may also be
considered as dietary fibres. In 2009, after more than 16
years of discussions, CODEX settled on a new definition of
dietary fibre [24]. Unfortunately a single definition was not
proposed, instead two were proposed. The difference between
the two definitions was the chain length of the carbohydrate
polymer that could be considered as fibre. In one, the
carbohydrate polymer must consist of 10 or more monomeric
units; in the other, the carbohydrate polymer must consist of
three or more monomeric units. Individual countries remain
free to choose which definition they want to apply. GOS
ingredients are generally mixtures of oligosaccharides having
chain lengths between two and eight monomeric units [25].
GOS therefore cannot be considered as fibre in countries
using the minimum chain length of 10 monomeric units.
On the other hand, in markets that adopted the definition
of three monomeric units or more (such as Australia, New
Zealand, and the European Union), they may be considered
fibres. However, the GOS contain nondigestible disaccharides
that, while potentially providing a prebiotic effect or other
health benefit [12, 26-28], do not fall within the definition of
dietary fibre. It would therefore be necessary to exclude these
GOS disaccharides when declaring GOS as a fibre for product
labeling.

Few methods for quantitative analysis of GOS have been
reported in literature. The current AOAC 2001.02 method
[29] for GOS analysis is based on the work of de Slegte [25]
and is the only fully validated official method for determina-
tion of GOS in food samples. It uses a hydrolysis to convert
the GOS to galactose and glucose, and then measurements
of the released monosaccharides are used to calculate the
GOS content. This method has two limitations: (1) using this
method, it is not possible to distinguish the GOS that may fall
under the definition of fibre from those that do not and, (2)
in products containing high levels of free galactose or lactose,
and containing relatively low concentrations of GOS, a small
error made on the free galactose or lactose measurement will
induce a large error on the GOS measurement (as would be
the case in infant formula e.g.).

Coulier et al. [10] and Herndndez-Herndndez et al. [11]
produced some quantitative data to estimate the relative
amounts of oligosaccharides of each DP in the GOS products
they studied. However quantitation was not the primary aim
of their work, hence there was no validation of their method-
ology and it was not applied to complex food matrices.
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Albrecht et al. [30] developed a method for GOS analysis
using capillary electrophoresis with laser-induced fluores-
cence (CE-LIF). The method developed would overcome
many of the obstacles with the AOAC method. Unfortunately,
they performed limited validation, and CE-LIF is not a
common technology in food analysis laboratories. In this
paper, we describe a method for GOS analysis that overcomes
the two limitations of the AOAC 2001.02 method [29] and
uses more commonly available instrumentation (HPLC) than
CE-LIE

2. Experimental

All  chemicals were purchased from Sigma (Buchs,
Switzerland) or Merck (Darmstadt, Germany) unless
otherwise specified. All the water used was 18 M'Q deionised
water produced by a Milli-Q system (Millipore, Billerica,
MA, USA). All of the oligosaccharides were purchased
from Dextra Laboratories (Reading, UK) with the exception
of lactose, maltotriose, and laminaritriose (Sigma). Gal-
actooligosaccharide ingredients were obtained from
FrieslandCampina (Amersfoort, The Netherlands), Yakult
Pharmaceutical Industry (Tokyo, Japan), Kerry Group
(Tralee, Ireland), Clasado (Sliema, Malta), Ingredion Inc.
(Westchester Illinois), and Promovita Ingredients Ltd
(Crewe, UK). The GOS samples have been coded GOS-1A,
GOS-1B, GOS-2, GOS-3A, GOS-3B, GOS-4, GOS-5, and
GOS-6 (in no specific order). GOS-1A and GOS-1B are two
different formats (e.g., powder and syrup) of product from
the same supplier. GOS-3A and GOS-3B are also different
formats of product from the same supplier.

2.1. Determination of GOS by Reference Method. The GOS
contents of GOS ingredients were determined using the
AOAC official method AOAC 2001.02 [29].

2.2. Determination of GOS by HPAEC-PAD Profiling Method.
For determination of GOS in infant formula, a sample of
the GOS ingredient used in production was first analysed
by the AOAC method [29]. A solution of the ingredient
(0.6 g/100 mL) was profiled by HPAEC-PAD on an ICS
3000 system (Dionex, Olten, Switzerland) equipped with
a CarboPac PA 100 column (250 X 4 mm, Dionex). An
aliquot (25 uL) of the solution was injected onto the column
and eluted at 1mL/min with a linear gradient of sodium
acetate (10-100 mmol/L in 30min) in sodium hydroxide
(90 mmol/L) and marker peaks were selected at around 9 and
13min. A solution of infant formula (20 g/L) was prepared
and an aliquot (25 uL) was injected on the same HPAEC-PAD
system using the same method. By comparing the areas of the
two marker peaks in the infant formula sample and in the
GOS ingredient, it was possible to determine the GOS content
of the infant formula.

2.3. Determination of Total Oligosaccharides by HPLC after
Labeling with 2-Aminobenzamide. Samples of GOS ingre-
dient (250 mg) were dissolved to 100 mL in water. Samples
of infant formula (2g) were dissolved to 50 mL in water.
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A 500 uL aliquot of sample solution was taken and 200 uL of
laminaritriose solution (0.3 mmol/L) was added. The mixture
was mixed using a vortex mixer, and then a 20 yL aliquot
was transferred to a 2.0 mL microcentrifuge tube and labelled
with 2-aminobenzamide (2-AB) following the protocol of
Bigge et al. [31] with some modifications previously described
by Bénet and Austin [32]. Briefly, 200 uL of 2-AB reagent
(0.35mol/L 2-AB and 1.0 mol/L sodium cyanoborohydride in
dimethylsulfoxide containing 30% acetic acid) was added to
the aliquot and mixed well. The solution was heated at 60°C
for 2h and then cooled on ice. 1.5mL of acetonitrile/water
(75/25) was added and the solution was transferred to a vial
suitable for the HPLC autosampler.

If samples contained (or were suspected to contain)
maltodextrins, then 1.0mL of ammonium acetate buffer
(0.1mol/L pH 5.5) was added after the labeling reaction (but
before the addition of acetonitrile/water). An aliquot (0.5 mL)
of the solution was transferred to a 2 mL tube and 200 uL of
amyloglucosidase (60 U/mL in 0.1 mol/L ammonium acetate,
pH 5.5) was added. The solution was then incubated at 50°C
for 30 min. Samples were then cooled to room temperature
and diluted with 0.70 mL of acetonitrile.

Labelled oligosaccharides were cleaned and separated
using an HPLC (Ultimate 3000 RS, Dionex, Sunnyville,
CA, USA, or a Prominence, Shimadzu, Tokyo, Japan) in
the configuration described previously [32] on TSK Gel
Amide-80 guard (3.2 x 15mm, 3 ym) and analytical (4.6 x
150 mm, 3 ym) columns (Tosoh Bioscience, Stuttgart, Ger-
many). Detection was performed by a Dionex RF-2000 or
Shimadzu RF-10AxlI fluorescence detector using A, =330 nm
and A, = 420 nm. Eluent A was 100% acetonitrile. Eluent B
was 50 mmol/L ammonium formate, pH 4.4. A 10 uL aliquot
(or 20 uL aliquot for amyloglucosidase treated samples) of the
labelled OS solution was injected onto the guard cartridge
under isocratic conditions (98% A) at a flow rate of 1 mL/min
for 75 min. The eluent from the guard cartridge was then
directed onto a TSK gel amide-80 analytical column (4.6 x
150 mm, 3 ym, Tosoh Bioscience) held at 23°C and the mobile
phase composition was ramped to 84% A over 0.5min.
Oligosaccharides were then separated under the following
conditions: 84% A from 8 to 16 min, followed by a linear
gradient to 61% A at 50 min. At 51min, the flow rate was
dropped to 0.8 mL/min and the eluent composition was held
at 20% A for 3min to wash the column. The composition
was returned to 90% A over 1 min and then the flow rate was
returned to 1.0 mL/min and the column reequilibrated under
those conditions for 6 min before returning the system to the
load conditions for the next sample.

To determine the molecular mass of the OS responsible
for each chromatographic peak, the same procedure as above

Classical

was followed, but the starting concentrations of the samples
were 2-3 times greater, and the injection volume was varied
between 5 and 100 uL to achieve sufficient concentration for
MS detection. The effluent from the analytical column was
split approximately 60/40, and the flow at around 400 yL/min
was sent to the mass spectrometer, while the remaining
flow went to the fluorescence detector using the parameters
described above. The mass spectrometer was an API 4000
Q-TRAP (AB Sciex, Foster City, CA, USA) equipped with a
turbo ion spray source controlled by Analyst 1.5 (AB Sciex).
The HPLC was an Ultimate 3000 (Dionex) controlled by
Analyst 1.5 (AB Sciex) via DCMS link (Dionex). MS source
parameters were set as follows: curtain gas (CUR): 17.0, ion
source temperature (TEM): 400°C, nebulizer gas (GS1): 60.0,
Heater Gas (GS2): 20.0, Interface Heater (Ihe): On, Ion Spray
Potential (IS): —3800V, declustering potential (DP): -100,
and entrance potential (EP): —10. The experiment was run in
multiple ion monitoring (MIM) mode, using a list of the m/z
ratios of the [M-H]" ions covering disaccharides to nonasac-
charides. For each mass, a dwell time of 50 to 70 ms was set.

To determine OS concentration, each peak in the flu-
orescence chromatogram was integrated and the peak area
(relative to the internal standard) was compared to that of
a calibration curve (produced using different concentrations
of maltotriose with laminaritriose as internal standard).
This resulted in a molar concentration for each component
in the chromatogram. These were then converted to mass
concentrations by conversion using the molecular weight
(assigned from the MS experiments).

2.4. Method Validation. The methods were validated by
assessing linearity of the calibration curve, the method accu-
racy, and method precision (repeatability and intermediate
reproducibility).

Linearity was assessed in the HPAEC-PAD profiling
method by injecting a series of different concentrations of
GOS ingredient and plotting the area of the two markers
against the GOS concentration.

Linearity was assessed for the HPLC-FLD method by
plotting the ratio (standard/IS) of the peak areas against
the ratio of concentrations (standard/IS) using different
concentrations of maltotriose as the standard and a fixed con-
centration of laminaritriose (300 nmol/mL) as the internal
standard.

Repeatability (r) and intermediate reproducibility (iR)
were assessed by analysing samples (GOS or infant formula
containing GOS) in duplicate on at least 6 different days.
SD (r) and SD (iR) were then calculated using the following
formulae:

Robust
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where

n is the number of (single or duplicate) determina-
tions,

Med {x;} is the median of the specified set of results
{x:},

x; is the individual result within the set of single
determinations with i going from 1 to #,

x;; and x;, are the two results within the set of
duplicate determination with i going from 1 to ,

SD; is the standard deviation within the set of
duplicates/replicates with i going from 1 to n,

SD (b) is the standard deviation between the means
of duplicates, and SD,, (b) is the robust standard
deviation between the means of duplicate.

Recovery was determined for GOS samples by comparing
the result of the new method against that obtained by the
AOAC official method [29]. For infant formula samples, the
recovery was assessed by spiking blank infant formula with
GOS. The recovery was calculated by subtracting the GOS
content measured in a blank formula from that measured in
a spiked formula and dividing the result by the amount of
GOS spiked into the sample. The result was then expressed
as a percentage.

Measurement Uncertainty was calculated by combining
the results from the recovery experiment with those from
the precision experiment as described by Barwick and Ellison
[33].

All statistical calculations were performed using the in-
house statistical package QStat.net using both classical and
robust statistics.

3. Results

Using the HPLC-FLD method, each type of GOS gave rise to
a distinct GOS profile (Figure 1) except those from the same
supplier which had identical profiles (data not shown). The
data from LC-MS experiments were used to assign the mass
(and hence chain length) for each peak in the chromatogram.
Separation of the major oligosaccharides by chain length was
achieved, but, in 3 samples (GOS-6, GOS-5, and GOS-1),
coelution of some minor signals was observed; mostly some
Hex; were not completely resolved from some Hex, or Hexg.
The disaccharide area of the chromatograms is always well
resolved from the areas containing longer chain GOS, thus
enabling the separation of GOS matching one of the CODEX
fibre definitions from the GOS that does not.

Standards of each individual GOS are not available;
therefore, quantitation cannot be performed in the usual
way using standards for each individual analyte. However,
since each chain has been labelled with 2-AB and it is the
2-AB which is detected by the fluorimeter, we can exploit
this for quantitation. Bigge et al. [31] already demonstrated
that labeling with 2-AB is quantitative for a broad range
of different oligosaccharides; thus, it should be possible to
perform molar quantitation based on a calibration curve pro-
duced using any suitable 2-AB labelled oligosaccharide. We
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selected maltotriose as our calibrant and used laminaritriose
as an internal standard (IS). A standard curve was prepared
by plotting the relative response of the calibrant to the IS
against the relative concentration of the calibrant to the IS
(Figure 2). The curve was found to be linear in the range
from 3 to 750 nmol/mL when using an IS concentration of
300 nmol/mL and an injection volume of 10 L. The curve
was then used to calculate the molar content of GOS in
each area of the chromatogram; this was then converted to
mass concentrations by multiplying by the molar mass of
the peaks (as determined in the LC-MS experiment). In the
few cases where there were peaks containing oligosaccharides
of 2 different masses, the lower mass was assigned to the
whole peak. The results obtained on GOS ingredients using
the profiling method were compared against those obtained
using the AOAC method 2001.02 (Table 1). In most cases,
the new method produces results within the range 90-110%
of the current AOAC method, but statistical analysis (¢-test)
indicates that, in most cases, the results of the two methods
are different (with the exceptions of GOS-2 and GOS-6 for
which the f-test indicates that the 2 methods give equivalent
results). However, there are three samples for which the
new method gives results outside the 90-110% window. The
GOS content of the GOS-1A and B products seems to be
overestimated (117-120%) using the new HPLC-FLD method,
and the GOS content of the GOS-5 product seems to be
underestimated (84%) using the HPLC-FLD method.

Since the AOAC 2001.02 method is not applicable to
infant formula (lactose levels are too high), two approaches
were developed for GOS analysis in such matrices. Initially, an
HPAEC-PAD profiling method was developed. This method
is simple, since it is a case of comparing the peak areas of
2 marker peaks in the GOS ingredient profile with the area
of the same marker peaks in the formula. Recoveries were
assessed using spiked infant formula and were in the region
94-99% (Table 2). Spiked formulae were also analysed using
the HPLC-FLD method (Table 2); in this case, recoveries
were in the range 92-102%.

The precision of the HPLC-FLD method applied to GOS
ingredients was determined by analysing each ingredient in
duplicate on six different days on the same instrument by the
same operator. The data from these experiments were used to
determine the relative standard deviation under repeatability
conditions (RSD (7)) and the relative standard deviation
under intermediate reproducibility conditions (RSD (iR));
results are shown in Table 3. The same data were also used
to determine the total dietary fibre (TDF) content of the
GOS ingredients by excluding the GOS disaccharides, and
the precision of those measurements was also determined
(Table 4). For GOS analysis, the robust RSD (r) is in the range
0.4-2.0% and the robust RSD (iR) is in the range 0.7-3.0%.
For TDF analysis, the robust RSD (r) is in the range 0.3-2.3%
and the robust RSD (iR) is in the range 1.1-3.0%.

The precision of the HPLC-FLD method applied to the
analysis of GOS containing infant formulae was determined
by analysing two commercially available formulae on eight
different days in duplicate, on two different instruments
using two different columns, and by two different operators
(Table 5). The robust RSD(r) is in the range 0.4-0.8%
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TaBLE 1: Comparison of GOS content measured in different products using the AOAC method and the new method and comparison of results
using both classical and robust statistics.

Reference value Results (g/100 g) Results (g/100 g)
Sample (g/100 g) Robust Classical
Mean SD Median SD Rei;}")er ¥ P Mean SD Rei;}")er ¥ P
GOS-1A 3732 0.56 43.51 115 nz- 0.001 43.54 1.57 u7- 0.001
GOS-1B  36.26 1.32 43.75 1.81 121" 0.006 43.52 1.01 120" 0.007
GOS-2 39.53 0.40 39.42 117 99.7 0.861 39.66 1.08 100 0.839
GOS-3A  38.46 0.20 42.38 1.03 110" 0.000 42.27 0.666 110" 0.000
GOS-3B 51.45 0.34 54.11 1.04 105" 0.005 54.13 0.799 105" 0.003
GOS-4 28.70 1.06 26.00 0.274 90.6" 0.038 26.03 0.205 90.7" 0.040
GOS-5 79.02 L11 66.06 0.382 83.6" 0.000 66.56 1.69 84.2" 0.000
GOS-6 44.66 0.76 43.12 0.555 96.6 0.101 43.06 0.447 96.4 0.088
*Indicates recoveries which are significantly different from 100% (P < 0.05).
TABLE 2: GOS recovery measured in spiked infant formulae.
Nonspiked Spiking level 1 Spiking level 2 Spiking level 3
Formula Method OS concentration (2.6 /100 g) (5.1g/100 g) (10.3g/100 g)
(g/100 g) Recovery (%) Recovery (%) Recovery (%)
Infant formula HPLC-FLD 0.18 100.8-102.0 97.3-97.6 92.1-96.7
H.A. formula HPLC-FLD 0.37 92.2-94.9 95.1-95.8 92.7-95.7
Infant formula HPAEC-PAD n/a 94.6-99.3 n/a n/a
H.A. formula HPEAC-PAD n/a n/a n/a n/a
H.A. formulae are hypoallergenic formulae containing partially hydrolyzed proteins. n/a: not analysed.
TABLE 3: Precision of GOS analyses in ingredients using both robust and classical statistics.
Sample GOS concentration (g/100 g) RSD (r) (%) RSD (iR) (%)
Median Mean Robust Classical Robust Classical
GOS-1A 43.5 43.5 0.7 1.0 2.7 3.7
GOS-1B 43.7 43.5 0.4 0.9 2.7 2.4
GOS-2 39.4 39.7 0.9 1.0 3.0 2.8
GOS-3A 42.4 423 11 0.9 2.5 1.7
GOS-3B 54.1 54.1 1.2 0.9 21 1.6
GOS-4 26.0 26.0 2.0 1.8 1.8 1.5
GOS-5 66.1 66.6 0.6 0.7 0.7 2.6
GOS-6 431 431 0.7 0.6 1.4 11
TABLE 4: Determination of TDF in GOS ingredients and precision data using both robust and classical statistics.
Sample TDF concentration (g/100 g) RSD (r) (%) RSD (iR) (%)
Median Mean Robust Classical Robust Classical
GOS-1A 22.2 21.2 0.5 1.0 11 2.2
GOS-1B 22.0 21.9 0.3 1.0 3.0 2.1
GOS-2 311 31.3 0.9 1.0 2.9 2.7
GOS-3A 31.7 31.7 1.1 11 2.7 1.8
GOS-3B 40.5 40.5 1.1 1.0 2.2 1.6
GOS-4 17.5 17.5 2.3 1.9 1.8 1.5
GOS-5 56.2 56.6 0.8 0.7 1.5 2.5

GOS-6 26.0 26.0 0.7 0.5 1.5 1.2
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FIGURE 1: HPLC-FLD profiles of different GOS products.

and the robust RSD(iR) is in the range 1.1-2.0%. The HPAEC-
PAD profiling method was performed on one formula on
nine different days on a single instrument on the same
column by one operator (Table 5). The robust RSD(r) was
2.4% and the robust RSD(iR) was 3.5%.

Measurement uncertainty (MU) was calculated accord-
ing to the methods proposed by Barwick and Ellison [33]
combining precision and recovery data (Table 6). The relative
expanded MU for the analysis of GOS in infant formula was
between 4 and 11% and for GOS in GOS ingredients was
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TABLE 5: Precision of GOS analysis in infant formula.

Sample GOS concentration (g/100 g) RSD (7) (%) RSD (iR) (%)

Median Mean Robust Classical Robust Classical
Lactogen 1* 2.70 2.69 0.8 0.9 11 12
Lactogen 2* 2.39 2.39 0.4 0.6 2.0 1.9
Lactogen 2° 2.58 2.58 2.4 2.0 35 2.7
3Samples analysed by HPLC-FLD method, 7 = 2 x 8. bSamples analysed by HPAEC-PAD profiling method n = 2 x 9.

TABLE 6: Calculation of measurement uncertainty.

Sample GOS content (g/100 g)* RSD (iR) (%) Recovery (%) RSD geq) (%)° u (%)° U (%)
GOS-1A 435 2.7 u7' 73 78 16
GOS-1B 43.7 2.7 120f 9.4 9.8 20
GOS-2 39.4 3.0 100 1.6 3.4 6.8
GOS-3A 42.4 2.5 110 4.8 5.4 1
GOS-3B 54.1 2.1 105 2.7 3.4 6.8
GOS-4 26.0 1.8 90.7f 6.4 6.7 13
GOS-5 66.1 0.7 84.2f 9.9 9.9 20
GOS-6 43.1 1.4 96.4 1.8 2.3 4.6
Spiked formula 2.63 2.0 102f 0.69 21 42
Lactogen 2 2.39 2.0 923" 49 5.3 1
Lactogen 2° 2.58 3.5 97.7 1.2 3.7 7.4

*Median GOS content as measured. bRSD(ReC) *: the relative standard deviation of the recovery, corrected if the recovery is not 100% and calculated as follows:

SD(reey” = \/((1 — recovery)/2)” + SD(ree)” then, RSD(pee)” = SD(gee) */(recovery) x 100.

“u: relative measurement uncertainty expressed in % and calculated as follows:

u= 1 + . : expanded relative measurement uncertainty expressed as % and calculated as =2XU.
\/(RSD('R))Z (RSD (peey*)*. U: expanded relati inty expressed as % and calculated as U = 2

“Results for this sample obtained using the HPAEC-PAD profiling method. fRecovery is significantly different from 100%.

7.00
6.00 R
y = 2.5753x — 0.0058
5.00 LT
R*=1
4.00 S
3.00
2.00

1.00

0.00

Fluorescence response maltotriose/IS

0.0 0.5 1.0 1.5 2.0 2.5

Concentration maltotriose/IS (nmole/mL)

FIGURE 2: Calibration curve prepared using maltotriose.

between 4.6 and 20%. The higher MUs were obtained for the
products with poorer recoveries (Table 6), that is, GOS-1A,
GOS-1B, and GOS-5. For the other GOS products, the relative
expanded MU ranged from 4.6 to 13%.

4. Discussion

Each of the GOS products had a different oligosaccharide
profile; the exceptions are the products from the same
supplier but available in different formats (e.g., syrup or

powder), that is, GOS-1A and GOS 1B and GOS-3A and GOS-
3B. The different oligosaccharide profiles may (or may not)
have some impact on the biological effects of the different
types of GOS, but that remains to be determined. However,
there is a significant impact for the TDF content of the
different GOS. The disaccharide component of the GOS can
represent between 15 and 50% of the total GOS depending on
the product, meaning that the TDF fraction of the GOS varies
between 50 and 85%. This is important information and has
consequences for the labeling of GOS-containing products.
Using the current AOAC 2001.02 method [29] for GOS
analysis, 100% of the GOS would erroneously be considered
as dietary fibre. However, using the HPLC-FLD method
described here, it is possible to differentiate the GOS fraction
having a DP > 3 from the GOS disaccharides and thus the
contribution of the GOS to TDF can be accurately assessed. In
addition, the method enables the quantitation of the different
groups of GOS according to the degree of polymerization
which may be useful for quality control purposes or when
trying to understand biological functions. In Table 7, the
total GOS content has been normalized to 100% in order to
compare the relative proportions of the oligosaccharides of
different chain length and in addition contains the same data
from some previous studies [10, 11, 30]. There is quite a lot of
variation between the GOS from different suppliers, although
the distributions of chain lengths from the same supplier are
comparable.



8 International Journal of Analytical Chemistry
TaBLE 7: Composition of different GOS ingredients in terms of oligosaccharide chain length.

Sample Study DP2* DP3 DP4 DP5 DP6 DP7 DP8

GOS-1A This study 48.9 39.1 6.19 2.20 1.64 1.39 0.641

GOS-1B This study 49.1 38.9 6.18 2.19 1.66 1.37 0.610

GOS-2 This study 21.0 68.5 10.2 0.293

GOS-3A This study 25.1 63.1 11.4 0.403

GOS-3B This study 251 63.1 11.4 0.389

GOS-4 This study 33.0 44.2 17.3 5.51

GOS-5 This study 15.1 51.0 25.0 5.59 2.84 0.474

GOS-6 This study 40.2 35.8 16.3 591 1.71 0.105

GOS-HI1% Hernandez’ 4147 370 14.4 723

GOS-H2° Hernandez” 616 36.0 2.4 0.00

GOS-H3¢ Hernandez’ 36.8" 39.1 15.8 8.31

Gos-ctf Coulier® 40.4 32.5 15.9 7.2 2.8 0.9 0.3

GOS-AIf Albrecht 333 404 175 70 18

DP: degree of polymerization; *DP2 excludes lactose; bdata adapted from Herndndez-Herndndez et al. [11]; “data adapted from Coulier et al. [10]; ddata adapted

from Albrecht et al. [30]; *GOS-H1, GOS-H2, and GOS-H3 are GOS-1, GOS-2, and GOS-3, respectively, in the original publication; fGOS-H1, GOS-CI, and
GOS-Al are Vivinal GOS; " DP2 may be slightly underestimated since 8-D-Gal-(1 — 2)-D-Glc coelutes with lactose in this study.
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FIGURE 3: Estimated error on GOS determination by AOAC 2001.03
depending on lactose and GOS concentration assuming a 5% error
on the lactose measurement.

The application of AOAC 2001.02 for the analysis of GOS
in lactose-containing products is not a problem if the GOS
content is high and/or if the lactose content is low. Figure 3
shows the estimated error of the GOS analysis depending on
the concentration of lactose and GOS assuming a 5% error
in the determination of lactose. The graph demonstrates how
rapidly the error in the GOS analysis increases, if the GOS
content of a product is low. Infant formulae have a high
lactose content, and their GOS contents are typically below
10 g/100 g; it is clear from Figure 3 that such products cannot
be accurately analysed using the AOAC 2001.02 method
[29]. We developed two methods to overcome this issue.
The first method based on HPAEC-PAD profiling works
well. However, it has the disadvantage that the analysing
laboratory would need access to both the product for analysis
as well as the appropriate GOS ingredient to perform the
analysis. Furthermore, it requires the lab to perform four
chromatographic runs for a single product: (1) the determi-
nation of free galactose and lactose in the ingredient, (2)

the determination of total galactose in the ingredient after
hydrolysis, (3) the profile of the GOS ingredient to determine
the marker peak intensity versus concentration, and (4)
the profile of the product to find the marker peaks to
determine GOS concentration in the finished product. Such
a process takes some time. The HPLC-FLD method has the
advantage that only a single run is required and the analysing
laboratory does not need access to the GOS ingredient. The
disadvantages of the HPLC-FLD method are that the GOS
must be derivatised before analysis and if the product con-
tains other reducing oligosaccharides, these may interfere.
GOS is often combined with inulin or FOS in infant formula.
Fortunately, such oligosaccharides are either nonreducing or
they have a fructose at the reducing end. The conditions
used for labelling the oligosaccharides are such that ketoses
(such as fructose) are not labelled, and thus fructans do
not interfere with the analysis. Other oligosaccharides such
as maltodextrins can be enzymatically hydrolysed to their
monosaccharides to avoid that they interfere.

The performance of the HPLC-FLD method is quite good
for most products (both formula and GOS ingredients) with
a few exceptions. The major contributor to the measurement
uncertainty tends to be the recovery because the recovery
is significantly different from 100%. This is particularly a
problem for GOS-1A, GOS-1B, and GOS-5. The method
underestimates the GOS content for GOS-5 and also that
of GOS-4. In fact, it is surprising that the method does
not underestimate the GOS content in more cases. Knowing
that the labelling reaction does not work on nonreducing
oligosaccharides or on oligosaccharides containing a ketose at
the reducing end, underestimation would be expected since
detailed GOS analyses [10, 11] have revealed the presence of
both nonreducing GOS and GOS that terminate in a fructose.
The disaccharide region of the chromatogram around lactose
is also quite busy, and, in some cases, there may be GOS
disaccharides coeluting with the lactose that have not been
determined. Apparent overestimation of the GOS content,
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as seems to be the case for GOS-1A, GOS-1B, GOS-3A,
and GOS-3B, is more difficult to understand. A possible
explanation may be that the reference value (obtained by
AOAC 2001.02 [29]) has actually underestimated the GOS
content. The AOAC method requires that all GOS disac-
charides are well resolved from lactose when performing
the free sugars part of the analysis. Some products may
contain GOS disaccharides that coelute with the lactose in the
reference method, leading to an overestimation of lactose and
consequently an underestimation of GOS. Such a situation
may not have been encountered during the development of
AOAC 2001.02 depending on the type of GOS product used
for the development.

5. Conclusion

This work was done to address the two major issues with the
current AOAC 2001.02 method for GOS determination, that
is, the difficulty in applying it to products containing large
amounts of lactose and the incompatibility of the method
with the current definition of dietary fibre. The HPLC-FLD
method described here overcomes both of these issues and
the expanded measurement uncertainty of the method is
below 15% in most cases. Nevertheless, there appear to be
a few GOS products for which the new method is not
optimized. The precise cause of these problems needs further
investigations to resolve.

Conflict of Interests

All authors were employed by Nestec Ltd when this work was
carried out. The project was sponsored by Nestlé Nutrition.

References

[1] T. Urashima, S. Asakuma, and M. Kitaoka M, “Messer Indig-
inous oligosaccharides in milk,” in Encyclopedia of Dairy Sci-
ences, J. W. Fuquay, P. E. Fox, and P. L. H. McSweeney, Eds., pp.
241-273, Academic Press, San Diego, Calif, USA, 2011.

[2] A. S. Donald and J. Feeney, “Separation of human milk
oligosaccharides by recycling chromatography. First isolation
of lacto-N-neo-difucohexaose II and 3'-galactosyllactose from
this source,” Carbohydrate Research, vol. 178, no. 1, pp. 79-91,
1988.

[3] T.Saito, T.Itoh, and S. Adachi, “Chemical structure of three neu-
tral trisaccharides isolated in free form from bovine colostrum,’
Carbohydrate Research, vol. 165, no. 1, pp. 43-51, 1987.

[4] J. G. Collins, J. H. Bradbury, E. Trifonoff, and M. Messer,
“Structures of four new oligosaccharides from marsupial milk,
determined mainly by 13C-n.m.r. spectroscopy,” Carbohydrate
Research, vol. 92, no. 1, pp. 136-140, 1981.

[5] P. E Ekhart and E. Timmermans, “Techniques for the produc-
tion of transgalactosylated oligosaccharides (TOS),” Bulletin of
the International Dairy Federation, vol. 313, pp. 59-64, 1996.

[6] R. R. Mahoney, “Galactosyl-oligosaccharide formation during
lactose hydrolysis: a review,” Food Chemistry, vol. 63, no. 2, pp.
147-154, 1998.

[7] A. Gosling, G. W. Stevens, A. R. Barber, S. E. Kentish, and
S. L. Gras, “Recent advances refining galactooligosaccharide

production from lactose,” Food Chemistry, vol. 121, no. 2, pp.
307-318, 2010.

[8] B.S.Prakash, K. Suyama, T. Itoh, and S. Adachi, “Structure elu-
cidation of major galacto oligosaccharides formed by growing
culture of Trichoderma harzianum,” Journal of Agricultural and
Food Chemistry, vol. 37, no. 2, pp. 334-337, 1989.

[9] V. Dumortier, J. Montreuil, and S. Bouquelet, “Primary struc-
ture of ten galactosides formed by transglycosylation during
lactose hydrolysis by Bifidobacterium bifidum,” Carbohydrate
Research, vol. 201, no. 1, pp. 115-123, 1990.

[10] L. Coulier, J. Timmermans, B. Richard et al., “In-depth charac-
terization of prebiotic galactooligosaccharides by a combination
of analytical techniques,” Journal of Agricultural and Food
Chemistry, vol. 57, no. 18, pp. 8488-8495, 2009.

[11] O. Hernandez-Hernandez, I. Calvillo, R. Lebron-Aguilar, E
J. Moreno, and M. L. Sanz, “Hydrophilic interaction liquid
chromatography coupled to mass spectrometry for the char-
acterization of prebiotic galactooligosaccharides,” Journal of
Chromatography A, vol. 1220, pp. 57-67, 2012.

[12] G. R. Gibson, B. Rabiu, C. E. Rycroft, and R. A. Rastall,
“Trans-Galactooligosaccharides as Prebiotics;” in Handbook of
Functional Dairy Products, C. Shortt and J. O’Brien, Eds., pp.
91-108, CRC Press, New York, NY, USA, 2003.

[13] L. M. G. Davis, I. Martinez, J. Walter, and R. Hutkins, “A dose
dependent impact of prebiotic galactooligosaccharides on the
intestinal microbiota of healthy adults,” International Journal of
Food Microbiology, vol. 144, no. 2, pp. 285-292, 2010.

[14] L. M. G. Davis, I. Martinez, J. Walter, C. Goin, and R. W.
Hutkins, “Barcoded pyrosequencing reveals that consumption
of galactooligosaccharides results in a highly specific bifido-
genic response in humans,” PLoS ONE, vol. 6, no. 9, Article ID
€25200, 2011.

[15] X. M. Ben, X. Y. Zhou, W. H. Zhao et al.,, “Supplementation of
milk formula with galacto-oligosaccharides improves intestinal
micro-flora and fermentation interm infants,” Chinese Medical
Journal, vol. 117, no. 6, pp- 927-931, 2004.

[16] M. Ito, Y. Deguchi, K. Matsumoto, M. Kimura, N. Onodera,
and T. Yajima, “Influence of galactooligosaccharides on the
human fecal microflora,” Journal of Nutritional Science and
Vitaminology, vol. 39, no. 6, pp. 635-640, 1993.

[17] M.TIto, Y. Deguchi, A. Miyamori et al., “Effects of administration
of galactooligosaccharides on the human faecal microflora,
stool weight and abdominal sensation,” Microbial Ecology in
Health and Disease, vol. 3, pp. 285-292, 1990.

[18] Y. Bouhnik, B. Flourié, L. D’Agay-Abensour et al., “Administra-
tion of transgalacto-oligosaccharides increases fecal bifidobac-
teria and modifies colonic fermentation metabolism in healthy
humans,” Journal of Nutrition, vol. 127, no. 3, pp. 444-448, 1997.

[19] A. Surakka, K. Kajander, M. Rajili¢-Stojanovi¢ et al., “Yoghurt
containing galactooligosaccharides facilitates defecation among
elderly subjects and selectively increases the number of Bifi-
dobacteria,” International Journal of Probiotics and Prebiotics,
vol. 4, no. 1, pp. 65-74, 2009.

[20] M. S. Alles, R. Hartemink, S. Meyboom et al., “Effect of
transgalactooligosaccharides on the composition of the human
intestinal microflora and on putative risk markers for colon
cancer,;” The American Journal of Clinical Nutrition, vol. 69, no.
5, pp. 980-991, 1999.

[21] L. E. J. Searle, W. A. Cooley, G. Jones et al., “Purified
galactooligosaccharide, derived from a mixture produced by
the enzymic activity of Bifidobacterium bifidum, reduces



10

(22]

(23]

(26]

(27]

(28]

[29]

(30]

(31]

Salmonella enterica serovar Typhimurium adhesion and inva-
sion in vitro and in vivo,” Journal of Medical Microbiology, vol.
59, no. 12, pp. 1428-1439, 2010.

H. R. Sinclair, J. de Slegte, G. R. Gibson, and R. A. Rastall,
“Galactooligosaccharides (GOS) inhibit vibrio cholerae toxin
binding to its GMI receptor;” Journal of Agricultural and Food
Chemistry, vol. 57, no. 8, pp. 3113-3119, 2009.

M. Quintero, M. Maldonado, M. Perez-Munoz et al., “Adher-
ence inhibition of cronobacter sakazakii to intestinal epithelial
cells by prebiotic oligosaccharides,” Current Microbiology, vol.
62, no. 5, pp. 1448-1454, 2011.

J. M. Jones, “Dietary fiber future directions: integrating new
definitions and findings to inform nutrition research and
communication.,” Advances in Nutrition, vol. 4, pp. 8-15, 2013.

J. de Slegte, “Determination of trans-galactooligosaccharides
in selected food products by ion-exchange chromatography:
collaborative study,” Journal of AOAC International, vol. 85, no.
2, pp. 417-423, 2002.

T. Sako, K. Matsumoto, and R. Tanaka, “Recent progress
on research and applications of non-digestible galacto-
oligosaccharides,” International Dairy Journal, vol. 9, no. 1, pp.
69-80, 1999.

V. Sangwan, S. K. Tomar, R. R. B. Singh, A. K. Singh, and B.
Ali, “Galactooligosaccharides: novel components of designer
foods,” Journal of Food Science, vol. 76, no. 4, pp. R103-R111, 2011.
B. P. Lamsal, “Production, health aspects and potential food
uses of dairy prebiotic galactooligosaccharides,” Journal of the
Science of Food and Agriculture, vol. 92, pp. 2020-2028, 2012.
“AOAC official method 2001. 02 trans-Galactooligosaccharides
(TGOS),” in Selected Food Products, AOAC International,
Gaithersburg, Md, USA, 2005.

S. Albrecht, H. A. Schols, B. Klarenbeek, A. G. J. Voragen,
and H. Gruppen, “Introducing capillary electrophoresis with
laser-induced fluorescence (CE-LIF) as a potential analysis
and quantification tool for galactooligosaccharides extracted
from complex food matrices,” Journal of Agricultural and Food
Chemistry, vol. 58, no. 5, pp. 2787-2794, 2010.

J. C. Bigge, T. P. Patel, J. A. Bruce, P. N. Goulding, S. M. Charles,
and R. B. Parekh, “Nonselective and efficient fluorescent label-
ing of glycans using 2-amino benzamide and anthranilic acid;’
Analytical Biochemistry, vol. 230, no. 2, pp. 229-238,1995.

T. Bénet and S. Austin, “On-line cleanup for 2-aminobenzam-
idelabeled oligosaccharides,” Analytical Biochemistry, vol. 414,
no. 1, pp. 166-168, 2011.

V. J. Barwick and S. L. R. Ellison, “The evaluation of meas-
urement uncertainty from method validation studies. Part 1.
Description of a laboratory protocol,” Accreditation and Quality
Assurance, vol. 5, no. 2, pp. 47-53, 2000.

International Journal of Analytical Chemistry



